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Background
Biodiversity patterns along altitudinal gradients have attracted considerable interest 
from ecologists over the last decade (Rahbek 2005; Guo et al. 2013; Sproull et al. 2015). 
Previous research has demonstrated that taxon richness commonly shows hump-shaped 
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patterns along altitudinal gradients, i.e., taxon richness peaks at mid-elevations, for a 
broad spectrum of taxa (Rahbek 1995, 2005). Roughly 25 % of all published investiga-
tions have shown a monotonic decrease in taxon richness with elevation (Rahbek 1995; 
Kessler 2002). A few studies have observed approximately constant values from low-
lands to mid-elevations, followed by a pronounced fall (Rahbek 2005; Kessler 2001). The 
mechanisms determining altitudinal patterns of taxon richness are still under debate 
(Currie 1991; Jetz and Rahbek 2002). It has been broadly recognized that area is a deci-
sive factor shaping altitudinal taxon richness patterns (Rahbek 1997) and that the area 
of altitudinal bands alone could account for a large percentage of the variation in taxon 
richness (Bachman et al. 2004; Fu et al. 2004; Kattan and Franco 2004; McCain 2007).

Although area is admittedly important in determining altitudinal patterns of plant 
diversity (Rosenzweig 1995), it is also widely accepted that area is not the sole factor 
influencing the variation of taxon richness along the altitudinal gradient (Bachman et al. 
2004; Wang et al. 2007a, b). The crucial mechanisms behind altitudinal patterns of taxon 
richness include the combined effects of area, climate, and the mid-domain effect (MDE; 
McCain 2009). Mean annual temperature (MAT) and mean annual precipitation (MAP) 
could also be responsible for a large part of the variance in plant taxon richness (O’Brien 
et al. 1998; Baudena et al. 2015). The MDE has been proposed as one important deter-
minant for hump-shaped patterns of taxon richness along the altitudinal gradient (Col-
well et al. 2004; Kluge et al. 2006). According to the MDE, species’ ranges are randomly 
placed within a geographical domain under the constraint that no species can exceed 
the hard boundaries of this domain (Colwell and Lees 2000; Colwell et  al. 2004). We 
can simulate this stochastic procedure multiple times, and the mean number of species 
generated by these multiple simulations is considered to be a prediction of MDE. Some 
findings have shown that the combined influences of area and MDE account for virtu-
ally all variance in taxon richness along altitudinal gradients (Sanders 2002; Bachman 
et al. 2004). Thus, the key to understanding the underlying mechanism is disentangling 
the relative importance of area and MAT, MAP and MDE (Rahbek 2005; Sanders et al. 
2007). However, the practical difficulty is that area, MAT, MAP, and the prediction from 
MDE usually covary along the altitudinal gradient (Wang et al. 2007a, b). Such collinear-
ity might mask the possible importance of MAT, MAP, and MDE. It is therefore neces-
sary to accurately quantify the effect of area on altitudinal patterns of plant diversity and 
to evaluate the effects of MAT, MAP, and MDE on the patterns after eliminating the area 
effect.

Species–area relationships are often applied, and are generally considered to account 
for area effects on altitudinal patterns of taxon richness (Rosenzweig 1995). Meza-Joya 
and Torres (2016) found that a power-law curve was the best-fit species–area model on 
the Tropical Andes and its domains. A large-scale study of vascular plant richness in 
North America (Qian 1998) used an exponential relationship between richness and area 
to eliminate the area effect on taxon richness. The species–area relationship is clearly a 
powerful tool for adjusting taxon richness to account for the area effect, and we refer to 
it as method 1 in our analysis.

Another novel yet concise method was first proposed by Bachman et  al. (2004), 
accounting for the area effect through the use of equal-area altitudinal bands. We refer 
to this as method 2. Bachman et al. (2004) clarified that when assessed in equal-elevation 
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bands, palm species richness appeared to drop monotonically with elevation, while if 
evaluated in equal-area bands, species richness showed a noticeable hump-shaped pat-
tern. The reason for this was the huge percentage of lowlands in New Guinea (Bachman 
et al. 2004). Although this equal-area band methodology is effective in directly eliminat-
ing the area effect, it has seldom been applied to account for the area effect so far (Zhu 
et al. 2007; VanDerWal et al. 2008; Xing et al. 2011). Zhu et al. (2007) demonstrated that 
area along the equal-elevation gradient of Helan Mountain declined monotonically with 
elevation, and vascular plant species richness displayed hump-shaped patterns along 
both equal-elevation and equal-area gradients. VanDerWal et  al. (2008) evaluated the 
effect of MDE on amphibian, bird, mammal and tree species richness along equal-area 
altitudinal bands in North America, and found that MDE could explain the observed 
pattern well for any taxa considered.

To our knowledge, the above two methods have not been implemented simultaneously 
for the same altitudinal gradient to date. In this study, we examine altitudinal patterns of 
plant diversity on the Jade Dragon Snow Mountain in southwestern China and use both 
methods to eliminate the area effect. The Jade Dragon Snow Mountain encompasses a 
broad altitudinal gradient with rich flora, diverse climate, and extensive field surveys of 
plant distribution over recent years (Wang et al. 2007a, b). It thus provides a valuable 
opportunity to explore seed plant diversity patterns along an altitudinal gradient, and 
the impacts of MAT, MAP, and MDE on the patterns with and without the area effect.

Methods
Study area and data collection

The Jade Dragon Snow Mountain and its adjacent region (26°35′N–27°45′N, 
99°22′E–100°32′E) are located in the northwest of Yunnan Province, China, bordering 
the Tibetan Plateau (Fig. 1). This region covers a total area of 6127 km2 and has a large 
altitudinal gradient from 1350 to 5050 m. The climate in this region is under the control 
of the southwest monsoon from the Indian Ocean, with richer precipitation in the east-
ern part than in the western part (Wang et al. 2007a, b). Seventy percent of the MAP 
occurs between May and September, with winter precipitation only contributing 30 % 
of the annual total. The Jade Dragon Snow Mountain, with its adjacent region, is a global 
biodiversity hotspot (Myers et al. 2000), where the flora is rich, including a total of 2028 
native seed plant species from 625 genera and 136 families. More than half of the spe-
cies are herbaceous (66.4 %; 82 families; 426 genera; and 1346 species), and 33.6 % are 
woody species (290 tree species from 120 genera and 56 families, and 392 shrub species 
from 133 genera and 62 families; Wang et al. 2007a, b). The vegetation types on the Jade 
Dragon Snow Mountain from low to high elevations are tropical forest, subtropical for-
est, alpine meadow and alpine tundra, which corresponds to the general altitudinal pat-
tern of plant diversity in northwestern Yunnan Province.

We generated a species database from the published book Checklist of Seed Plants of 
Lijiang Alpine Botanic Garden (Wang et al. 2007a, b), which is based on substantial sur-
veys on the Jade Dragon Snow Mountain and in its adjacent region. This species database 
includes minimum and maximum elevations of occurrence for each species, and life-
form (tree, shrub, and herb) information on each species. We extracted topographical 
data from ASTER GDEM V2 (Global Digital Elevation Model Version 2, DOI:10.5067/

http://dx.doi.org/10.5067/ASTER/ASTGTM.002
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ASTER/ASTGTM.002) with 30 m × 30 m resolution. We obtained MAT and MAP data 
from the WorldClim database (Hijmans et al. 2005), which is frequently used in ecologi-
cal studies (e.g., Sommer et al. 2010).

Equal‑elevation altitudinal gradient

We divided the Jade Dragon Snow Mountain into 37 100-m altitudinal bands from 1350 
to 5050 m. Along this equal-elevation gradient, we calculated the area of each altitudi-
nal band by multiplying 900 m2 by the number of digital elevation model (DEM) grids 
in each band. The area increases steeply with increasing elevation, and then decreases 
above the 2650–2750  m altitudinal band, showing a hump-shaped pattern (Fig.  2a). 
MAT declined monotonically with elevation (Fig.  2b). MAP illustrated a much more 
complex pattern with elevation, increasing below 1900  m, then declining steeply to 
912.0  mm at 4200  m and afterward increasing to the top of the Jade Dragon Snow 
Mountain (Fig. 2c).

We assumed that each species had a continuous distribution range between its 
recorded minimum and maximum elevations, as widely used in previous studies (e.g., 
Rahbek 1997; Vetaas and Grytnes 2002; Sanders 2002). However, among the 2028 seed 
plant species, there are 717 species that have been recorded only in a single elevational 
band. We counted the number of seed plant species, genera, and families present at each 
altitudinal band as observed species, genus and family richness (Sobs, Gobs, and Fobs). 
To explore altitudinal patterns of plant diversity for different life-forms, we counted the 
number of tree, shrub, and herb species occurring at each altitudinal band as the species 
richness for trees, shrubs, and herbs (TSobs, SSobs, and HSobs). Additionally, in order 
to evaluate whether the altitudinal biodiversity patterns and their determinant predic-
tors were dependent on species’ range size, we divided all species into three groups 

Fig. 1  a Location of Yunnan province in China, b location of the Jade Dragon Snow Mountain in Yunnan 
province, and c topography of the Jade Dragon Snow Mountain

http://dx.doi.org/10.5067/ASTER/ASTGTM.002
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according to their altitudinal range sizes: <150 m (Group I, 830 species), between 150 
and 500  m (Group II, 554 species), and >500  m (Group III, 644 species). These range 
size limits were chosen to make the number of species in each group comparable. In the 
same way, we obtained the species richness for Groups I–III (ISobs, IISobs, IIISobs) by 
counting the number of species in Groups I, II, and III present in each altitudinal band. 
We thus generated nine observed taxon richness variables (hereafter TRobs): Sobs, 
Gobs, Fobs, TSobs, SSobs, HSobs, ISobs, IISobs, and IIISobs.

Effect of interpolation

Like many previous studies, we considered a species to be present at all elevations within 
its recorded elevation limits (Kluge et  al. 2006). However, this approach may produce 
artificially elevated species richness at mid-elevations, since such interpolated data are 
disproportionately added to mid-elevations as opposed to edges of the gradient (Karger 
et al. 2011). In order to find out whether using interpolated species richness masks its 
real pattern along the altitudinal gradient, we evaluated the relationship between eleva-
tion and species richness of a particular plant species set (717 species that have been 
recorded only in a single elevational band) without interpolation (Vetaas and Grytnes 
2002). We checked whether this species richness pattern generated without interpola-
tion manifested a hump-shaped curve. If it indeed shows a hump-shaped pattern, we can 
conclude that the effect of interpolation may not be essential for the hump-shaped pat-
tern of plant species on the Jade Dragon Snow Mountain.

Fig. 2  Scatter plots showing the variation in a area, b mean annual temperature, and c mean annual precipi-
tation along the equal-elevation altitudinal gradient. The dashed line indicates the elevation at maximum area
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Species–area relationship

The species–area relationship has been universally acknowledged, but the exact struc-
ture of the relationship is still under discussion (Connor and McCoy 1979; Crawley and 
Harral 2001). Three common versions of the species–area relationships are: untrans-
formed (species richness versus area), semi-log (species richness versus log area), and 
log–log (log species richness versus log area) transformed (Matthews et  al. 2014). We 
conducted linear fittings to all three versions using ordinary least square (OLS) regres-
sion models, which was commonly used for studies on the species-area relationships 
(Matthews et al. 2014). To select the version (i.e., untransformed, semi-log or log–log) 
with the best performance, we calculated the modified Akaike information criterion 
(AICC) corrected for small samples as follows:

where n is the number of samples and K the number of parameters in the model. We 
considered the model with the lowest AICC score to be the best model, which is con-
sistent with previous studies (Matthews et al. 2014). Then we compared the difference 
between the AICC of each model and the minimum AICC found, and we refer to this 
difference as ∆(AICC). Any model with ∆(AICC)  <  2 is reported to be as good as the 
best model (Burnham and Anderson 2002). This analysis was performed using the func-
tion ‘AICc’ within the ‘AICcmodavg’ package (Mazerolle 2011) in R 2.14.2 (R Core Team 
2014). To further assess the performances of linear fits, we also measured the adjusted 
coefficients of determination and conducted the significant F-test (Crawley 2002).

The log–log transformed species–area relationship was found to be the best-fit model 
(Δ(AICC) > 2) for all plant groups (Additional file 1: Table S1; Figures S1–S3). We thus 
chose the log–log transformed version (i.e., power-law) to correct TRobs. This power-
law model, S = cAz, where S is TRobs, z is a constant describing the slope of the species–
area relationship in the log–log transformed space (Additional file 1: Fig. S3), A is the 
area of elevational bands along the equal-elevation gradient and c is the area-corrected 
taxon richness (hereafter TRcor1). In order to rescale TRcor1 to similar values as TRobs, 
TRcor1 were calculated as 100(TRobs/Az).

Equal‑area altitudinal gradient

Another approach to account for area effect was introduced by Bachman et al. (2004), 
and we refer to this as method 2 in our analysis. The original DEM cell values are integers 
and were added a random number between −0.5 and +0.5, as done in previous studies 
(Bachman et al. 2004). This produced DEM cells are easily classified into 37 equal-area 
altitudinal bands from 1350 to 5050 m using software ArcGIS version 9 (Environmental 
Systems Research Institute, Redlands, CA, USA). The middle elevations of the equal-
area bands were not uniformly distributed along the altitudinal gradient (Fig.  3). The 
altitudinal band width first decreased then increased as elevation rose (Fig. 4a). The band 
with the smallest width (35.4 m) was the 15th, while the largest width was 1014.1 m for 
the 37th band. MAT still declined monotonically, and MAP showed a similar but sim-
pler pattern along the equal-area gradient compared with the equal-elevation gradient 
(Figs. 2b, c, 4b, c). Along the equal-area altitudinal gradient, we counted the number of 

(1)AICC = −2× log Lik(model)+ 2K
n

n− K − 1
,
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seed plant species at each band as Scor2. In the same way, we got Gcor2, Fcor2, TScor2, 
SScor2, HScor2, IScor2, IIScor2, and IIIScor2 for other plant groups. All these nine area-
corrected taxon richness variables were collectively called TRcor2. 

Mid‑domain effect

We used RangeModel (Colwell 2008) to generate the simulated taxon richness, which 
are the mid-domain null model predictions. This software placed empirical species 
ranges within the domain (i.e. the mountain range from the lowest elevation to the peak) 

Fig. 3  The relationship between middle elevation of each equal-area band and band sequence number

Fig. 4  Scatter plots showing the variation in a altitudinal band width, b mean annual temperature, and c 
mean annual precipitation along the equal-area altitudinal gradient
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randomly and under the constraint that no species extended beyond domain boundaries 
(Colwell and Lees 2000; Colwell et al. 2004). Then the number of species was counted 
within each elevational band. We conducted 1000 simulations, and the mean of these 
simulations was called a prediction from MDE. This procedure was carried out along the 
equal-elevation and equal-area gradient.

Statistical analysis

We first conducted OLS regressions between taxon richness (TRobs, TRcor1,  and 
TRcor2) and each explanatory variable (elevation, MAT, MAP, and prediction from 
MDE), respectively (Additional file  1: Figures S4–S6). In order to compare the per-
formances of first- and second-order polynomial regressions, we calculated ∆(AICC) 
according to Eq. (1). Model with the minimum AICC and ∆(AICC) > 2, was selected as 
the best one. Two models with ∆(AICC) < 2 were considered to have the same good per-
formance, and in this case, the first-order polynomial regression was selected as the best 
model for simplicity (Additional file 1: Tables S2–S4).

Secondly, we examined the spatial autocorrelation in the residuals of the best OLS 
model using Moran’s I coefficient. We regard OLS model residuals in the 37 sequential 
elevational bands (from 1350 to 5050 m) as 37 observations along a single geographic 
axis. Moran’s I coefficients are computed from pairs of observations found at preselected 
distances: distance = 100 m, 200 m, 300 m, etc. (Legendre and Legendre 1998). Moran’s 
I coefficient is defined as follows:

where n is the number of elevational bands, xi and xj represent observations in eleva-
tional bands i and j, x̄ is the mean of all x, and wij is an element in the (n × n) weighting 
matrix W. It can be given as follows:

S represents the sum of the weights wij (i.e., the number of connections in the matrix W) 
as follows:

Moran’s I coefficient varies between −1.0 and 1.0 for maximum negative and positive 
spatial autocorrelation, respectively. Non-zero values of Moran’s I coefficient indicate 
that observations in elevational bands connected at a given distance are more similar 
(positive autocorrelation) or less similar (negative autocorrelation) than expected by 
chance. Through plotting Moran’s I coefficients against the preselected distances, we 
constructed spatial correlograms and detected considerable spatial autocorrelation in 
OLS model residuals (Additional file  1: Figures S7–S18). This analysis was performed 
using function ‘correlog’ within the package ‘ncf ’ (Bjørnstad 2006).

(2)I =
n

S

∑n
i=1

∑n
j=1 wij(xi − x̄)(xj − x̄)
∑n

i=1 (xi − x̄)2
,

(3)wij =

{

1 i, j is found at a given distance
0 otherwise

,

(4)S =

n
∑

i=1

n
∑

j=1

wij ,
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However, spatial autocorrelation has been reported to inflate Type I errors and thus 
lead to the biased model comparison and poor parameter estimates, through violat-
ing assumptions of independence and identical distribution of model residuals (Dor-
mann et al. 2007). Therefore, thirdly we ran simultaneous autoregressive (SAR) models 
of the error type (Kissling and Carl 2007) to correlate taxon richness (TRobs, TRcor1, 
and TRcor2) and each explanatory variable (elevation, MAT, MAP, and prediction from 
MDE), respectively. Spatial weights matrices in SAR were based on row standardiza-
tion and neighborhood distance of 100 m. Pseudo-R2 values of SAR were calculated as 
the squared Pearson product-moment correlation coefficient between observed and 
predicted values (Kissling and Carl 2007). We implemented SAR models with package 
‘spdep’ (Bivand 2014). We also performed first- and second-order polynomial SAR mod-
els and compared their performances using ∆(AICC). The selection criterion of the best 
model was exactly the same as OLS analysis. The best SAR models reduced spatial auto-
correlation in the model residuals to a lower level, especially at the distance of 100 m 
(Additional file 1: Figures S7–S18).

There is no consensus on which area-correction method is better. Each method has its 
advantages and drawbacks. In this study, we try to find which area-correction method 
preserves the influences of other factors to a larger degree after eliminating the area 
effect. Therefore, fourthly we compared SAR pseudo-R2 values of method 1 and 2, and 
consider the method with the larger pseudo-R2 values to have the better performance.

Results
Altitudinal patterns of observed taxon richness

Without accounting for area, Sobs, Gobs, and Hobs showed hump-shaped patterns along 
the equal-elevation altitudinal gradient: richness increased steeply with elevation at low 
elevations, and then decreased at high elevations after peaking at intermediate elevations 
(between 2750 and 2850 m for both species richness and genus richness, and between 
2550 and 2650 m for family richness) (Fig. 5a; Table 1). TSobs, SSobs, HSobs also showed 
hump-shaped curves along the equal-elevation gradient, with maxima at approximately 
the same altitude (2550–2850 m; Fig. 5b). Moreover, ISobs, IISobs, and IIISobs also illus-
trated hump-shaped patterns along the equal-elevation gradient (Fig. 5c). Maximum spe-
cies richness for Group I and Group II appeared at the 2750–2850 m elevation interval, 
whereas Group III maximum species richness occurred at 2950–3050 m. 

Effect of interpolation

According to Vetaas and Grytnes (2002), we should rule out the possibility that the 
interpolation approach generates an artificial hump-shaped pattern in species richness. 
In this study, a particular species set (717 species that have been recorded only in a sin-
gle elevational band) provides an appropriate opportunity to check whether the hump-
shaped species richness pattern found in Jade Dragon Snow Mountain is real. Without 
interpolation, this particular species set indeed showed a hump-shaped pattern in spe-
cies richness with a peak at 2800 m and changes in elevation could explain 40.2 % of the 
variation in species richness (Fig. 6). This implies that the hump-shaped pattern for plant 
species in the Jade Dragon Snow Mountain may not due solely to interpolation.
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Altitudinal patterns of area‑corrected taxon richness

When area is accounted for using method 1, all nine TRcor1 variables reached their 
maximum richness at the lowest elevational band (roughly 1400  m), which did not 
match the hump-shaped pattern (Fig. 7; Table 2). Along the equal-elevation altitudinal 
gradient, TRcor1 first decreased and then oscillated, rather than showing a monotoni-
cally decreasing pattern. When accounting for area by method 2, Scor2, Gcor2, and Fcor2 
showed hump-shaped patterns with peaks at intermediate elevations (2770.9–2807.5 m 
for Scor2, 2735.4–2807.5 m for Gcor2, 2586.5–2626.7 m and 2735.4–2770.9 m for Fcor2; 
Fig. 8a; Table 3). Along the equal-area altitudinal gradient, TScor2, SScor2, and HScor2 
also showed hump-shaped curves, with maxima at nearly the same altitudes as those for 
taxon richness (2586.5–2626.7 m for TScor2, 2770.9–2807.5 m for SScor2 and HScor2; 
Fig. 8b). Moreover, IScor2, IIScor2, and IIIScor2 also had hump-shaped patterns (Fig. 8c), 
with maxima at 2735.4–2770.9, 2770.9–2807.5 and 2993.2–3033.2 m respectively.   

Roles of MAT, MAP, and MDE

SAR showed significant correlations between TRobs and each explanatory vari-
able: MAT, MAP, and MDE (Table  1). MAT accounted for 65.9–98.6  % of the varia-
tion in TRobs, MAP was responsible for 57.3–98.4 %, and MDE explained 52.9–98.6 % 
(Table 1; Additional file 1: Figure S4). The proportions of variation in TRobs explained 
by MAT, MAP, and MDE were similar for each plant group. After eliminating the area 
effect using method 1, significant correlations were apparent between TRcor1 and 

Fig. 5  Altitudinal patterns of a seed plant species richness (Sobs), genus richness (Gobs), family richness 
(Fobs); b tree species richness (TSobs), shrub species richness (SSobs), herb species richness (HSobs); c Group 
I (species with elevational range size <150 m) species richness (ISobs), Group II (species with elevational 
range size between 150 and 500 m) species richness (IISobs), and Group III (species with elevational range 
size >500 m) species richness (IIISobs) along the equal-elevation gradient. The dashed and dotted lines reveal 
the elevations at maximum richness
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Table 1  Simultaneous autoregressive models fit observed taxon richness against the first- 
and  second-order polynomials of  four variables (elevation, mean annual temperature, 
mean annual precipitation, and prediction from mid-domain effect)

Observed 
taxon rich‑
ness

n First-order Second-order

S C r2 Q S C r2

Elevation

 Seed plant 
species 
richness

37 −4.5 × 10−2 4.2 × 102 0.932*** −1.3 × 10−4 7.5 × 10−1 −6.6 × 102 0.939***

 Seed plant 
genus rich-
ness

37 1.7 × 10−3 1.4 × 102 0.972*** −4.4 × 10−5 2.6 × 10−1 −1.8 × 102 0.975***

 Seed plant 
family rich-
ness

37 1.1 × 10−2 1.0 × 10 0.984*** −1.2 × 10−5 7.9 × 10−2 −6.6 × 10 0.986***

 Tree species 
richness

30 −3.8 × 10−3 5.3 × 10 0.931*** −2.6 × 10−5 1.4 × 10−1 −1.2 × 102 0.939***

 Shrub 
species 
richness

37 −5.5 × 10−3 6.5 × 10 0.937*** −2.2 × 10−5 1.3 × 10−1 −1.1 × 102 0.944***

 Herb species 
richness

37 −2.9 × 10−2 2.9 × 102 0.924*** −9.5 × 10−5 5.8 × 10−1 −5.5 × 102 0.931***

 Group I 
species 
richness

29 7.4 × 10−4 2.9 × 10 0.527*** −3.6 × 10−5 2.0 × 10−1 −2.3 × 102 0.651**

 Group II 
species 
richness

34 −8.8 × 10−3 9.6 × 10 0.888*** −4.1 × 10−5 2.4 × 10−1 −2.4 × 102 0.894***

 Group III 
species 
richness

37 1.4 × 10−2 1.4 × 102 0.978*** −4.6 × 10−5 2.9 × 10−1 −2.0 × 102 0.980***

Mean annual temperature

 Seed plant 
species 
richness

37 1.1 × 10 1.8 × 102 0.933*** −4.9 9.4 × 10 5.9 0.940***

 Seed plant 
genus rich-
ness

37 3.7 1.1 × 102 0.972*** −1.7 3.3 × 10 5.5 × 10 0.974***

 Seed plant 
family rich-
ness

37 1.2 × 10−1 4.6 × 10 0.983*** −4.6 × 10−1 6.6 4.6 × 10 0.986***

 Tree species 
richness

30 1.7 2.4 × 10 0.932*** −1.0 2.3 × 10 −5.8 × 10 0.939***

 Shrub 
species 
richness

37 1.8 3.2 × 10 0.937*** −7.7 × 10−1 1.5 × 10 2.3 0.943***

 Herb species 
richness

37 7.0 1.4 × 102 0.924*** −3.8 7.1 × 10 1.6 0.933***

 Group I 
species 
richness

29 6.3 × 10−2 3.1 × 10 0.527*** −1.2 2.6 × 10 −8.2 × 10 0.659**

 Group II 
species 
richness

34 2.3 4.8 × 10 0.888*** −1.7 3.4 × 10 −4.4 × 10 0.896***

 Group III 
species 
richness

37 3.2 1.6 × 102 0.978*** −1.9 3.4 × 10 1.1 × 102 0.980***
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Table 1  continued

Observed 
taxon rich‑
ness

n First-order Second-order

S C r2 Q S C r2

Mean annual precipitation

 Seed plant 
species 
richness

37 6.4 × 10−1 −3.3 × 102 0.932*** −1.5 × 10−2 3.0 × 10 −1.4 × 104 0.933***

 Seed plant 
genus rich-
ness

37 1.9 × 10−1 −3.6 × 10 0.972*** −3.2 × 10−3 6.4 −3.0 × 103 0.972***

 Seed plant 
family rich-
ness

37 −5.3 × 10−2 9.8 × 10 0.984*** −5.7 × 10−4 1.1 −4.4 × 102 0.984***

 Tree species 
richness

30 6.3 × 10−2 −1.9 × 10 0.931*** −2.2 × 10−3 4.3 −2.1 × 103 0.932***

 Shrub 
species 
richness

37 7.7 × 10−2 −2.7 × 10 0.937*** −2.1 × 10−3 4.1 −2.0 × 103 0.937***

 Herb species 
richness

37 5.2 × 10−1 −3.0 × 102 0.924*** −1.2 × 10−2 2.3 × 10 −1.1 × 104 0.924***

 Group I 
species 
richness

29 5.7 × 10−1 −5.1 × 102 0.573*** −1.4 × 10−2 2.8 × 10 −1.4 × 104 0.596***

 Group II 
species 
richness

34 3.5 × 10−1 −2.6 × 102 0.889*** −6.9 × 10−3 1.4 × 10 −6.7 × 103 0.890***

 Group III 
species 
richness

37 1.9 × 10−1 −1.6 0.978*** −3.8 × 10−3 7.6 −3.6 × 103 0.979***

Mid-domain effect

 Seed plant 
species 
richness

37 6.9 × 10−1 1.2 × 102 0.935*** 6.8 × 10−3 −7.6 × 10−1 −1.5 × 10 0.942***

 Seed plant 
genus rich-
ness

37 6.5 × 10−1 6.3 × 10 0.974*** 4.9 × 10−3 1.5 × 10−1 1.1 × 10 0.976***

 Seed plant 
family rich-
ness

37 5.5 × 10−1 2.6 × 10 0.986*** 9.0 × 10−3 2.6 × 10−1 1.2 × 10 0.987***

 Tree species 
richness

30 9.9 × 10−1 1.1 × 10 0.935*** 2.1 × 10−2 4.6 × 10−1 2.4 0.935***

 Shrub 
species 
richness

37 7.3 × 10−1 1.9 × 10 0.941*** 2.8 × 10−2 −2.2 × 10−1 −1.5 0.943***

 Herb species 
richness

37 7.6 × 10−1 7.1 × 10 0.927*** 1.1 × 10−2 −1.1 −5.1 0.937***

 Group I 
species 
richness

29 6.2 × 10−1 1.8 × 10 0.529*** −5.0 × 10−1 1.8 × 10 −1.1 × 102 0.531***

 Group II 
species 
richness

34 3.0 × 10−1 5.5 × 10 0.888*** 1.7 × 10−3 2.2 × 10−1 5.4 × 10 0.888***

 Group III 
species 
richness

37 6.1 × 10−1 9.0 × 10 0.980*** 5.1 × 10−3 −2.9 × 10−2 −7.8 × 10−1 0.982***

Significant models are marked with asterisks *** (p < 0.001), ** (p < 0.01) and * (p < 0.05). The models with the lowest 
Akaike’s information criterion (ΔAIC > 2) are shown in the italics, and the models with ∆AIC < 2 are underlined

Group I, species with range size <150 m; Group II, species with range size between 150 and 500 m; Group III, species with 
range size >500 m; n, number of samples; r2, pseudo-R-squared. The quadratic coefficient, slope, and constant are labeled 
“Q”, “S” and “C” respectively
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each explanatory variable (MAT, MAP, and MDE), except for IScor1 (Table  2). MAT 
accounted for 20.9–69.5  % of the variation in TRcor1, MAP explained 19.5–55.6  % 
of the variance, and MDE was responsible for 45.1–95.4 % (Table 2; Additional file 1: 
Figure S5). Generally, MDE explained more variation in TRcor1 than MAT and MAP. 
When accounting for the area effect using method 2, MAT, MAP and MDE all had 

Fig. 6  The altitudinal pattern of species richness for a plant species set (species present at only a single eleva-
tion record). The solid line represents the second-order polynomial fit; adj-R2 evaluates the fitness and p shows 
the statistical significance. The dashed line represents the elevation at maximum species richness

Fig. 7  Altitudinal patterns of area-corrected a seed plant species richness (Scor1), genus richness (Gcor1), 
family richness (Fcor1), b tree species richness (TScor1), shrub species richness (SScor1), herb species richness 
(HScor1), c Group I species richness (IScor1), Group II species richness (IIScor1), and Group III species richness 
(IIIScor1) along the equal-elevation gradient. The dotted-lines demonstrate the elevations at maximum rich-
ness. For abbreviations, see Fig. 5



Page 14 of 23Xu et al. SpringerPlus  (2016) 5:1566 

Table 2  Simultaneous autoregressive models fit area-corrected taxon richness achieved 
by method 1 against the first- and second-order polynomials of four variables (elevation, 
mean annual temperature, mean annual precipitation, and  prediction from  mid-domain 
effect)

Area-corrected 
taxon rich‑
ness 1

n First-order Second-order

S C r2 Q S C r2

Elevation

 Seed plant 
species rich-
ness

37 −6.4 × 10−2 4.9 × 102 0.307*** 5.4 × 10−5 −4.1 × 10−1 9.9 × 102 0.351***

 Seed plant 
genus rich-
ness

37 −9.8 × 10−2 6.2 × 102 0.504*** 6.9 × 10−5 −5.3 × 10−1 1.2 × 103 0.605*

 Seed plant 
family rich-
ness

37 −9.6 × 10−2 6.2 × 102 0.624*** 6.2 × 10−5 −4.9 × 10−1 1.2 × 103 0.727*

 Tree species 
richness

30 −6.2 × 10−2 2.5 × 102 0.689*** 3.5 × 10−5 −2.6 × 10−1 5.1 × 102 0.737***

 Shrub species 
richness

37 −1.5 × 10−2 1.2 × 102 0.628*** 1.1 × 10−5 −8.5 × 10−2 2.1 × 102 0.702***

 Herb species 
richness

37 −2.4 × 10−2 2.9 × 102 0.266*** 2.0 × 10−5 −1.6 × 10−1 4.8 × 102 0.276***

 Group I spe-
cies richness

29 −2.4 × 10−3 3.1 × 10 0.115 1.6 × 10−6 −1.2 × 10−2 4.2 × 10 0.120

 Group II spe-
cies richness

34 −3.1 × 10−3 2.1 × 10 0.218** 3.2 × 10−6 −2.3 × 10−2 4.8 × 10 0.254***

 Group III spe-
cies richness

37 −7.1 × 10−2 5.6 × 102 0.369*** 5.9 × 10−5 −4.5 × 10−1 1.1 × 103 0.410***

Mean annual temperature

 Seed plant 
species rich-
ness

37 1.1 × 10 2.0 × 102 0.295*** 1.4 −1.3 × 10 2.5 × 102 0.320***

 Seed plant 
genus rich-
ness

37 1.7 × 10 1.5 × 102 0.488*** 2.2 −2.0 × 10 2.4 × 102 0.567*

 Seed plant 
family rich-
ness

37 1.7 × 10 1.6 × 102 0.609*** 2.0 −1.9 × 10 2.5 × 102 0.695*

 Tree species 
richness

30 1.1 × 10 −4.0 × 10 0.670*** 9.8 × 10−1 −9.5 4.3 × 10 0.705**

 Shrub species 
richness

37 2.6 4.5 × 10 0.619*** 3.5 × 10−1 −3.4 5.9 × 10 0.679***

 Herb species 
richness

37 3.6 1.8 × 102 0.261*** 2.8 × 10−1 −1.1 1.9 × 102 0.263***

 Group I spe-
cies richness

29 3.9 × 10−1 2.0 × 10 0.111 2.3 × 10−2 −1.0 × 10−1 2.2 × 10 0.112

 Group II spe-
cies richness

34 5.0 × 10−1 7.1 0.209** 7.4 × 10−2 −8.8 × 10−1 1.1 × 10 0.227**

 Group III spe-
cies richness

37 1.2 × 10 2.4 × 102 0.358*** 1.5 −1.3 × 10 2.9 × 102 0.380***

Mean annual precipitation

 Seed plant 
species rich-
ness

37 −2.5 2.7 × 103 0.295*** 2.8 × 10−2 −5.5 × 10 2.8 × 104 0.299**

 Seed plant 
genus rich-
ness

37 −1.6 1.9 × 103 0.379*** 2.7 × 10−2 −5.3 × 10 2.6 × 104 0.382***
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significant influences on TRcor2 for the nine plant groups (Table 3). MAT was respon-
sible for 36.8–95.4 % of the variance in TRcor2, MAP explained 38.3–94.5 % and MDE 
accounted for 27.1–92.3 % (Table 3; Additional file 1: Figure S6). Generally, MAT, MAP, 
and MDE explained a smaller proportion of the variance in IScor2, compared with 
other plant groups. For all nine plant groups, elevation, MAT, and MAP were responsi-
ble for more of the variation in TRobs than in TRcor1 and TRcor2 (Fig. 9a–c). MDE also 
accounted for a larger proportion of the variance in TRobs as compared with TRcor1 
and TRcor2, except for trees (Fig. 9d).

Table 2  continued

Area-corrected 
taxon rich‑
ness 1

n First-order Second-order

S C r2 Q S C r2

 Seed plant 
family rich-
ness

37 −1.5 1.7 × 103 0.500*** 2.6 × 10−2 −5.1 × 10 2.5 × 104 0.504***

 Tree species 
richness

30 −2.9 × 10−1 3.6 × 102 0.533*** −8.4 × 10−4 1.3 −4.1 × 102 0.533***

 Shrub species 
richness

37 −2.7 × 10−1 3.2 × 102 0.556*** 2.1 × 10−4 −6.7 × 10−1 5.2 × 102 0.556***

 Herb species 
richness

37 −2.1 2.3 × 103 0.341** 6.1 × 10−3 −1.4 × 10 7.9 × 103 0.342**

 Group I spe-
cies richness

29 4.2 × 10−2 −1.6 × 10 0.102 −1.8 × 10−3 3.5 −1.6 × 103 0.106

 Group II spe-
cies richness

34 −8.3 × 10−2 9.1 × 10 0.195** −7.7 × 10−4 1.4 −6.2 × 102 0.196**

 Group III spe-
cies richness

37 −3.0 3.2 × 103 0.372*** 3.4 × 10−2 −6.8 × 10 3.4 × 104 0.378***

Mid-domain effect

 Seed plant 
species rich-
ness

37 −9.0 × 10−1 5.2 × 102 0.317*** 1.2 × 10−2 −5.6 8.1 × 102 0.493***

 Seed plant 
genus rich-
ness

37 −1.5 5.2 × 102 0.452*** 2.7 × 10−2 −8.1 7.9 × 102 0.554***

 Seed plant 
family rich-
ness

37 −4.5 5.5 × 102 0.571*** 2.0 × 10−1 −2.1 × 10 7.9 × 102 0.645***

 Tree species 
richness

30 −1.9 × 10 7.2 × 102 0.857*** 4.8 × 10−1 −2.9 × 10 4.8 × 102 0.954***

 Shrub species 
richness

37 −1.3 1.2 × 102 0.647*** 3.8 × 10−2 −3.4 1.3 × 102 0.697***

 Herb species 
richness

37 −5.0 × 10−1 3.0 × 102 0.274*** 1.7 × 10−2 −5.1 5.1 × 102 0.451***

 Group I spe-
cies richness

29 −2.5 7.9 × 10 0.349 −4.2 × 10−1 1.2 × 10 −3.1 × 10 0.356

 Group II spe-
cies richness

34 −8.6 × 10−1 5.8 × 10 0.580*** 3.1 × 10−2 −2.9 7.5 × 10 0.767***

 Group III spe-
cies richness

37 −8.0 × 10−1 4.8 × 102 0.344*** 2.0 × 10−2 −6.6 7.5 × 102 0.470***

Significant models are marked with asterisks *** (p < 0.001), ** (p < 0.01), and * (p < 0.05). The models with the lowest 
Akaike’s information criterion (ΔAIC > 2) are shown in the italics, and the models with ∆AIC < 2 are underlined. For 
abbreviations, see Table 1
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Discussion
The altitudinal patterns of plant diversity and the relative importances of hidden deter-
minants have been a controversial issue for ecological research (Sanders 2002, Wang 
et  al. 2007a, b). As Rahbek (1995, 2005) pointed out, a mid-elevation peak in species 
richness is the most common pattern in mountain regions. Along the large-scale altitu-
dinal gradient nearest to the equator in the Northern Hemisphere (i.e., the Jade Dragon 
Snow Mountain), we indeed found that all measures of observed taxon richness (i.e., 
TRobs: Sobs, Gobs, Fobs, TSobs, SSobs, HSobs, ISobs, IISobs, and IIISobs) displayed 
the hump-shaped patterns (Fig.  5). For all plant groups considered in this study, the 
taxon richness peaked at the lower elevations, which is consistent with previous reports 
(VanDerWal et al. 2008).

Once we excluded the effect of the interpolation method in producing the hump-
shaped patterns in taxon richness as suggested by Vetaas and Grytnes (2002), we could 
explicitly assess the effect of abiotic factors on the patterns. Variations in taxon richness 
are rarely wholly due to a single factor (Oommen and Shanker 2005). Area has a strong 
influence on the pattern of species richness at all scales (Whittaker et al. 2001). Larger 
areas contain more individuals and thus more species (‘passive-sampling hypothesis’, 
Connor and McCoy 1979). The analyses on the Jade Dragon Snow Mountain also yielded 
further evidence for the significant influence of area on these patterns. A power-law spe-
cies–area relationship explained a good deal (≥53.1 %) of the variance in TRobs (Addi-
tional file 1: Table S1; Figures S1–S3). While accounting for area, TRcor2 still displayed 

Fig. 8  Altitudinal patterns of area-corrected a seed plant species richness (Scor2), genus richness (Gcor2), 
family richness (Fcor2), b tree species richness (TScor2), shrub species richness (SScor2), herb species richness 
(HScor2), c Group I species richness (IScor2), Group II species richness (IIScor2), and Group III species richness 
(IIIScor2) along the equal-area gradient. The dashed, dotted, and dash-dotted lines represent the elevations at 
maximum richness. For abbreviations, see Fig. 5
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Table 3  Simultaneous autoregressive models fit area-corrected taxon richness achieved 
by method 2 against the first- and second-order polynomials of four variables (elevation, 
mean annual temperature, mean annual precipitation and  prediction from  mid-domain 
effect)

Area-cor‑
rected taxon 
richness 2

n First-order Second-order

S C r2 Q S C r2

Elevation

 Seed plant 
species rich-
ness

37 −4.0 × 10−3 2.2 × 102 0.893*** −9.8 × 10−5 5.9 × 10−1 −5.4 × 102 0.920***

 Seed plant 
genus rich-
ness

37 −2.8 × 10−2 2.1 × 102 0.926*** −3.9 × 10−5 2.1 × 10−1 −9.5 × 10 0.952***

 Seed plant 
family rich-
ness

37 −1.3 × 10−2 8.9 × 10 0.920*** −1.0 × 10−5 4.7 × 10−2 1.2 × 10 0.946***

 Tree species 
richness

37 −1.4 × 10−2 6.6 × 10 0.904*** −2.0 × 10−6 −2.6 × 10−3 5.1 × 10 0.905***

 Shrub species 
richness

37 −1.1 × 10−2 7.0 × 10 0.870*** −6.6 × 10−6 2.9 × 10−2 1.9 × 10 0.874***

 Herb species 
richness

37 2.1 × 10−2 8.8 × 10 0.884*** −9.1 × 10−5 5.7 × 10−1 −6.2 × 102 0.927***

 Group I spe-
cies richness

37 −3.6 × 10−3 6.0 × 10 0.231*** −3.1 × 10−5 1.8 × 10−1 −1.9 × 102 0.346*

 Group II spe-
cies richness

37 −2.3 × 10−4 2.8 × 10 0.853*** −2.1 × 10−5 1.2 × 10−1 −1.3 × 102 0.859***

 Group III spe-
cies richness

37 −2.3 × 10−3 1.6 × 102 0.862*** −7.7 × 10−5 4.6 × 10−1 −4.3 × 102 0.933***

Mean annual temperature

 Seed plant 
species rich-
ness

37 5.0 × 10−1 2.1 × 102 0.893*** −4.5 9.1 × 10 −7.5 × 10 0.921***

 Seed plant 
genus rich-
ness

37 5.2 7.5 × 10 0.926*** −1.8 4.1 × 10 −3.8 × 10 0.954***

 Seed plant 
family rich-
ness

37 2.5 2.7 × 10 0.922*** −4.6 × 10−1 1.2 × 10 −1.9 0.951***

 Tree species 
richness

37 2.8 −4.8 0.906*** −1.3 × 10−1 5.3 −1.3 × 10 0.907***

 Shrub species 
richness

37 2.1 1.7 × 10 0.871*** −3.3 × 10−1 8.6 −3.0 0.876***

 Herb species 
richness

37 −4.3 1.9 × 102 0.885*** −4.2 7.9 × 10 −6.4 × 10 0.930***

 Group I spe-
cies richness

37 7.6 × 10−1 4.2 × 10 0.232*** −1.3 2.7 × 10 −6.0 × 10 0.368*

 Group II spe-
cies richness

37 −5.3 × 10−3 2.7 × 10 0.853*** −1.0 2.1 × 10 −3.7 × 10 0.860***

 Group III spe-
cies richness

37 2.3 × 10−1 1.5 × 102 0.862*** −3.6 7.1 × 10 −6.8 × 10 0.937***

Mean annual precipitation

 Seed plant 
species rich-
ness

37 3.6 × 10−1 −1.3 × 102 0.893*** 4.4 × 10−2 −8.5 × 10 4.1 × 104 0.894***

 Seed plant 
genus rich-
ness

37 1.3 −1.1 × 103 0.933*** −2.2 × 10−2 4.3 × 10 −2.1 × 104 0.934***
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hump-shaped patterns (Fig. 8; Table 3). This implies that area alone is not fully respon-
sible for the hump-shaped patterns seen in TRobs. This is consistent with results for 
palms in New Guinea (Bachman et al. 2004) and seed plants in the Gaoligong Mountains 
of China (Wang et al. 2007a, b). However, TRcor1 did not show hump-shaped patterns 
and elevation accounted for a lower proportion of the variation in TRcor1 than in TRobs 
(Figs. 7, 9). These also confirmed the importance of area in shaping altitudinal patterns 
of plant diversity. Moreover, the percentage of variance explained by elevation was larger 
in TRcor2 than in TRcor1. This revealed that method 1 partly removed the effect of 
elevation along with eliminating the influence of area. However, method 2 retained the 
effect of elevation to the greatest degree.

Table 3  continued

Area-cor‑
rected taxon 
richness 2

n First-order Second-order

S C r2 Q S C r2

 Seed plant 
family rich-
ness

37 5.6 × 10−1 −4.8 × 102 0.932*** −1.9 × 10−2 3.7 × 10 −1.8 × 104 0.945***

 Tree species 
richness

37 5.7 × 10−1 −5.2 × 102 0.898*** −3.9 × 10−2 7.6 × 10 −3.7 × 104 0.918***

 Shrub species 
richness

37 5.1 × 10−1 −4.5 × 102 0.880*** −3.0 × 10−2 5.9 × 10 −2.9 × 104 0.892***

 Herb species 
richness

37 −6.9 × 10−1 8.1 × 102 0.881*** 1.1 × 10−1 −2.1 × 102 1.0 × 105 0.890***

 Group I spe-
cies richness

37 6.7 × 10−1 −5.9 × 102 0.279** −5.5 × 10−2 1.1 × 102 −5.2 × 104 0.383

 Group II spe-
cies richness

37 4.5 × 10−2 −1.6 × 10 0.853*** −1.5 × 10−2 3.0 × 10 −1.4 × 104 0.853***

 Group III spe-
cies richness

37 2.2 × 10−1 −5.1 × 10 0.863*** 3.2 × 10−2 −6.2 × 10 3.0 × 104 0.865***

Mid-domain effect

 Seed plant 
species rich-
ness

37 7.3 × 10−1 3.7 × 10 0.909*** 3.9 × 10−3 −1.1 2.3 × 102 0.911***

 Seed plant 
genus rich-
ness

37 1.1 × 10−1 1.1 × 102 0.890*** −3.2 × 10−3 9.5 × 10−1 6.7 × 10 0.892***

 Seed plant 
family rich-
ness

37 −1.2 × 10−1 5.8 × 10 0.801*** −1.6 × 10−2 1.4 2.7 × 10 0.810***

 Tree species 
richness

37 −8.8 × 10−1 5.0 × 10 0.858*** −6.1 × 10−2 2.6 4.6 0.861***

 Shrub species 
richness

37 −2.2 × 10−1 4.7 × 10 0.839*** −3.6 × 10−2 2.7 −5.0 0.844***

 Herb species 
richness

37 1.2 −5.3 × 10 0.923*** 1.0 × 10−2 −2.1 1.9 × 102 0.930***

 Group I spe-
cies richness

37 5.8 × 10 −1.3 × 103 0.271*** 9.6 × 10 −4.3 × 103 4.9 × 104 0.279***

 Group II spe-
cies richness

37 4.6 × 10−1 2.6 0.853*** 2.5 −2.4 × 102 5.5 × 103 0.857***

 Group III spe-
cies richness

37 6.4 × 10−1 5.1 × 10 0.909*** 2.7 × 10−3 −2.3 × 10−1 1.1 × 102 0.911***

Significant models are marked with asterisks *** (p < 0.001), ** (p < 0.01), and * (p < 0.05). The models with the lowest 
Akaike’s information criterion (ΔAIC > 2) are shown in the italics type, and the models with ∆AIC < 2 are underlined. For 
abbreviations, see Table 1
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Moderate temperature conditions in the middle of altitude gradients can explain 
the hump-shaped pattern of biodiversity (Kluge et  al. 2006). As expected, TRobs, 
TRcor1, and TRcor2 all showed hump-shaped patterns with MAT, independent of plant 
groups (Tables 1, 2, 3; Additional file 1: Figures S4–S6). MAT showed a strong mono-
tonic decreasing relationship with increasing elevation (Figs.  2b, 4b), the simple Pear-
son’s correlation coefficients between MAT and elevation along the equal-elevation and 
equal-area gradients were both −0.999 (p < 0.001). MAT and elevation thus explained a 
similar proportion of variance in all three types of taxon richness (Tables 1, 2, 3). MAT 
demonstrated less of the variance in area-corrected taxon richness than in observed 
taxon richness, which indicates collinearity between area and MAT. The simple Pear-
son’s correlation coefficient between area and MAT along the equal-elevation gradient 
was 0.334 (p < 0.05). Moreover, MAT explained a larger percentage of the variation in 
TRcor2 than in TRcor1, showing that method 1 removed more MAT effect than did 
method 2. This also indicates that method 2 retains the explanatory power of MAT to 
a great degree while eliminating the influence of area. MAP explained a greater propor-
tion of the variance in TRobs than in TRcor1 and TRcor2, which indicates collinearity 
between area and MAP. The simple Pearson’s correlation coefficient between area and 
MAP along the equal-elevation gradient was 0.537 (p < 0.01). However, MAP accounted 

Fig. 9  Simultaneous autoregressive models reveal the deviance explained in observed taxon richness, area-
corrected taxon richness achieved by method 1 and 2 by a elevation, b mean annual temperature (MAT), 
c mean annual precipitation (MAP), and d prediction from mid-domain effect (MDE). For abbreviations, see 
Fig. 5
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for a larger part of the variation in TRcor2 than in TRcor1. This demonstrates that 
method 2 is reasonable and shows the effect of MAP more clearly than method 1.

Altitudinal gradients in taxon richness have usually been attributed to a linear rela-
tionship with MDE predictions (Colwell and Lees 2000; Colwell et  al. 2004), which is 
confirmed by our findings (Table  1; Additional file  1: Fig. S4). While accounting for 
the area effect, MDE accounts for less of the variation in area-corrected taxon richness 
compared with observed taxon richness, revealing collinearity between area and MDE. 
This is inconsistent with the case of palms in New Guinea (Bachman et al. 2004). Bach-
man et al. clarified that MDE predictions conditionally explain up to 98 % of the vari-
ance in palm taxon richness after removing the effect of area, since in New Guinea both 
area and observed taxon richness of palms along the equal-elevation gradient decrease 
monotonically with elevation (Bachman et al. 2004). However, taxon richness along the 
equal-area gradient showed a hump-shaped pattern, which was more consistent with the 
changes in MDE with elevation. Thus an area correction approach increased the explan-
atory power of MDE for palms in New Guinea. However, on the Jade Dragon Snow 
Mountain, observed taxon richness and simulated taxon richness predicted by MDE all 
show hump-shaped patterns along the equal-elevation altitudinal gradient. After remov-
ing the area effect by method 2, i.e., along the equal-area altitudinal gradient, both area-
corrected taxon richness and simulated taxon richness evaluated by MDE still exhibit 
hump-shaped patterns. The strength of the relationship between TRcor2 and MDE is 
weakened when the area effect is eliminated. Except for trees, the prediction from MDE 
accounted for a larger part of the variation in TRcor2 than in TRcor1. This indicates that 
method 2 retains the influence of MDE to the maximum large extent as well as eliminat-
ing the area effect.

For patterns of plant diversity along the altitudinal gradient on the Jade Dragon Snow 
Mountain, our analysis implies that method 2 performs better than method 1 in terms 
of preserving the significant effects of MAT, MAP, and MDE. There is no doubt that the 
species–area relationship is one of ecology’s few laws (Rosenzweig 1995; Rahbek 1997; 
McCain 2007). Thus method 1, based on this law, should perform well in accounting 
for the area effect, and this is indeed confirmed by our results (Fig. 9; Tables 1, 2, 3). In 
this paper, we not only appreciate the essential contribution of method 1 to community 
ecology, but also highlight the significant role of method 2 in macroecological studies 
conducted in mountainous regions.

Conclusions
In this study, we investigated the altitudinal patterns of taxon richness for seed plants 
on the Jade Dragon Snow Mountain, southwestern China. We evaluated the effect of 
area on taxon richness patterns (TRobs) and invoked two methods to calculate area-
corrected taxon richness (TRcor1 and TRcor2). We calculated the number of species in 
the smallest sampling area based on a power-law species–area relationship implemented 
in method 1. According to method 2, we counted the number of taxa along the equal-
area altitudinal gradient. We assessed the influences of MAT, MAP, and MDE on taxon 
richness before and after eliminating area effect. Our results reveal that both TRobs and 
TRcor2 show hump-shaped patterns along the altitudinal gradient, while TRcor1 dose 
not. Elevation, MAT, MAP, and MDE explain a smaller proportion of the variance in 
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area-corrected taxon richness than in observed taxon richness. Moreover, they were all 
responsible for a larger percentage of the variance in TRcor2 than TRcor1. These find-
ings indicate that area effects should be taken into consideration when assessing the 
influences of other abiotic factors on taxon richness patterns along altitudinal gradients. 
Method 2 performs better in controlling area effect than method 1 for seed plants on 
the Jade Dragon Snow Mountain, in terms of preserving the significant effects of abiotic 
factors. We not only strongly acknowledge the significance of method 1 in community 
ecology but also highlight the remarkable contribution of method 2 in eliminating area 
effects and delineating the explanatory power of abiotic factors. Therefore, we appeal for 
more application of method 2 in macroecological studies in mountainous regions.

Abbreviations
Groups I	� species with elevational range size <150 m
Groups II	�species with elevational range size between 150 and 500 m
Groups III	� species with elevational range size >500 m
MAT	� mean annual temperature
MAP	� mean annual precipitation
MDE	� mid-domain effect

Within the equal‑elevation altitudinal band

TRobs	� number of taxa
Sobs	� number of species
Gobs	� number of genera
Fobs	� number of families
TSobs	� number of tree species
SSobs	� number of shrub species
HSobs	� number of herbaceous species
ISobs	� number of Groups I species
IISobs	� number of Groups II species
IIISobs	� number of Groups III species

Based on a power‑law species–area relationship

TRcor1	� number of taxa
Scor1	� number of species
Gcor1	� number of genera
Fcor1	� number of families
TScor1	� number of tree species
SScor1	� number of shrub species
HScor1	� number of herbaceous species
IScor1	� number of Groups I species
IIScor1	� number of Groups II species
IIIScor1	� number of Groups III species

Within the equal‑area altitudinal band

TRcor2	� number of taxa
Scor2	� number of species
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Gcor2	� number of genera
Fcor2	� number of families
TScor2	� number of tree species
SScor2	� number of shrub species
HScor2	� number of herbaceous species
IScor2	� number of Groups I species
IIScor2	� number of Groups II species
IIIScor2	� number of Groups III species

Authors’ contributions
XX and HZ were responsible for the data collection and research design. XX, WT, and XZ performed the statistical 
analysis and prepared the figures. XX wrote the main draft and HH helped to draft the manuscript. All authors discussed 
the results and implications and commented on the manuscript at all stages. All authors read and approved the final 
manuscript.

Acknowledgements
We acknowledge with great appreciation the support provided by National Special Water Programs (Nos. 2009ZX07210-
009, 2015ZX07203-011, 2015ZX07204-007), Department of Environmental Protection of Shandong Province (SDHBPJ-
ZB-08), the Chinese Natural Science Foundation (No. 39560023). The ASTER GDEM V2 data product was developed jointly 
by the U.S. National Aeronautics and Space Administration (NASA) and Japan’s Ministry of Economy, Trade, and Industry 
(METI). The data was retrieved from https://lpdaac.usgs.gov, maintained by the NASA EOSDIS Land Processes Distributed 
Active Archive Center (LP DAAC) at the USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South 
Dakota. We also appreciate the professional comments and suggestions from two anonymous reviewers.

Competing interests
The authors declare that they have no competing interests.

Received: 21 May 2016   Accepted: 11 August 2016

References
Bachman S, Baker WJ, Brummitt N, Dransfield J, Moat J (2004) Elevational gradients, area and tropical island diversity an 

example from the palms of New Guinea. Ecography 27:299–310
Baudena M, Sánchez A, Georg CP, Ruiz-Benito P, Rodríguez MÁ, Zavala MA, Rietkerk M (2015) Revealing patterns of local 

species richness along environmental gradients with a novel network tool. Sci Rep 5:11561
Bivand R (2014) Spdep: spatial dependence: weighting schemes, statistics and models. R package version 0.5-71. http://

CRAN.R-project.org/package=spdep
Bjørnstad ON (2006) Package ‘ncf’: spatial nonparametric covariance functions. http://cran.r-project.org/web/packages/

ncf/index.html
Burnham KP, Anderson DR (2002) Model Selection and Multimodel Inference, 2nd edn. Springer, New York
Colwell RK (2008) RangeModel: tools for exploring and assessing geometric constraints on species richness (the mid-

domain effect) along transects. Ecography 31:4–7
Colwell RK, Lees DC (2000) The mid-domain effect: geometric constraints on the geography of species richness. Trends 

Ecol Evol 15:70–76
Colwell RK, Rahbek C, Gotelli NJ (2004) The mid-domain effect and species richness patterns: what have we learned so 

far? Am Nat 163:E1–E23
Connor EF, McCoy ED (1979) The statistics and biology of the species − area relationship. Am Nat 113:791–833
Core Team R (2014) R: a language and environment for statistical computing. R Foundation for Statistical Computing, 

Vienna
Crawley MJ (2002) Statistical computing—an introduction to data analysis using S-Plus. Wiley, London 738p
Crawley MJ, Harral JE (2001) Scale dependence in plant biodiversity. Science 291:864–868
Currie DJ (1991) Energy and large-scale patterns of animal- and plant-species richness. Am Nat 137:27–49

Additional file

Additional file 1. Species–area relationships; relationships between observed taxon richness and factors; relation-
ships between area-corrected taxon richness achieved by method 1 and factors;​ relationships between area-cor-
rected taxon richness achieved by method 2 and factors;​ correlograms of ordinary least squares and simultaneous 
autoregressive model residuals.

https://lpdaac.usgs.gov
http://CRAN.R-project.org/package%3dspdep
http://CRAN.R-project.org/package%3dspdep
http://cran.r-project.org/web/packages/ncf/index.html
http://cran.r-project.org/web/packages/ncf/index.html
http://dx.doi.org/10.1186/s40064-016-3052-1


Page 23 of 23Xu et al. SpringerPlus  (2016) 5:1566 

Dormann CF, McPherson JM, Araújo MB, Bivand R, Bolliger J, Carl G, Davies RG, Hirzel A, Jetz W, Kissling DW, Kühn I, 
Ohlemüller R, Peres-Neto PR, Reineking B, Schröder B, Schurr FM, Wilson R (2007) Methods to account for spatial 
autocorrelation in the analysis of species distributional data: a review. Ecography 30:609–628

Fu C, Wu J, Wang X, Lei G, Chen J (2004) Patterns of diversity, altitudinal range and body size among freshwater fishes in 
the Yangtze River basin, China. Global Ecol Biogeogr 13:543–552

Guo QF, Kelt DA, Sun ZY, Liu HX, Hu LJ, Ren H, Wen J (2013) Global variation in elevational diversity patterns. Sci Rep 
3:3007

Hijmans RJ, Cameron SE, Parra JL, Jones PJ, Jarvis A (2005) Very high resolution interpolated climate surfaces for global 
land areas. Int J Climatol 25:1965–1978

Jetz W, Rahbek C (2002) Geographic range size and determinants of Avian species richness. Science 297:1548–1551
Karger DN, Kluge J, Krömer T, Hemp A, Lehnert M, Kessler M (2011) The effect of area on local and regional elevational 

patterns of species richness. J Biogeogr 38:1177–1185
Kattan GH, Franco P (2004) Bird diversity along elevational gradients in the Andes of Colombia: area and mass effects. 

Glob Ecol Biogeogr 13:451–458
Kessler M (2001) Patterns of diversity and range size of selected plant groups along an elevational transect in the Bolivian 

Andes. Biodivers Conserv 10:1897–1921
Kessler M (2002) The elevational gradient of Andean plant endemism, varying influences of taxon-specific traits and 

topography at different taxonomic levels. J Biogeogr 29:1159–1165
Kissling WD, Carl G (2007) Spatial autocorrelation and the selection of simultaneous autoregressive models. Glob Ecol 

Biogeogr 17:59–71
Kluge J, Kessler M, Dunn RR (2006) What drives elevational patterns of diversity? A test of geometric constraints, climate 

and species pool effects for pteridophytes on an elevational gradients in Costa Rica. Glob Ecol Biogeogr 15:358–371
Legendre P, Legendre L (1998) Numerical ecology, 2nd English edn. Elsevier Science Publishers B.V., Amsterdam
Matthews TJ, Steinbauer MJ, Tzirkalli E, Triantis KA, Whittaker RJ (2014) Thresholds and the species–area relationship: a 

synthetic analysis of habitat island datasets. J Biogeogr 41:1018–1028
Mazerolle M (2011) AICcmodavg: model selection and multi-model inference based on (Q)AIC(c). R package version 1.20. 

http://cran.r-project.org/web/packages/AICcmodavg/index.html
McCain CM (2007) Area and mammalian elevational diversity. Ecology 88:76–86
McCain CM (2009) Global analysis of bird elevational diversity. Glob Ecol Biogeogr 18:346–360
Meza-Joya FL, Torres M (2016) Spatial diversity patterns of Pristimantis frogs in the Tropical Andes. Ecol Evol 6:1901–1913
Myers N, Mittermeier RA, Mittermeier CG, Fonseca GAB, Kent J (2000) Biodiversity hotspots for conservation priorities. 

Nature 403:853–858
O’Brien EM, Whittaker RJ, Field R (1998) Climate and woody plant diversity in southern Africa: relationships at species, 

genus and family levels. Ecography 21:495–509
Oommen MA, Shanker K (2005) Elevational species richness patterns emerge from multiple local mechanisms in Himala-

yan woody plants. Ecology 86:3039–3047
Qian H (1998) Large-scale biogeographic patterns of vascular plant richness in North America: an analysis at the generic 

level. J Biogeogr 25:829–836
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. Am Nat 

149:875–902
Rahbek C (2005) The role of spatial scale and the perception of large-scale species-richness patterns. Ecol Lett 8:224–239
Rosenzweig ML (1995) Species diversity in space and time. Cambridge University Press,​ Cambridge
Sanders NJ (2002) Elevational gradients in ant species richness: area, geometry, and Rapoport’s rule. Ecography 25:25–32
Sanders NJ, Lessard JP, Fitzpatrick MC, Dunn RR (2007) Temperature, but not productivity or geometry, predicts eleva-

tional diversity gradients in ants across spatial grains. Glob Ecol Biogeogr 16:640–649
Sommer JH, Kreft H, Kier G, Jetz W, Mutke J, Barthlott W (2010) Projected impacts of climate change on regional capaci-

ties for global plant species richness. Proc R Soc B. doi:10.1098/rspb.2010.0120
Sproull GJ, Quigley MF, Sher A, González E (2015) Long-term changes in composition, diversity and distribution patterns 

in four herbaceous plant communities along an elevational gradient. J Veg Sci 26:552–563
VanDerWal J, Murphy HT, Lovett-Doust J (2008) Three-dimensional mid-domain predictions: geometric constraints in 

North American amphibian, bird, mammal and tree species richness patterns. Ecography 31:435–449
Vetaas OR, Grytnes JA (2002) Distribution of vascular plant species richness and endemic richness along the Himalayan 

elevation gradient in Nepal. Glob Ecol Biogeogr 11:291–301
Wang H, Zhang CQ, Li DZ, Xue RG, Yang QE (2007a) Checklist of seed plants of Lijiang alpine botanic garden. Yunnan 

Science and Technology Press, Kunming (in Chinese)
Wang ZH, Tang ZY, Fang JY (2007b) Altitudinal patterns of seed plant richness in the Gaoligong Mountains, south-east 

Tibet, China. Divers Distrib 13:845–854
Whittaker RJ, Willis KJ, Field R (2001) Scale and species richness: towards a general, hierarchical theory of species diversity. 

J Biogeogr 28:453–470
Xing KQ, Kang MY, Wang Q, Duan J, Dai C (2011) Rarefaction approach to analyzing distribution patterns of species rich-

ness along altitudinal gradients: a case study with arborous species data. Biodivers Sci 19:581–588 (in Chinese)
Zhu Y, Liu Q, Xiong M, Kang M (2007) Altitudinal pattern of vascular plant species richness based on equal-area belts in 

Mt. Helan. Biodivers Sci 15:408–418 (in Chinese)

http://cran.r-project.org/web/packages/AICcmodavg/index.html
http://dx.doi.org/10.1098/rspb.2010.0120

	Altitudinal patterns of plant diversity on the Jade Dragon Snow Mountain, southwestern China
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study area and data collection
	Equal-elevation altitudinal gradient
	Effect of interpolation
	Species–area relationship
	Equal-area altitudinal gradient
	Mid-domain effect
	Statistical analysis

	Results
	Altitudinal patterns of observed taxon richness
	Effect of interpolation
	Altitudinal patterns of area-corrected taxon richness
	Roles of MAT, MAP, and MDE

	Discussion
	Conclusions
	Abbreviations
	Within the equal-elevation altitudinal band
	Based on a power-law species–area relationship
	Within the equal-area altitudinal band

	Authors’ contributions
	References




