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variables, we calculated area and the spatial null model named MDE (cf. below). For

Correspondence
Zhigang Jiang, Institute of Zoology, Chinese
Academy of Sciences, Beijing, China.
Email: jiangzg@ioz.ac.cn

habitat heterogeneity. Multivariate models of species richness against eight factors

Funding information
National Science Foundation of China,
Grant/Award Number: 31400361,
31372175; Basic Science Special Project of
Ministry of Science and Technology of
China, Grant/Award Number:
2013FY110300; The Knowledge Innovation
Project of Chinese Academy of Sciences,
Grant/Award Number: KSCX2-EW-Z-4;
GDAS Special Project of Science and
Technology Development, Grant/Award
Number: 2017GDASCX-0107
Editor: Ole R. Vetaas

located in the southern Himalayas, China.
Methods: Field surveys were conducted at each of twelve 300-m elevational bands
along a gradient from 1,800 to 5,400 m above sea level (a.s.l). For the pure spatial
spatial structured environmental variables, we calculated mean annual temperature,
mean annual precipitation, mean annual temperature range, potential evapotranspiration (PET), the normalized difference vegetation index, plant species richness and
(excluding PET) for different species groups were used to test the explanatory
power of both the spatial structured environmental variables and the pure spatial
variables. In addition, mean annual precipitation and potential evapotranspiration
were used to test the water–energy dynamics model for each species groups.
Results: Seven hundred and fifty-five individuals of 22 species were documented
over 21,600 trap nights. The elevational species richness pattern for all non-volant
small mammals was hump-shaped with the highest richness occurring at 2,700–
3,300 m a.s.l. Endemic and non-endemic species as well as two elevational range
size categories of small mammals also generally showed hump-shaped species richness patterns. In most data sets, spatial structured environmental variables played
more important roles than the pure spatial variables in shaping the elevational species richness patterns than the pure spatial factors, while the MDE contributed to
richness patterns for large-ranged species. The water–energy dynamics model
explained 66% of the variation in all the non-volant small mammals, 56% for endemic species, 88% for the non-endemic species, 59% for the large-ranged species,
and 53% for the small-ranged species.
Main conclusions: Although no single key factor can explain all species richness
patterns, we found that spatial structured environmental variables correlate well
with the elevational species richness pattern of non-volant small mammals. The
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water–energy dynamics model was found to explain non-volant small mammal species richness along the Gyirong Valley.
KEYWORDS

biodiversity patterns, elevational gradients, environmental factors, Himalaya Mountains, small
mammals, spatial factors, water–energy dynamics

1 | INTRODUCTION

Climate hypotheses have been the most widely supported explanation in terms of both latitudinal and elevational patterns of species

Determining which factors shape patterns of biodiversity remains a

richness. A positive relationship between temperature and biodiver-

central focus in ecology and biogeography. In recent decades, pat-

sity has been shown for many large-scale diversity patterns, although

terns of biodiversity along elevational gradients have become a hot

hypotheses about the underlying mechanisms differs (Hawkins, Diniz-

s, Giltopic in the study of biogeography (Colwell, Brehm, Cardelu

Filho, & Soeller, 2005; Hawkins et al., 2003; Jiang, Li, Li, & Fang,

man, & Longino, 2008; Colwell, Rahbek, & Gotelli, 2004; Heaney,

2009; Luo et al., 2012; McCain, 2009). Previous studies have shown

2001; Jiang & Ma, 2014; McCain, 2005; Rahbek, 1995; Rickart,

that the climate, often quantified as the mean annual temperature

2001; Rowe, Heaney, & Rickart, 2015). Despite the increasing atten-

(MAT), the mean annual precipitation (MAP), the mean annual temper-

tion to elevational biodiversity patterns and the apparent commonal-

ature range (MATR), has considerable explanatory power in both con-

ity of these patterns, the mechanisms underpinning such patterns

tinental and elevational patterns of species richness (McCain, 2009;

are still controversial (Lomolino, 2001). In addition, identifying the

Wu, Colwell, et al., 2013). Water–energy dynamics (species richness is

biogeographical variation in endemic species richness is crucial for

a linear function of precipitation and parabolic function of potential

the understanding of biodiversity (Steinbauer et al., 2016; Vetaas &

evapotranspiration) has also been considered to be a driver of biodi-

Grytnes, 2002). Studies focusing on species in local regions along

versity (O’Brien, 2006; Vetaas, 2006). However, only a few studies

montane elevational gradients reveal greater variation in species

have quantitatively addressed the effects of climatic factors on the

richness patterns (Rahbek, 2005). To identify comprehensive pat-

elevational richness patterns of small mammals (McCain, 2007b).

terns in biodiversity with elevation, more data should be collected

Habitat heterogeneity (HH) is another form of environmental variabil-

from previously unstudied regions.

ity that influences the production and maintenance of diversity and is

The drivers of global biodiversity along elevational gradients

regarded as one of the most important factors governing species rich-

that have been studied over the last century can be grouped into

ness gradients (Stein & Kreft, 2015; Stein et al., 2015). An increase in

four main categories: climate, space, evolutionary history and biotic

available space and shelters, as well as opportunities for isolation and

processes (McCain, 2009). Pure spatial (e.g. area and mid-domain

divergent adaptation, is thought to enhance species coexistence, per-

effect) and spatial structured environmental variables (e.g. climate

sistence and diversification (Stein, Gerstner, & Kreft, 2014). Although

and productivity) drivers, which show globally consistent signals,

habitat heterogeneity appears to be less frequently evaluated than cli-

have been suggested as important causes of variation in mammal

matic factors in elevational gradient analyses, it has been demon-

species richness along elevational gradients (Colwell et al., 2004,

strated to be correlated with species richness (Rowe, 2009).

s-Bravo, Arau
 jo, Romdal, & Rahbek,
2008; McCain, 2007b; Nogue

The Himalaya Mountains are one of the world’s biodiversity hot-

2008; Sanders & Rahbek, 2012). Spatial hypotheses include the

spots (Myers, Mittermeier, Mittermeier, da Fonseca, & Kent, 2000).

species–area relationship (SAR; e.g. Terborgh, 1977; Rosenzweig,

Elevational studies in this region have mainly focused on plants

1995) and the mid-domain effect (MDE; Colwell & Lees, 2000).

(Acharya, Chettri, & Vijayan, 2011; Bhattarai & Vetaas, 2003, 2005,

The SAR hypothesis postulates that larger areas accommodate

2006; Bhattarai, Vetaas, & Grytnes, 2004; Grytnes & Vetaas, 2002;

more species. The MDE indicates that geometric boundary con-

Oommen & Shanker, 2005; Vetaas & Grytnes, 2002), birds (Acharya,

straints cause greater overlap in species ranges towards the centre

Sanders, Vijayan, & Chettri, 2011; Joshi & Bhatt, 2015; Li et al.,

of an area. The MDE hypothesis predicts a unimodal diversity

2013; Price et al., 2014) and reptiles (Chettri, Bhupathy, & Acharya,

curve with maximum diversity at mid-elevation on a mountain. Sub-

2010; Pan et al., 2014). Most of these studies revealed hump-shaped

sequent studies found that geometric constraints could explain sub-

biodiversity patterns along elevational gradients. Mammalian species

stantial variation in richness (Brehm, Colwell, & Kluge, 2007;

richness patterns in the Himalayas have rarely been reported, with

Colwell, Rahbek, & Gotelli, 2005; Luo et al., 2011; McCain, 2004;

the exception of our preliminary study compiling descriptive mammal

Vetaas & Grytnes, 2002; Wu, Yang, et al., 2013). However, the fit

species richness data from the Mount Qomolangma National Nature

of this model to different taxonomic groups and gradients is still

Reserve (Hu et al., 2014).

uncertain and needs to be further tested in more biogeographical
regions.

Here, we report on a detailed survey and an integrative analysis
of the patterns of non-volant small mammalian richness in the
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Gyirong Valley. We aim to (1) document the elevational patterns of

zone between the Oriental and Palaearctic realms (Zhang, 2011) and

species richness in non-volant small mammals and four subsets of

is characterized by a complicated geological structure, varied geo-

these species (endemic and non-endemic species; large-range and

morphologic types, rich biodiversity and a variable mountain climate.

small-range species), (2) assess the roles of pure spatial variables

Influenced by the warm, moist monsoon air from the Indian Ocean,

(area and MDE) and spatial structured environmental variables [MAT,

the Gyirong Valley has five elevationally separated climate zones: (1)

MAP, MATR, the normalized difference vegetation index (NDVI),

Mountainous Subtropical, (2) Mountainous Warm Temperate, (3)

plant species richness (PR) and HH] in shaping the elevational rich-

Mountainous Cold Temperate, (4) Subalpine Frigid and (5) Alpine Fri-

ness patterns of all small mammal species and the species subsets,

gid (Tibetan Scientific Expedition of Chinese Academy of Sciences,

and (3) test the water–energy dynamics model for each species

1974). The wet season is from May to September. The substantial

groups by using MAP and PET.

elevational range and remarkable vertical distribution of bioclimatic
zones make it an ideal region for elevational studies. To establish a

2 | MATERIALS AND METHODS
2.1 | Study area

distinct ecological realm, we combined the ridge lines with the major
stream channels surrounding the Gyirong Valley, ultimately using
topography and natural drainage patterns to circumscribe the geographical gradient (Figure 1). The vegetation zones outside the study

The Gyirong Valley (28.25°–29.00°N, 85.10°–85.68°E), which is the

area are alpine tundra with sparse grasses, which are quite different

westernmost and longest canyon in the Mount Qomolangma

from the vegetation within the Gyirong Valley.

National Nature Reserve, is located on the southern slope of the
central Himalayas, China. The elevational range of 4,000 m ranges
from 1,700 m a.s.l at Resuo village to the summit of Mt. Mala

2.2 | Sampling

(5,770 m a.s.l), and the planimetric distance from the bottom of the

Non-volant small mammals (rodents, insectivores and lagomorphs)

valley to the summit of Mt. Mala is 79 km. The valley is a transition

were sampled along the elevational gradient from 1,800 m a.s.l to

FIGURE 1

Map of the study area in the central Himalayas, China [Colour figure can be viewed at wileyonlinelibrary.com]
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5,400 m a.s.l in 2012 and 2013. Field sampling could not be done at

bands, the range size of each species was transformed to “n*300” m

lower or higher elevations because the lowest elevation in this area

(“n” indicates the species distributional range over the elevational

is 1,800 m a.s.l and the habitats above 5,400 m are inaccessible

bands, varying from 1 to 12). Predicted values and their 95% confi-

cliffs and glaciers. We divided the elevational gradient into 12 con-

dence intervals were computed for each 300-m band based on

secutive 300-m elevational bands. Four of the five climate zones

5,000 simulations of the MDE null model.

were sampled, excluding the Alpine Frigid Zone. There were three
elevational bands in each climate zone and five trapping sites in each
elevational band (a total of 60 sites, Figure S1 and Table S1). Replicates were conducted in the early wet season, April–June 2012, and
in the late wet season, July–September 2013. Sampling was stan-

2.4 | Spatial structured environmental factors
2.4.1 | Climate

dardized to maintain the same trapping intensity. Each trapping site

Four climate variables were investigated in this study: MAP, MAT,

included 30 snap traps (120 9 60 mm) that were placed 2–3 m

MATR and PET. We extracted MAP, MAT and MATR data from the

apart. Trapping at each site was conducted for six consecutive nights

WorldClim database (http://www.worldclim.org; date of the down-

for a total of 21,600 trap nights. The trapping sites in the different

load: 2016/1/15). To test the water–energy dynamics (WED)

elevational bands were sampled in a random order to reduce the

hypothesis, we extracted the PET data (only used in the bivariate

temporal autocorrelation among sites (McCain, 2004). Considering

model) from the Consortium for Spatial Information (CGIAR-CSI,

the different diets of non-volant mammals, the traps were baited

http://www.cgiar-csi.org; Trabucco, Zomer, Bossio, van Straaten, &

with fried peanuts and ham (in equal proportions by weight). The

Verchot, 2008; date of the download: 2017/5/23). Resolution of all

traps were checked once a day in the morning and re-baited if

the climate data was 30-arc seconds. We extrapolated the values of

needed. The captured individuals were identified, measured and

the climate variables in each 300-m band by averaging all grid cells

weighed. A limited number of species were prepared as specimens

within the elevational band in ARCGIS 10.2.

by cleaning their skulls. We also conducted a conventional field survey for plants. Each 300-m elevational band included three quadrats
(20 9 20 m). The quadrats were established alongside the small

2.4.2 | Total vegetation cover

mammal trapping sites. The sites selected for the plant sampling

We extracted the 1-km composites of the NDVI in each 300-m ele-

quadrats have typical representative of the vegetation communities

vational band for January, April, July and October for 4 years (2011–

of each 300-m elevational band. Within all of the quadrats, each vas-

2014) in the Gyirong Valley. The NDVI values were derived from

cular plant was measured (height, frequency, abundance, coverage

the Ministry of Environment Protection of the People’s Republic of

and diameter at breast height for tree), tagged and identified. Speci-

China (www.zhb.gov.cn; date of the download: 2016/1/17) and cal-

mens of a limited number of plant species were also prepared for

culated using

ERDAS IMAGINE

9.2 (ERDAS, Norcross, GA, USA).

herbarium collections. The specimens of mammals collected from
this study are kept in the mammal collections of the Institute of
Zoology, Chinese Academy of Sciences, and the Guangdong Institute
of Applied Biological Resources, Guangdong Academy of Sciences.

2.4.3 | Plant species richness
Plant species richness (PR) reflects the structural complexity of the
habitat (Wu, Yang, et al., 2013). The plant species richness of each

2.3 | Pure spatial factors

elevational band was summarized as an environmental variable.

2.3.1 | Area

2.4.4 | Habitat heterogeneity

The three-dimensional surface area of each 300-m elevational band

We summarized the habitat heterogeneity (HH) using the Shannon

was calculated in ARCGIS 10.2 (ESRI, Redlands, CA, USA) using GDEM

diversity index, which is a commonly applied metric at the landscape

30-m digital elevational data. The data were downloaded from the

scale (Turner & Gardner, 2015). Using ARCGIS 10.2, we combined a

International Scientific and Technical Data Mirror Site, Computer

30-m digital elevation model (DEM) and the 300-m GlobCover land-

Network Information Center, Chinese Academy of Sciences (CNIC,

cover data of the Gyirong Valley from CNIC, CAS, (http://www.gsc

CAS; http://www.gscloud.cn; date of the download: 2015/2/12).

loud.cn/; date of the download: 2015/10/25) to calculate the landcover type in each 300-m elevational band. Twenty-two land-cover

2.3.2 | MDE model
We randomized (without replacement) the empirical species ranges

types are defined by the United Nations Land Cover Classification
System (LCCS) (Anderson, Hardy, Roach, & Witmer, 1976). Non-natural and cloud land-cover types were excluded from the analysis.

within the bounded domains to generate a predicted species rich-

We used the land-cover data to look at the inhabitable area for

ness pattern under geometric constraints (Colwell & Lees, 2000)

mammals across elevations. Nine land-cover types were selected

using RANGEMODEL 5 (http://purl.oclc.org/rangemodel; Colwell, 2008).

from the total 22 land-cover types. These nine land-cover types are

To avoid species being “lost” or “overestimated” between elevational

considered to be more inhabitable for mammals and are defined as
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(1) closed to open broadleaved evergreen or semi-deciduous forest,

Valley), while the “small-ranged species” were those with an eleva-

(2) closed broadleaved deciduous forest, (3) open broadleaved decid-

tional range less than 1,800 m.

uous forest, (4) closed conifer evergreen forest, (5) open conifer
deciduous or evergreen forest, (6) closed to open mixed broadleaved
and conifer forest, (7) mosaic forest-shrubland/grassland, (8) mosaic

2.7 | Statistical analyses

grassland/forest-shrubland and (9) closed to open shrubland. At ele-

Polynomial regression analyses were performed to assess the form

vations below 4,000 m a.s.l, the total area is 343.86 km2, of which

of the elevational patterns of species richness (observed, interpo-

2

the area of the nine selected land-cover types is 262.71 km . Above

lated, rarefied, Chao2 and Jackknife2) as a function of elevation

4,000 m a.s.l, the total area is 1,768.25 km2 and the area of the nine

along the gradient. We selected the best-fit function by the cor-

selected land-cover types is 81.81 km2.

rected Akaike information criterion (AICc) value.
We performed simple ordinary least squares (OLS) regressions of

2.5 | Sampling effort

interpolated species richness for each non-volant small mammal species group against each of the eight factors to examine the potential

Species accumulation curves over the sampling dates were con-

mechanisms of individual factors in explaining elevational species rich-

structed to assess how well the species diversity was sampled within

ness patterns. Following Dutilleul, Clifford, Richardson, and Hemon’s

each 300-m elevational band. If the species accumulation curve pla-

(1993) method, we reported adjusted p-values (padj) for each simple

teaued, the survey was considered to be adequate (McCain, 2004).

OLS regression based on the degrees of freedom adjusted for spatial

The number of species captured in a particular band was considered

autocorrelation in the regression residuals. In addition, we conducted

to be the observed richness (Walther & Moore, 2005). Nonparamet-

multiple regression analyses to explore the multivariate explanations

ric estimators (Chao2 & Jackknife2) were also used to estimate spe-

for the elevational species richness patterns in non-volant small mam-

cies richness using ESTIMATES 9.10 (http://purl.oclc.org/estimates,

mals. Eight variables were included in the multi-model analyses, and

Colwell, 2008). In addition, individual-based rarefaction was used to

the best model was selected from the 255 models representing all

compare the species richness of each elevational band by “rarefying”

possible combinations of the additive variables based on the lowest

the number of individuals collected (Gotelli & Colwell, 2001). We

AICC value (Anderson, Burnham, & White, 1998). The PET is almost

applied ECOSIM PROFESSIONAL 1.20 (http://garyentsminger.com/ec

perfectly correlated with the MAT (r = .993, p < .01), and the PET can

osim/index.htm; Gotelli & Entsminger, 2011) to compute the rarefied

be calculated based on the formula of Holdridge, Grenke, Hatheway,

richness. The samples from three elevational bands (1,800–2,100 m,

Liang, and Toshi (1971) [PET = mean annual Bio-temperature (i.e.

2,100–2,400 m and 4,200–4,500 m), where small mammals were

temperature >0°C) 9 58.93]. So the PET was not included in the mul-

rare (n = 14, n = 24 and n = 27), were not rarefied because these

tiple regression analyses. If the AICc values for multiple models were

sites had the fewest individuals.

nearly equal (MAICC < 2), we used the model-averaging approach to

The interpolation method assumes that species exist at an eleva-

compare them with the selected best models and assessed the relative

tion if they are recorded at both lower and higher elevations (Rowe

importance of the different variables by the standardized beta coeffi-

& Lidgard, 2009). Taking into account that animals generally dis-

cient (Johnson & Omland, 2004). In the case of a limited sample size, it

tribute continuously, interpolated richness was expected to be the

is not feasible to apply spatial autoregressive analyses. Thus, no p-

most realistic measure of richness and was used for all subsequent

values were reported for the multiple regressions (Brehm et al., 2007).

multiple regression analyses.

We used Spearman correlation rank coefficients to examine the
relationships among the nine independent variables and excluded

2.6 | Species grouping

some of the explanatory variables based on the correlations. The correlation coefficients for the nine factors are reported in Appendix S1

We divided the species into endemic and non-endemic species and

(Table S2). Because collinearity among the explanatory variables can-

“large-ranged” and “small-ranged” species. Endemic species were

not be confidently resolved with such a small sample size, we con-

defined as species distributed only within the Himalayas and on the

ducted multiple OLS models without the highly correlated variables,

southern edge of the Tibet Plateau. The remaining species were

with which we can compare the results of the multi-model analyses.

defined as non-endemic species. These groups were distinguished

MAT, MAP and PR were highly correlated with the NDVI in our study

mainly according to Zoogeography of China (Zhang, 2011), and The

(Table S2). Only area, MDE, MATR, the NDVI and HH were tested in

Mammal Species of the World (Wilson & Reeder, 2005a, 2005b) and

the multiple OLS without the highly correlated variables.

Diversity and Distribution of China’s Mammals (Jiang et al., 2015) were

To evaluate the relative explanatory power of the pure spatial

used as supplementary references. To assess the effect of range size

and spatial structured environmental factors in shaping the richness

on the determinants of elevational species richness patterns, the

patterns, we used partial regression for different species groupings

“large-ranged” and “small-ranged” groups were based on the size of

with five variables (area, MED, MATR, NDVI and HH) partitioned

the elevational distribution range of each species. The “large-ranged

into pure spatial variables (area and MED) and spatial structured

species” category included species with an elevational range larger

environmental variables (MATR, NDVI and HH). Furthermore, to

than 1,800 m (one-half of the elevational gradient in the Gyirong

check the explanatory power of the water–energy dynamics model
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(O’Brien, 1998) in different species groups of mammals, we use

The interpolated and observed species richness both peaked at

MAP and PET to conduct a bivariate model. It should be noted that

low and middle elevations, showing hump-shaped richness patterns

O’Brien’s empirical formulation is based on Thornthwaite’s minimum

(Figure 4). The interpolated richness peaked at 2,700–3,300 m a.s.l,

monthly PET, as distinct from the formula used in this study.

and the observed species richness peaked at 2,400–3,300 m a.s.l.

Polynomial regression was performed in PAST 3.0 (Hammer, Harper,

The two richness estimators (Chao2 & Jackknife2) were significantly

& Ryan, 2001; http://folk.uio.no/ohammer/past/). Regression analy-

higher than the interpolated and observed species richness at middle

4.0

and low elevations; this contrasts with the rarefied richness because

ses and Spearman correlation analyses were performed in

SAM

(Rangel, Diniz-Filho, & Bini, 2010; http: //www. ecoevol.ufg.br/sam).

the process of rarefaction reduced the sample size (Figure 4). Guided
by the lowest AICC value, the polynomial regression analyses of
observed, interpolated, Chao2 and Jackknife2 richness (but not the

3 | RESULTS

rarefied richness) supported the hump-shaped species richness pattern across the elevational bands (Table 2, the result of the third-

3.1 | Fauna and sampling effort

order function is reported in Appendix S1, Table S3).

A total of 755 individual mammals were collected over 21,600 trap

With some differences, all the subsets of species showed hump-

nights with a total trap success of 3.50% (Table 1). These individuals

shaped elevational patterns of species richness (Figure 5a–d). Ende-

were identified to 22 species (Figure 2), including 16 rodents (13

mic species richness increased with elevation up to 3,150 m a.s.l and

Muridae, including four unknown species, and three Cricetidae), three

then decreased with elevation up to 3,300 m a.s.l. From 3,300 m to

insectivores (Soricidae) and three lagomorphs (Ochotonidae). Eight of

4,300 m a.s.l, endemic species richness had a second peak. Non-

the 12 species accumulation curves for each of the elevational bands

endemic species richness peaked at low elevations (2,400 m a.s.l),

reached a plateau within the six consecutive nights (Figure S2), indi-

decreased rapidly at middle elevations, and then showed a plateau at

cating that the sampling effort within these eight elevational bands

high elevations. The small-ranged species richness peaked at mid-

was sufficient, whereas that in the other four bands (1,800–2,100 m,

elevations (2,800–3,100 m a.s.l), with species richness increasing at

2,100–2,400 m, 2,700–3,000 m and 3,000–3,300 m) was not.

low elevations and decreasing rapidly at high elevations, while largeranged species richness peaked at 3,750 m a.s.l and showed a nearly

3.2 | Elevational patterns of variables and species
richness
MAT, MAP, PET and NDVI decreased with increasing elevation (Figure 3a, b, d, e). MATR decreased at low elevation and increased
monotonically with elevation (Figure 3c). HH, PR showed approximate hump-shaped pattern along the elevation gradient (Figure 3f,

symmetrical pattern.

3.3 | Explanatory factors for species richness
patterns
3.3.1 | Simple OLS regressions

g). Area increased monotonically, which differed from the predomi-

When corrected for spatial autocorrelation (indicated by padj), the

nant patterns (monotonically decreasing and hump-shaped patterns)

simple OLS regressions show that only HH and the MDE show

observed in mountain systems (Figure 3h).

explanatory power in the richness of endemic species. If spatial

T A B L E 1 Number of non-volant mammal individuals, trapping rate, and observed, estimated and interpolated richness in each elevational
band in the Gyirong Valley
Elevation (m)

Number of
individuals

Observed
richness

Rarefied
richness  SD

Chao2  SD

Jackknife2

Interpolated
richness

Trapping
rate (%)

1,800–2,100

14

7

7

6.41  1.6

7.47

7

0.78

2,100–2,400

24

5

5

5.42  1.1

6.67

8

1.33

2,400–2,700

45

8

6.01  1.01

16.33  8.5

15.50

9

2.50

2,700–3,000

82

8

5.84  0.92

10.05  3.8

12.50

10

4.56

3,000–3300

47

8

7.39  0.48

8.42  1.11

10.47

10

2.61

3,300–3,600

104

6

4.41  0.63

6.83  1.88

9.00

6

5.78

3,600–3,900

56

7

6.08  0.53

7.42  1.11

9.47

7

3.11

4.00  0.00

4.00  0.35

3.47

5

1.67

2.00  0.33

1.47

4

1.50

3,900–4,200

30

4

4,200–4,500

27

2

4,500–4,800

58

5

4.04  0.56

5.00  0.14

5.43

5

3.22

4,800–5,100

146

3

2.51  0.35
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F I G U R E 2 Elevational distribution
ranges of non-volant small mammal species
in the Gyirong Valley. Species with ‘*’ are
endemic, and those with ‘#’ are largeranged species
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F I G U R E 3 Elevational patterns in the Gyirong Valley of (a) mean annual temperature, (b) mean annual precipitation, (c) mean annual
temperature range, (d) potential evapotranspiration, (e) normalized difference vegetation index, (f) plant species richness, (g) habitat
heterogeneity, and (h) area of elevational bands

autocorrelation is not taken into account, all variables show explana-

is significantly correlated with overall species, endemic species, non-

tory power: the MAT and Area are significantly correlated with over-

endemic species and small-ranged species; the MATR, NDVI and PR

all species, non-endemic species and small-ranged species; the MAP

are significantly correlated with all the species groups except
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small-ranged species. The MATR, area and the MDE were the strong

18

explanatory factors in the richness pattern of non-endemic species

Observed
Rarefied
Chao2
Jackknife2
Interpolated

16
14

Species richness

2771

(Table 4).

12

3.3.3 | Partial regression and WED model

10

The results of the partial regression demonstrated that the spatial
8

structured environmental variables (MATR, NDVI and HH) explained

6

more variation than the pure spatial variables (area and MDE) in the

4

overall, endemic, non-endemic and small-ranged species, while the
spatial variables explained more variation in the species richness of

2

large-ranged species (Table S6). The shared contributions accounted

0

for considerable proportions, which varied from 54.3% to 81.1%
2000

3000

4000

5000

among the species groups. The WED bivariate model (Species rich-

Elevation (m)

ness = MAP + PET + PET2) was tested for all the five species

F I G U R E 4 Observed, rarefied, estimated (Chao2, Jackknife2) and
interpolated species richness patterns of overall non-volant small
mammals along the elevational gradient in the Gyirong Valley

groups. The water–energy dynamics model explained 66% of the
variation in all the non-volant small mammals, 56% for endemic species, 88% for the non-endemic species, 59% for the large-ranged
species, and 53% for the small-ranged species (Table 5).

endemic species; HH is significantly correlated with endemic species;
and MDE is significantly correlated with endemic species and largeranged species (Table S4).

4 | DISCUSSION
4.1 | A multi-causal framework

3.3.2 | Multiple regression models

A growing number of studies have focused on richness patterns

The best-fit models of species richness showed that the explanatory

along elevational gradients. However, it is difficult to explain the

powers of the eight factors were different in each species group

mechanisms that underpin richness patterns with a single or exclu-

(Table 3). MATR was the only factor showing a strong negative cor-

sive hypothesis. A multiple or interacting causal framework for eleva-

relation with species richness for overall species and small-ranged

tional richness patterns is supported by many studies (Brown, 2001;

species. The endemic species richness was negatively correlated with

Hawkins, Diniz-Filho, Jaramillo, & Soeller, 2007; Heaney, 2001;

the MATR and MAP. Non-endemic species richness was positively

McCain, 2005, 2007b; Rowe, 2009; Sanchez-Cordero, 2001). Our

correlated with the PR and negatively correlated with the MATR and

study also supports a multiple-causal framework for the elevational

NDVI. Large-ranged species were positively correlated with both the

richness patterns in the central Himalayas. The pure spatial variables

NDVI and MDE. The results of model-averaging are consistent with

are not crucial explanatory factors, while environmental factors or

those from the best-fit-model selection procedure, based on the

factor combinations show stronger explanatory power for non-volant

value of the standardized beta coefficient, except for in non-endemic

small mammal species richness in most of the species groups in our

species. Non-endemic species richness seemed to correlate with the

study (Tables 3, 5 and Table S6).

MATR, NDVI and area (Table S5). In this case, the model averaging
approach may supply more reliable inference because the MAICc values of the top two ranked models of the non-endemic species is less

4.2 | Overall species richness patterns

than 2. Multiple OLS regression without the highly correlated vari-

The overall species richness pattern along the Gyirong Valley is hump-

ables showed that no variable emerged as a strong (significantly)

shaped, which is consistent with most previous studies in the Hima-

explanatory factor for overall species, large-ranged species and

layas (Bhattarai & Vetaas, 2003, 2006; Hu et al., 2014; Price et al.,

T A B L E 2 Polynomial regressions of the non-volant mammal species richness elevational patterns across the elevational bands in the
Gyirong Valley
Regressions
First-order R

2

AICc

Individuals

Observed richness

Interpolated richness

Rarefied richness

Chao2

Jackknife2

0.362*

0.527**

0.641**

0.638**

0.359*

0.424*

12364

29.452

27.942

18.326

109.330

116.54

Second-order R2

0.382

0.599**

0.733**

0.669**

0.401

0.504*

AICc

11984

29.448

25.806

20.885

106.02

104.84

*Significant at p < .05; **Significant at p < .01. Bold entries indicate the best regression model selected by the lowest AIC value.
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F I G U R E 5 Species richness patterns of different species groups of non-volant small mammals along the Gyirong Valley. The predicted
mean richness (grey solid line) and the upper and lower 95% confidence interval simulation limits (dotted lines) under the geometric constraints
null model are shown. The R2 and p-value for each linear regression of the simulated mean species richness against the interpolated species
richness were computed to assess the fit of the MDE model
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T A B L E 3 Multiple regression analyses of interpolated species richness against eight factors for different non-volant mammal species groups
in the Gyirong Valley. Model selection (best model) for multiple regressions was based on minimizing the AICc in consideration of all 255
models
Standard coefficient of the best model
Species groups

MAT

MATR

Overall species

0.886

Endemic species

1.420

Non-endemic species

2.151

MAP

NDVI

PR

HH

Area

1.882
1.641

Large-ranged species

0.482

0.593

Small-ranged species

R2adj

MDE

0.254

0.841

R2adj

AICc

0.784

44.550

0.743

35.082

0.971

30.766

0.769

23.721

0.707

42.785

2

is the adjusted R value for multiple regressions. Negative relationships are indicated by ( ). MAT, mean annual temperature; MAP, mean annual
precipitation; MATR, mean annual temperature range; NDVI, normalized difference vegetation index; PR, plant species richness; MDE, mid-domain
effect; HH, habitat heterogeneity.

T A B L E 4 Multiple OLS regression for different non-volant mammal species groups with five variables, excluding temperature, precipitation
and plant species richness in the Gyirong Valley
Species groups

MATR

HH

NDVI

Area

R2

MDE

p

Overall species

0.179

0.763

1.768

1.044

0.633

0.882

.009

Endemic species

1.546

0.553

1.284

0.05

0.103

0.652

.176

Non-endemic species

1.154

0.400

0.895

1.066

0.567

0.984

<.001

Large-ranged species

0.063

0.092

0.826

0.177

0.601

0.771

.050

Small-ranged species

0.971

0.825

1.292

1.406

0.802

0.797

.043

Bold numbers are the parameters for each multiple regression model that was significant at p < .05. Negative relationships are indicated by ( ). MATR,
mean annual temperature range; HH, habitat heterogeneity; NDVI, normalized difference vegetation index; MDE, mid-domain effect.

T A B L E 5 Regression of bivariate-models for different non-volant mammal species groups in the Gyirong Valley
Standard coefficient of the bivariate-model
Species groups

MAP

PET

PET2

R2adj

Overall species

0.951

6.122

6.236

0.661

p

AICc
.013

58.555

Endemic species

0.718

5.347

5.084

0.562

.034

45.373

Non-endemic species

1.228

3.181

3.411

0.885

<.001

47.224

Large-ranged species

1.070

9.817

10.307

0.591

.026

34.447

Small-ranged species

0.746

3.577

3.514

0.530

.045

57.031

R2adj

2

is the adjusted R value for multiple regressions. Negative relationships are indicated by ( ). MAP, mean annual precipitation; PET, potential evapotranspiration.

2014; Vetaas & Grytnes, 2002). Despite the smallest AICc values
occurring for third-order polynomials (Table S3), the second-order
polynomials (hump-shaped pattern) better fit the overall species rich-

4.3 | Richness patterns of different species groups
and their drivers

ness pattern along the elevational gradient in the Gyirong Valley

Similar to previous studies, our results indicated that there were dif-

because all the third-order polynomial equation curves continued to

ferent relationships between the factors and subsets of species. We

increase above 5,400 m a.s.l. This phenomenon is contrary to what is

can draw a preliminary conclusion that the different particular subset

observed in nature at this location and lacks a biological explanation.

or species we focused on may have influences on the richness

The vegetation at elevation above 5,400 m a.s.l is alpine tundra, where

pattern we perceived. As Wu, Yang, et al. (2013) argued that the

few small mammals live. The overall species richness curve peaks at

explanations for such patterns may also change depending on the

mid-elevations and shows a small plateau (2,700–3,300 m a.s.l, Fig-

species composition of different biogeographical or faunal regions.

ure 5e). Possible explanations for this pattern are that elevations

The MDE model predicts that species with larger ranges within a

between 3,100 and 4,000 m a.s.l represent a transition zone between

bounded domain are more constrained and therefore more likely to

the Oriental and Palearctic regions (Hu et al., 2014; The Comprehen-

overlap than species with smaller ranges (Colwell & Hurtt, 1994).

sive Scientific Expedition to Qinghai-Xizang Plateau, 1974).

According to previous research, large-ranged species fit the MDE
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s, Colwell, & Watmodel better than smaller-ranged species (Cardelu

The MDE model could explain the species richness patterns along

kins, 2006; Fu et al., 2006; Kluge, Kessler, & Dunn, 2006; Wu, Yang,

the elevational gradient for the endemic species and large-ranged spe-

et al., 2013), while smaller-ranged species are more affected by envi-

cies significantly based on the simple OLS regressions (Table S4), but

ronmental (Colwell et al., 2004; Dunn, Mccain, & Sanders, 2007; Jetz

when considered in combination with other candidate factors using

& Rahbek, 2002). Our results were consistent with those previous

multi-model inference, the MDE appeared to be a weaker predictor

studies and demonstrate that MDE model explained a fair amount of

for all the species groups except for large-ranged species (Table 3).

the variation in the species richness of large-ranged species

Colwell et al. (2004) argued that the power of the MDE in shaping ele-

(Table 3).

vational patterns was also affected by the boundaries of the domain

Spatial structured environmental factors have a great influence

and the distributional range of species and that species with larger dis-

on both the non-endemic species and endemic species (Table 3 and

tributional ranges would be more easily restricted by geometric

Table S6). However, the model-averaging approach and multiple OLS

boundaries. It is thought provoking that if we sampled the whole gra-

regression without highly correlated variables show that spatial fac-

dient starting at sea level, the goodness-of-fit for the MDE may be dif-

tors also influence the non-endemic species (Table S5 and Table 4).

ferent. However, only a few studies that have been conducted on

Previous studies have indicated that distributions of endemic species

islands were able to include samples from the whole gradient from sea

are more likely to be affected by geometric constraints and local his-

level to the summit of a mountain (e.g. Heaney, 2001). In addition, the

tory or perhaps more constrained by evolutionary adaptations to

spatial scale of the analysis or endemicity in the fauna may also affect

local conditions than more widespread, non-endemic species (Colwell

the goodness-of-fit of the MDE model (Dunn et al., 2007).

et al., 2004; Dunn et al., 2007; Jetz & Rahbek, 2002). However, the
endemic species seem to be more affected by the spatial structured
environmental factors in our study, which does not support previous

4.4.2 | Spatial structured environmental variables

studies. The mean elevational range size of endemic species (n = 12)

The species richness of non-volant small mammals is significantly

is not significantly different (p > .05) from the mean range size of

explained by climate and energy, and the climatic variables are more

non-endemic species (n = 10) in our study. This result also indicates

influential on the species distributions than the pure spatial factors.

that endemic species, which are defined by their planimetric distribu-

Wiens and Donoghue (2004), Wiens and Graham (2005) argue that

tions, may not necessarily have narrow elevational distribution

areas with warm, wet climates would harbour most species in moun-

ranges (Wu, Colwell, et al., 2013).

tainous regions. In the Gyirong Valley, the regions at low and midelevations, where the climate is suitable (warm and wet) to the mam-

4.4 | How different factors were related to
elevational richness patterns
4.4.1 | Pure spatial variables

mal species, indeed harbour more species (Figure 5). O’Brien (2006)
argues that water–energy dynamics should relate to the geography
and evolution of life in general. In our study, the elevational pattern
of all species groups are significantly explained by the bivariatemodel (Species richness = MAP + PET + PET2). Moreover, this result

Area greatly contributes to elevational richness relationships when

strengthens the hypothesis that water–energy variables are also a

the area effect is predominant among decreasing diversity patterns

key component for explaining patterns of mammal species diversity.

(McCain, 2007a). Two principle hypotheses explain this species–area

Hawkins et al. (2003) argue that productivity (energy) is only a

relationship: (1) a greater area is thought to provide greater habitat

strong predictor of richness and diversity in the far Northern Hemi-

diversity, and (2) increases in area mean a larger number of barriers

sphere, and climatic factors or the interaction between productivity

and the greater maintenance of population sizes, which may lead to

and climate tend to shape the large-scale patterns. However, consid-

decreased rates of extinction and increased rates of speciation or

ering the complex topography and rapid changes in microclimate, it

colonization (Preston, 1962). In our study, the richness patterns are

is difficult to fully characterize the climatic factors in mountainous

hump-shaped, while area increases monotonically along the eleva-

regions. The climate-richness relationships demonstrated in most

tional gradient. The simple OLS regression analyses in most of the

recent studies may only represent a rough outline. Thus, more local

species groups show a negative relationship between richness and

studies on species richness patterns should be conducted to uncover

area (Table S4). In the Gyirong Valley, the regions at higher elevation

the full climate-richness relationship.

are greater in area but harbour few habitats suitable for mammals.

In the Gyirong Valley, PR was positively correlated with the spe-

The area of the nine selected inhabitable land-cover types occupied

cies richness of non-endemic species (Table 3). Our results added

most of the area at low and mid-elevations (76.34%), while occupied

new evidence that the species richness of plants is also an important

a small part (4.63%) of the area at higher elevations. Nineteen non-

driver in shaping non-volant mammal richness patterns. This may

volant small mammals were found at the elevations below 4,000 m

occur because higher plant species richness implies more potential

a.s.l. In contrast, only seven were found above 4,000 m a.s.l. This

food sources and shelter, especially for small mammals (Heaney,

provides some evidence to support the hypothesis that the area of

2001). Plant diversity and productivity reflect the climate conditions.

available habitats in a region may be the determinant of the area

There are more plant species and primary production in the areas

effect (Rahbek, 1997).

with suitable climate conditions. In other words, the “energy
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hypothesis” and “climate hypothesis” are inseparable. The NDVI,
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which is an estimate of above-ground vegetation cover, is frequently
cited as a fundamental determinant of biodiversity (Hurlbert & Haskell, 2003; Koh, Lee, & Lin, 2006; Lee, Ding, Hsu, & Geng, 2004).
However, the NDVI plays an important role only in the richness pattern of large-ranged species in our study (Table 3).
Habitat heterogeneity is considered to be a more comprehensive
factor influencing diversity patterns (Rowe, 2009). According to our
results, habitat heterogeneity is not a crucial variable when using
multi-model inference (Table 3). However, in the simple OLS regression, habitat heterogeneity was significantly correlated with the
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to endemic species, which are only distributed in the Himalayas and
the southern Tibet Plateau, being better adapted to the mountainous
habitat than the non-endemic species in the process of natural
selection.

5 | CONCLUSION
The predominant distribution pattern of overall species richness for
non-volant small mammals along the elevational gradient in the Gyirong Valley is hump-shaped. Although no single key factor could
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spatial structured environmental variables correlate well with the
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dynamics model was also found to explain the elevational species
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valley. This study also calls for caution in explaining the richness patterns for different taxonomic groups; for different taxonomic groups
may have different underlying mechanisms to shape same elevational
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ACKNOWLEDGEMENTS
We thank Prof. Yong Ma for helping to identify the specimens.
We thank Zhixin Zhou, Xiaoge Ping, Yongjie Wu and Lili Li for
their kind help and suggestions. We also thank the Mount Qomolangma National Nature Reserve for the permits to conduct the
researches. We are very grateful to the editors Mark Andrew Carine and Ole R. Vetaas and the anonymous reviewers for their
constructive suggestions for improving the quality of this manuscript. This research was supported by grants from the National
Science

Foundation

of

China

(no.

31400361

to

Z.D.,

no.

31372175 to Z. J.), the Basic Science Special Project of Ministry
of Science and Technology of China (2013FY110300), the Knowledge
Innovation Project of Chinese Academy of Sciences (KSCX2-EW-Z-4)
and Technology Development (2017GDASCX-0107).

ORCID
Yiming Hu

http://orcid.org/0000-0002-0947-9594

Acharya, B. K., Chettri, B., & Vijayan, L. (2011). Distribution pattern of
trees along an elevation gradient of eastern Himalaya, India. Acta
Oecologica, 37, 329–336.
Acharya, B. K., Sanders, N. J., Vijayan, L., & Chettri, B. (2011). Elevational
gradients in bird diversity in the eastern Himalaya: An evaluation of
distribution patterns and their underlying mechanisms. PLoS ONE, 6,
4932–4937.
Anderson, D. R., Burnham, K. P., & White, G. C. (1998). Comparison of
Akaike information criterion and consistent Akaike information criterion for model selection and statistical inference from capture-recapture studies. Journal of Applied Statistics, 25, 263–282.
Anderson, J., Hardy, E., Roach, J., & Witmer, R. (1976). A land use and
land cover classification system for use with Remote Sensor data. US
Geological Survey Professional, 964, 28.
Bhattarai, K. R., & Vetaas, O. R. (2003). Variation in plant species richness of different life forms along a subtropical elevation gradient
in the Himalayas, East Nepal. Global Ecology and Biogeography, 12,
327–340.
Bhattarai, K. R., & Vetaas, O. R. (2005). Do fern and fern-allies show a
similar response along the ecological gradient in the Himalayas. Bulletin Department of Plant Resources, 26, 24–29.
Bhattarai, K. R., & Vetaas, O. R. (2006). Can Rapoport’s rule explain tree
species richness along the Himalayan elevation gradient, Nepal?
Diversity and Distributions, 12, 373–378.
Bhattarai, K. R., Vetaas, O. R., & Grytnes, J. A. (2004). Fern species richness along a central Himalayan elevational gradient, Nepal. Journal of
Biogeography, 31, 389–400.
Brehm, G., Colwell, R. K., & Kluge, J. (2007). The role of environment and
mid-domain effect on moth species richness along a tropical elevational gradient. Global Ecology and Biogeography, 16, 205–219.
Brown, J. H. (2001). Mammals on mountainsides: Elevational patterns of
diversity. Global Ecology and Biogeography, 10, 101–109.
s, C. L., Colwell, R. K., & Watkins, J. E. (2006). Vascular epiphyte
Cardelu
distribution patterns: Explaining the mid-elevation richness peak.
Journal of Ecology, 94, 144–156.
Chettri, B., Bhupathy, S., & Acharya, B. K. (2010). Distribution pattern of
reptiles along an eastern Himalayan elevation gradient, India. Acta
Oecologica, 36, 16–22.
Colwell, R. K. (2008). RangeModel: Tools for exploring and assessing geometric constraints on species richness (The mid-domain effect) along
transects. Ecography, 31, 4–7.
s, C. L., Gilman, A. C., & Longino, J. T.
Colwell, R. K., Brehm, G., Cardelu
(2008). Global warming, elevational range shifts, and lowland biotic
attrition in the wet tropics. Science, 322, 258–261.
Colwell, R. K., & Hurtt, G. C. (1994). Nonbiological gradients in species
richness and a spurious Rapoport effect. The American Naturalist,
144, 570–595.
Colwell, R. K., & Lees, D. C. (2000). The mid-domain effect: geometric
constraints on the geography of species richness. Trends in Ecology &
Evolution, 15, 70–76.
Colwell, R. K., Rahbek, C., & Gotelli, N. J. (2004). The mid-domain effect
and species richness patterns: What have we learned so far? The
American Naturalist, 163, E1–E23.
Colwell, R. K., Rahbek, C., & Gotelli, N. J. (2005). The mid-domain effect:
There’s a baby in the bathwater. The American Naturalist, 166, E149–
E154.
Dunn, R. R., Mccain, C. M., & Sanders, N. J. (2007). When does diversity
fit null model predictions? scale and range size mediate the middomain effect. Global Ecology and Biogeography, 16, 305–312.
Dutilleul, P., Clifford, P., Richardson, S., & Hemon, D. (1993). Modifying
the t test for assessing the correlation between two spatial processes. Biometrics, 49, 305–314.

2776

|

Fu, C., Hua, X., Li, J., Chang, Z., Pu, Z., & Chen, J. (2006). Elevational patterns of frog species richness and endemic richness in the Hengduan
Mountains, China: Geometric constraints, area and climate effects.
Ecography, 29, 919–927.
Gotelli, N. J., & Colwell, R. K. (2001). Quantifying biodiversity: Procedures
and pitfalls in the measurement and comparison of species richness.
Ecology Letters, 4, 379–391.
Gotelli, N. J., & Entsminger, G. L. (2011). EcoSim: null models software
for ecology. Version 7. Acquired Intelligence and Kesey-Bear,
http://garyentsminger.com/ecosim.htm.
Grytnes, J. A., & Vetaas, O. R. (2002). Species richness and altitude: A
comparison between null models and interpolated plant species richness along the Himalayan altitudinal gradient, Nepal. The American
Naturalist, 159, 294–304.
Hammer, Ø., Harper, D. A. T., & Ryan, P. D. (2001). PAST: Paleontological
statistics software package for education and data analysis. Palaeontologia Electronica, 4, 4.
Hawkins, B. A., Diniz-Filho, J. A. F., Jaramillo, C. A., & Soeller, S. A.
(2007). Climate, niche conservatism, and the global bird diversity gradient. The American Naturalist, 170, S16–S27.
Hawkins, B. A., Diniz-Filho, J. A. F., & Soeller, S. A. (2005). Water links
the historical and contemporary components of the Australian bird
diversity gradient. Journal of Biogeography, 32, 1035–1042.
Hawkins, B. A., Field, R., Cornell, H. V., Currie, D. J., Gu_egan, J. -F., Kaufman, D. M., . . . Turner, J. R. G. (2003). Energy, water, and broad-scale
geographic patterns of species richness. Ecology, 84, 3105–3117.
Heaney, L. R. (2001). Small mammal diversity along elevational gradients
in the philippines: An assessment of patterns and hypotheses. Global
Ecology and Biogeography, 10, 15–39.
Holdridge, L. R., Grenke, W. C., Hatheway, W. H., Liang, T., & Toshi, J. A.
Jr (1971). Forest environment in tropical life zones – A pilot study. New
York: Pergamon Press.
Hu, Y.-M., Yang, D.-D., Yao, Z.-J., Huang, Z.-W., Tian, Y., Zhu, C.-Y., . . .
Hu, H.-J. (2014). Mammalian fauna and its vertical changes in Mt.
Qomolangma National Nature Reserve, Tibet, China. Acta Theriologica
Sinica, 34, 28–37.
Hurlbert, A. H., & Haskell, J. P. (2003). The effect of energy and seasonality on avian species richness and community composition. The
American Naturalist, 16, 83–97.
Jetz, W., & Rahbek, C. (2002). Geographic range size and determinants
of avian species richness. Science, 297, 1548–1551.
Jiang, Z., Li, Y., Li, C., & Fang, H. (2009). Species abundance in China, a
test of climate hypothesis. In J. Wu, & C. Yang (Eds.), Moderm ecology
forum (IV) theory and practice (pp. 75–102). Beijing: Higher Education
Press.
Jiang, Z.-G., & Ma, K.-P. (2014). The principles of conservation biology. Beijing: Science Press.
Jiang, Z.-G., Ma, Y., Wu, Y., Wang, Y., Feng, Z., Zhou, K., . . . Li, C. (2015).
China’s mammalian diversity. Biodiversity Science, 23, 351–364.
Johnson, J. B., & Omland, K. S. (2004). Model selection in ecology and
evolution. Trends in Ecology and Evolution, 19, 101–8.
Joshi, K., & Bhatt, D. (2015). Avian species distribution along elevation at
Doon valley (foot hills of western Himalayas), Uttarakhand, and its
association with vegetation structure. Journal of Asia-Pacific Biodiversity, 8, 158–167.
Kluge, J., Kessler, M., & Dunn, R. R. (2006). What drives elevational patterns of diversity? a test of geometric constraints, climate and species
pool effects for pteridophytes on an elevational gradient in costa rica.
Global Ecology and Biogeography, 15, 358–371.
Koh, C. N., Lee, P. F., & Lin, R. S. (2006). Bird species richness patterns
of northern Taiwan: Primary productivity, human population density,
and habitat heterogeneity. Diversity and Distributions, 12, 546–554.
Lee, P. F., Ding, T. S., Hsu, F. H., & Geng, S. (2004). Breeding bird species
richness in Taiwan: Distribution on gradients of elevation, primary
productivity and urbanization. Journal of Biogeography, 31, 307–314.

HU

ET AL.

Li, J. J., Han, L. X., Cao, H. F., Tian, Y., Peng, B. Y., Wang, B., Hu, H.
J. (2013). The fauna and vertical distribution of birds in mount
Qomolangma national nature reserve. Zoological Research, 34, 531–
548.
Lomolino, M. V. (2001). Elevation gradients of species-density: Historical
and prospective views. Global Ecology and Biogeography, 10, 3–13.
Luo, Z., Tang, S., Li, C., Chen, J., Fang, H., & Jiang, Z. (2011). Do rapoport’s rule, mid-domain effect or environmental factors predict latitudinal range size patterns of terrestrial mammals in China? PLoS ONE,
6, e27975.
Luo, Z., Tang, S., Li, C., Fang, H., Hu, H., Yang, J., . . . Jiang, Z. (2012).
Environmental effects on vertebrate species richness: Testing the
energy, environmental stability and habitat heterogeneity hypotheses.
PLoS ONE, 7, e35514.
McCain, C. M. (2004). The mid-domain effect applied to elevational gradients: Species richness of small mammals in costa rica. Journal of
Biogeography, 31, 19–31.
McCain, C. M. (2005). Elevational gradients in diversity of small mammals. Ecology, 86, 366–372.
McCain, C. M. (2007a). Area and mammalian elevational diversity. Ecology, 88, 76–86.
McCain, C. M. (2007b). Could temperature and water availability drive
elevational species richness patterns? A global case study for bats.
Global Ecology and Biogeography, 16, 1–13.
McCain, C. M. (2009). Global analysis of bird elevational diversity. Global
Ecology and Biogeography, 18, 346–360.
Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B., &
Kent, J. (2000). Biodiversity hotspots for conservation priorities. Nature, 403, 853–858.
s-Bravo, D., Arau
jo, M. B., Romdal, T., & Rahbek, C. (2008). Scale
Nogue
effects and human impact on the elevational species richness gradients. Nature, 453, 216–219.
O’Brien, E. (1998). Water-energy dynamics, climate and prediction of
woody plant species richness: An interim general model. Journal of
Biogeography, 25, 379–398.
O’Brien, E. (2006). Biological relativity to water-energy dynamics. Journal
of Biogeography, 33, 1868–1888.
Oommen, M. A., & Shanker, K. (2005). Elevational species richness patterns emerge from multiple local mechanisms in Himalayan woody
plants. Ecology, 86, 3039–3047.
Pan, H., Yang, D., Qin, H., Zhang, L., Jiang, K., & Hu, H. (2014). Herpetofauna of mount qomolangma national nature reserve in Tibet, China.
Biodiversity Science, 21, 610–615.
Preston, F. W. (1962). The canonical distribution of commonness and rarity. Ecology, 43, 410–432.
Price, T. D., Hooper, D. M., Buchanan, C. D., Johansson, U. S., Tietze, D.
€m, P., . . . Martens, J. (2014). Niche filling slows the diversifiT., Alstro
cation of Himalayan songbirds. Nature, 509, 222.
Rahbek, C. (1995). The elevational gradient of species richness – A uniform pattern? Ecography, 18, 200–205.
Rahbek, C. (1997). The relationship among area, elevation, and regional
species richness in Neotropical birds. The American Naturalist, 149,
875–902.
Rahbek, C. (2005). The role of spatial scale and the perception of largescale species-richness patterns. Ecology Letters, 8, 224–239.
Rangel, T. F., Diniz-Filho, J. A. F., & Bini, L. M. (2010). SAM: A comprehensive application for Spatial Analysis in Macroecology. Ecography,
33, 46–50.
Rickart, E. A. (2001). Elevational diversity gradients, biogeography and the
structure of montane mammal communities in the intermountain
region of North America. Global Ecology and Biogeography, 10, 77–100.
Rosenzweig, M. L. (1995). Species diversity in space and time. Cambridge:
Cambridge University Press.
Rowe, R. J. (2009). Environmental and geometric drivers of small mammal
diversity along elevational gradients in Utah. Ecography, 32, 411–422.

HU

|

ET AL.

Rowe, R. J., Heaney, L. R., & Rickart, E. A. (2015). Scale effects on the
pattern and predictors of small mammal diversity along a local elevational gradient in the great basin. Journal of Biogeography, 42, 1964–
1974.
Rowe, R. J., & Lidgard, S. (2009). Elevational gradients and species richness: Do methods change pattern perception? Global Ecology and Biogeography, 18, 163–177.
S
anchez-Cordero, V. (2001). Elevation gradients of diversity for rodents
and bats in Oaxaca, Mexico. Global Ecology and Biogeography, 10, 63–
76.
Sanders, N. J., & Rahbek, C. (2012). The patterns and causes of elevational diversity gradients. Ecography, 35, 1–3.
Stein, A., Beck, J., Meyer, C., Waldmann, E., Weigelt, P., & Kreft, H.
(2015). Differential effects of environmental heterogeneity on global
mammal species richness. Global Ecology and Biogeography, 24, 1072–
1083.
Stein, A., Gerstner, K., & Kreft, H. (2014). Environmental heterogeneity
as a universal driver of species richness across taxa, biomes and spatial scales. Ecology Letters, 17, 866.
Stein, A., & Kreft, H. (2015). Terminology and quantification of environmental heterogeneity in species-richness research. Biological Reviews
of the Cambridge Philosophical Society, 90, 815–863.
Steinbauer, M. J., Field, R., Grytnes, J. A., Trigas, P., Ah-Peng, C., Attorre,
F., . . . De Sanctis, M. (2016). Topography-driven isolation, speciation
and a global increase of endemism with elevation. Global Ecology and
Biogeography, 25, 1097–1107.
Terborgh, John (1977). Bird species diversity on an Andean elevational
gradient. Ecology, 58, 1007–1019.
Tibet scientific expedition of Chinese Academy of Sciences (1974). The
Everest region scientific report. Beijing: Science Press.
Trabucco, A., Zomer, R. J., Bossio, D. A., van Straaten, O., & Verchot, L.
V. (2008). Climate change mitigation through afforestation/reforestation: A global analysis of hydrologic impacts with four case studies.
Agriculture, Ecosystems and Environment, 126, 81–97.
Turner, M. G., & Gardner, R. H. (2015). Landscape ecology in theory and
practice: Pattern and process (2nd ed.). New York: Springer.
Vetaas, O. R. (2006). Biological relativity to water-energy dynamics:
A potential unifying theory? Journal of Biogeography, 33, 1866–
1867.
Vetaas, O. R., & Grytnes, J. A. (2002). Distribution of vascular plant
species richness and endemic richness along the Himalayan elevation gradient in Nepal. Global Ecology and Biogeography, 11,
291–301.
Walther, B. A., & Moore, J. L. (2005). The concepts of bias, precision and
accuracy, and their use in testing the performance of species richness
estimators, with a literature review of estimator performance. Ecography, 28, 815–829.

2777

Wiens, J. J., & Donoghue, M. J. (2004). Historical biogeography, ecology
and species richness. Trends in Ecology & Evolution, 19, 639–644.
Wiens, J. J., & Graham, C. H. (2005). Niche conservatism: integrating
evolution, ecology, and conservation biology. Annual Review of Ecology, Evolution, and Systematics, 36, 519–539.
Wilson, D. E., & Reeder, D. M. (2005a). Mammal species of the world: A
taxonomic and geographic reference (Vol. 2, 3rd ed.). Baltimore: Johns
Hopkins Univ Press.
Wilson, D. E., & Reeder, D. M. (2005b). Mammal species of the world: A
taxonomic and geographic reference(Vol. 1, 3rd ed.). Baltimore: Johns
Hopkins Univ Press.
Wu, Y.-J., Colwell, R. K., Rahbek, C., Zhang, C.-L., Quan, Q., Wang, C.-K.,
& Lei, F.-M. (2013). Explaining the species richness of birds along an
elevational gradient in the subtropical Hengduan Mountains. Journal
of Biogeography, 40, 2310–2323.
Wu, Y.-J., Yang, Q.-S., Wen, Z.-X., Xia, L., Zhang, Q., & Zhou, H.-M.
(2013). What drives the species richness patterns of non-volant small
mammals along a subtropical elevational gradient? Ecography, 36,
185–196.
Zhang, R.-Z. (2011). Zoogeography of China. Beijing: Science Press.

BIOSKETCH
Author contributions: Y.H. and H.H conceived the idea for this
study and designed the research; Y.H. and Z. H. conducted the
field survey; Y.H. and J.L. analysed the data; Z.J., H.H., Z.D. and
K.J. developed the presentation; Y.H. wrote the paper.

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the supporting information tab for this article.

How to cite this article: Hu Y, Jin K, Huang Z, et al.
Elevational patterns of non-volant small mammal species
richness in Gyirong Valley, Central Himalaya: Evaluating
multiple spatial and environmental drivers. J Biogeogr.
2017;44:2764–2777. https://doi.org/10.1111/jbi.13102

