
Introduction

Species richness is distributed heterogeneously across 
the Earth’s surface [1], diminishing from the equator to 

polar regions [2]. For more than two centuries, ecologists 
have been trying to explain the factors that determine 
species richness patterns in various groups across the 
globe. These studies include species richness patterns 
of birds [3-4], mammals [5], vascular plants [6], woody 
plants [2, 7-8], and seed plants [9-10]. In general, it is 
widely accepted that species richness is related to various 
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factors, such as area [11-13], climate [6, 10], and landscape 
heterogeneity [10-11]. 

Over the past decades, ecologists have come to realize 
that species richness patterns are scale-dependent [12, 14-
17]. An increasing number of studies have documented 
that water availability, energy availability, and habitat 
heterogeneity are often regarded as three broad categories 
of environmental factors that determine broad-scale 
species richness variation [1, 10, 16, 18]; the energy 
variables are divided into ambient energy and productive 
energy [19]. Although researchers have made great 
efforts to understand factors that determine the variation 
in species richness with taxa and spatial scale, they have 
not reached a consensus on which environmental factors 
are primary drivers of the variation in species richness. 
Therefore, further research is needed to understand the 
factors that determine species richness of different plant 
groups at different spatial scales in order to provide a 
more complete picture of diversity distribution and its 
determinants.

In addition, a nature reserve is a key area for 
conserving biodiversity and sustaining considerable 
diversity of species richness [20]. A nature reserve is 
suitable for studying the relationship between plant 
species richness and environmental factors because of 
its high biodiversity and little anthropogenic impact. 
Understanding the relationship between species richness 
and the environmental factors is very important to protect 
biodiversity efficiently.

Previous research on species richness patterns was 
mainly focused on vascular plants or a group of plants 
(i.e., woody or herbaceous plants), and few of the studies 
investigated endemic, rare, and endangered plants. 
In this study, using plant species data of eight groups 
(pteridophytes, gymnosperms, angiosperms, vascular 
plants, Chinese endemic species, rare and endangered 
plants, woody plants, and herbaceous plants) from 23 nature 
reserves within the temperate region (Shandong Province, 
China) and eight putative environmental predictors (area, 
mean annual temperature, mean temperature of the coldest 
month, mean temperature of the hottest month, hours of 
sunshine, frost-free days, mean annual precipitation, and 
elevation range), we aim to:
1.	 Identify the main factors determining species richness 

in temperate nature reserves of Shandong Province in 
China.

2.	 Determine whether the relationships between plant 
species richness and environmental factors are 
consistent within examined groups.

3.	 Explore the relationship between species richness and 
environmental factors in a temperate region. 

4.	 Using species richness of five groups (pteridophytes, 
gymnosperms, angiosperms, vascular plants, and rare 
and endangered plants) in 186 nature reserves across 
China, we aim to indicate major environmental factors 
influencing species richness on a national scale and to 
test whether the relationships between species richness 
and environmental factors on the national scale are 
consistent within the five groups. Finally, we attempt to 

answer the question whether the relationship between 
the main explanatory factors and species richness of 
the groups varies with spatial scales. 

Methods

Data collection

Data on species richness of eight groups (pterido-
phytes, gymnosperms, angiosperms, vascular plants, 
Chinese endemic species, rare and endangered plants, 
woody plants, and herbaceous plants) in 23 nature reserves 
across the temperate region in Shandong Province (Fig. 1, 
Table 1) and five groups (pteridophytes, gymnosperms, 
angiosperms, vascular plants, and rare and endangered 
plants) from 163 nature reserves in other regions of  
China were collected (in total 186 nature reserves; Fig. 
2, Table 1), covering a total area of 70,866.73 km2. These 
nature reserves are located between the latitudes of 18°48′-
53°61′ N and the longitudes of 82°48′-129°48′ E. Data on 
species richness for the eight groups in 23 nature reserves 
across Shandong Province were obtained mainly from 
comprehensive observation reports, species checklists, 
and monographs about the nature reserves [21-23]. Species 
richness data of the 163 nature reserves were mainly 
obtained from published and unpublished literature and 
official nature reserve websites. Information on Chinese 
endemic species was based on three monographs [24-
26]. The information about rare and endangered species 
was determined according to the Information system of 
Chinese Rare and Endangered Plants (ISCREP) (rep.
iplant.cn).

This study of putative predictors included eight 
variables: mean annual temperature (MAT), mean 
temperature of the coldest month (TCM), mean temperature 
of the hottest month (THM), and frost-free days (FFD) are 
measures of ambient energy; hours of sunshine (HS) is a 
measure of productive energy; mean annual precipitation 
(MAP) is a measure of water availability; and elevation 
range (ER), which was calculated as the difference 
between the maximum and minimum elevation in each 
nature reserve, is widely used as a surrogate of habitat 

Fig. 1. Location of the 23 nature reserves across Shandong 
Province, China.
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Spatial scale Variable N Minimum Maximum Mean SD Skewness Kurtosis

Temperate 
region 

(Shandong 
Province) 

Species richness 

Pteridophytes  23 11 50 26.6 9.4 0.5 0.3

Gymnosperms 23 5 51 24.2 11.5 0.6 -0.2

Angiosperms 23 387 1321 833.4 199.4 0.9 2.5

Vascular plants 23 403 1422 885.3 216.9 0.8 2.3

Woody plants 23 124 461 250.5 74.1 1.6 3.3

Herbaceous plants 23 286 970 639.2 153.8 0.4 1

Chinese endemic species 23 2 16 7.9 3.9 0.4 -0.3

Rare and endangered plants 23 19 128 51.3 27 1.3 1.7

Location and area

Mean latitude (º) 23 35.7 37.7 36.8 0.5 -0.3 -0.9

Mean longitude (º) 23 115.6 121.7 119.4 1.7 -0.6 -0.9

Reserve area (km2) 23 12 448.55 101.6 94.9 2.4 7.7

Climatic variables

MAT (°C) 23 9.1 13.9 12.1 1 -0.8 3

TCM (°C) 23 -7.7 -0.7 -2.7 2.4 -1.9 4.5

THM (°C) 23 22 28 25.5 1.3 -0.2 2.3

MAP (mm) 23 608.3 1,131.7 778.1 146.1 1.1 0.7

HS (h) 23 2,371.2 2863 2,628.9 112.5 0.1 0.7

FFD (d) 23 171.8 223 198.5 11.8 -0.3 0.5

Habitat heterogeneity 

ER (m) 23 10 1400 595 293.5 0.6 2.0

National 
scale 

(China)

Species richness 

Pteridophytes  146 1 297 106 79.9 0.6 -0.7

Gymnosperms 138 3 52 18.4 10.2 0.9 0.6

Angiosperms 138 155 3,114 1,329.9 605.5 0.5 -0.4

Vascular plants 171 162 3,481 1,487.2 711.6 0.5 -0.4

Rare and endangered plants 54 5 193 54.4 42.4 1.6 2.6

Location and area

Mean latitude (º) 186 18.8 53.1 31.9 7.1 0.7 -0.1

Mean longitude (º) 186 82.8 129.8 113.1 7.2 -0.4 0.9

Reserve area (km2) 186 11.6 4,091.4 381 603.4 4.1 20.5

Climatic variables

MAT (ºC) 186 -6 25.3 12.4 6.1 -0.8 0.5

MAP (mm) 186 174.7 3,119.5 1,243.3 610.8 0.5 -0.4

MAT = mean annual temperature, TCM = mean temperature of the coldest month, THM = mean temperature of the hottest month, 
MAP = mean annual precipitation, HS = hours of sunshine, FFD = frost-free days, ER = elevation range, N = Number of nature 
reserves, SD = standard deviation

Table 1. Summary statistics of plant species richness, climatic variables, nature reserve area, and topographical variability of 23 nature 
reserves in a temperate region of Shandong Province, and 186 nature reserves across China.
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heterogeneity. Data for temperature and precipitation from 
1981 to 2010 were obtained from climate stations. Data 
for the area and elevation range of each nature reserve 
were obtained from official nature reserve websites and 
the Ministry of Environmental Protection of the People’s 
Republic of China (zhb.gov.cn/stbh/zrbhq/qgzrbhqml/
index_1.shtml).

Data analysis

Initially, the effects of environmental variables on 
species richness across the temperate region (Shandong 
Province) were investigated through ordinary least squares 
(OLS) multiple regression analyses. To account for 
potential multicollinearity of the predictor variables, we 
first established the main trends of the variation through a 
Varimax-rotated principal component analysis (VrPCA). 
Through VrPCA, we captured three factors (mean annual 
temperature, area, and mean annual precipitation), which 
jointly described 78.1% of the variance. For each species 
richness variable, we generated an OLS multiple regression 
model, including the three PCA factors. Considering the 

Fig. 2. Location of the 186 nature reserves across China..

Environmental 
predictor

PCA factors

Factor I
(Temperature)

Factor II
(Area)

Factor III
(Precipitation)

MAT 0.903 0.195 -0.008

TCM 0.796 0.308 -0.251

THM 0.902 0.169 -0.075

HS -0.597 -0.076 -0.590

FFD 0.381 0.727 0.162

MAP -0.133 0.175 0.929

ER -0.250 -0.498 0.599

Area 0.103 0.868 -0.001

Cumulative 
variance (%) 35.685 57.296 78.103

MAT = mean annual temperature, TCM = mean temperature 
of the coldest month, THM = mean temperature of the hottest 
month, HS = hours of sunshine, FFD = frost-free days,  
MAP = mean annual precipitation, ER = elevation range

Table 2. Principal component analysis (PCA) of variables of the 
23 studied nature reserves. Factor I reflects temperature trend, 
Factor II reflects area trend, and Factor III reflects precipitation 
trend. Higher loadings (>|0.85|) are highlighted in bold.

Richness 
variable

Predictors in the model

Mean 
Annual 

Temperature
Area

Mean 
Annual 

Precipitation
R2

pteridophytes

OLS -0.276 0.547 0.301 0.606

SAR -0.269 0.568 0.278 0.587

gymnosperms

OLS -0.175 0.565 0.171 0.462

SAR -0.225 0.593 0.152 0.458

angiosperms

OLS -0.353 0.561 0.315 0.705

SAR -0.373 0.631 0.241 0.698

vascular plants

OLS -0.349 0.572 0.304 0.705

SAR -0.368 0.640 0.236 0.699

woody plants

OLS -0.383 0.420 0.333 0.681

SAR -0.385 0.418 0.342 0.655

herbaceous plants

OLS -0.257 0.566 0.246 0.571

SAR -0.263 0.669 0.174 0.565

Chinese endemic species

OLS -0.241 0.455 0.435 0.686

SAR -0.274 0.492 0.456 0.688

rare and endangered plants

OLS -0.267 0.662 0.349 0.821

SAR -0.284 0.682 0.316 0.819

Table 3. Standardized regression coefficients and coefficients of 
determination (R2) of multiple regressions for species richness, 
according to ordinary least squares (OLS) and simultaneous 
autoregressive (SAR) models.
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spatial autocorrelation in the regression models, we used 
simultaneous autoregressive (SAR) models to compare 
OLS results in each multiple regression [27]. 

The relationships between environmental variation 
(mean annual temperature and mean annual precipitation) 
and species richness of the eight groups in 23 nature 
reserves across the temperate region (Shandong Province) 
were explored using the general linear model. To test 
whether the relationship between the environmental  
factors and species richness varies with spatial scale, 
we studied the correlation between two environmental 
variables (mean annual temperature and mean annual 
precipitation) and species richness of five groups 
(pteridophytes, gymnosperms, angiosperms, vascular 
plants, and rare and endangered plants) in 186 nature 
reserves across China.

The Spearman’s rank correlations were used to deter-
mine species richness patterns among the eight groups.

All statistical analyses were performed using Statistical 
Package for the Social Sciences (SPSS) 19.0 (IBM Corp., 
Armonk, NY, USA) and Spatial Analysis in Macroecology 
(SAM) v4.0 (available at ecoevol.ufg.br/sam).

Results

Determining factors of species richness
in a temperate region

The principal component analysis (PCA) of variables 
of the 23 studied nature reserves showed that mean 
annual temperature, nature reserve area, and mean annual 
precipitation were the three determinant factors of species 
richness in the temperate region of Shandong Province 
across China (Table 2).

The simultaneous autoregressive (SAR) models 
for each species richness group, which incorporated 
spatial autocorrelation explicitly, showed that the spatial 
autocorrelation did not affect the standardized regression 
coefficients, as the relative importance and the significance 
of the standardized regression coefficients did not change 
(Table 3).

We found that OLS models explained 82.1%, 70.5%, 
70.5%, 68.6%, 68.1%, 60.6%, 57.1%, and 46.2% of 
variation in rare and endangered plants, vascular plants, 
angiosperms, Chinese endemic species, woody plants, 
pteridophytes, herbaceous plants, and gymnosperms, 
respectively (Table 3). Multiple regression models 
provided consistent primary predictors of species richness 
for different groups in the temperate nature reserves, and 
they included the area, mean annual temperature, and 
mean annual precipitation (Table 3). Across all models, 
the effects of the area on species richness were generally 
greater than those of temperature and precipitation 
(Table 3). The temperature variable contributed more to 
species richness of gymnosperms, angiosperms, vascular 
plants, woody plants, and herbaceous plants than did 
precipitation, while precipitation was more important than 
temperature for pteridophytes, Chinese endemic species, 
and rare and endangered plants (Table 3).

Relationships between plant species 
and environmental variables 

at two spatial scales

Across the temperate region (Shandong Province), the 
relationship between species richness and temperature was 
negative (Table 3, Fig. 3), while the relationship between 
precipitation and species richness was positive (Table 3, 
Fig. 4). The relationships between plant species richness 

Fig. 3. Relationships between plant species richness and mean annual temperature of the 23 nature reserves across temperate region 
(Shandong Province). a) pteridophytes, b) gymnosperms, c) angiosperms, d) vascular plants, e) Chinese endemic species, f) rare and 
endangered plants, g) woody plants, h) herbaceous plants.
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and the area, mean annual temperature, and mean annual 
precipitation were consistent in the eight groups (Table 3, 
Figs 3-4).

At the national scale, the relationship between  
species richness of the five groups (pteridophytes, 
gymnosperms, angiosperms, vascular plants, and rare 
and endangered plants) and temperature was significant 

and positive (Fig. 5a-e). Precipitation positively and 
significantly affected the species richness of pteridophytes, 
angiosperms, vascular plants, and rare and endangered 
plants at the national scale (Figs 6a-e). The relationships 
between species richness and mean annual temperature 
and mean annual precipitation were also consistent in 
these five groups (Figs 5-6).

Fig. 4. Relationships between plant species richness and mean annual precipitation of the 23 nature reserves across temperate region 
(Shandong Province). a) pteridophytes, b) gymnosperms, c) angiosperms, d) vascular plants, e) Chinese endemic species, f) rare and 
endangered plants, g) woody plants, h) herbaceous plants.

Fig. 5. Relationships between plant species richness and mean annual temperature of the 186 nature reserves across China. a) pteridophytes, 
b) gymnosperms, c) angiosperms, d) vascular plants, e) rare and endangered plants.
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Correlation analysis of species richness
among eight groups

Spearman’s rank correlation (Table 4) showed that 
the correlations among species richness for all the eight 
groups tended to be high. The species richness of woody 
plants and herbaceous plants were the least congruent  
(r = 0.425, p<0.05). Chinese endemic plants and rare 
and endangered plants showed stronger correlations with 
herbaceous plants (r = 0.786, p<0.01, and r = 0.668, 

p<0.01, respectively) than they did with woody plants 
(r = 0.637, p<0.01, and r = 0.473, p<0.05, respectively). 
Description of this sentence is different from the results 
of our study. So it should be changed to" The species 
richness of Chinese endemic plants correlated the 
most with species richness of gymnosperms (r = 0.875, 
p<0.01), while species diversity of rare and endangered 
plants correlated the most with Chinese endemic species 
(r = 0.781, p<0.01) (Table 4).

Fig. 6. Relationships between plant species richness and mean annual precipitation of the 186 nature reserves across China.  
a) pteridophytes, b) gymnosperms, c) angiosperms, d) vascular plants, e) rare and endangered plants.

Pteridophytes Gymnosperms Angiosperms Vascular 
plants

Woody 
plants

Herbaceous 
plants

Chinese 
endemic 
species

Rare and 
endangered 

plants

Pteridophytes 1.000

Gymnosperms 0.593** 1.000

Angiosperms 0.775** 0.815** 1.000

Vascular 
plants 0.793** 0.818** 0.996** 1.000

Woody plants 0.554** 0.501* 0.618** 0.626** 1.000

Herbaceous 
plants 0.734** 0.776** 0.925** 0.921** 0.425* 1.000

Chinese 
endemic 
species

0.612** 0.875** 0.849** 0.842** 0.637** 0.786** 1.000

Rare and 
endangered 

plants
0.601** 0.768** 0.732** 0.742** 0.473* 0.668** 0.781** 1.000

*Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level.

Table 4. Spearman’s rank correlations for species richness of eight plant groups.
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Discussion

Our study found that area, mean annual temperature, 
and mean annual precipitation were the factors determining 
species richness in temperate nature reserves. Species 
richness of all the groups were strongly associated with 
the area of nature reserves in a temperate region, which is 
consistent with the results of Zhang et al. [12] and Novaglio 
et al. [13]. Larger areas encompass more diverse habitats 
[11] and thus promote higher diversity. We also found that 
nature reserve area was the most dominant factor affecting 
species richness in the studied nature reserves across the 
temperate region of China (Shandong Province). These 
findings indicate that temperature and precipitation were 
similar across the temperate region, and the area of the 
nature reserves was sufficient to mask the effect of climatic 
variation between the studied nature reserves. Besides the 
area, we found that temperature and precipitation were 
two additional main climatic factors constraining species 
richness of the eight studied groups, which is consistent 
with previous analyses of the richness of vascular plants 
[6], pteridophytes [9-10], seed plants [9-10], woody plants 
[8], and herbaceous plants [28] in different parts of the 
world. Wang et al. [7] found that mean temperature of the 
coldest quarter was the best predictor of woody species 
richness in China. The difference in the results between 
our study and those of Wang et al. [7] was probably 
because of two factors: their study excluded exotic species 
and was conducted at a national scale based on a grid of  
50 × 50 km, while our study included exotic species 
and was conducted in the temperate region of Shandong 
Province using the areas of nature reserves as a scale.

In recent decades, the study of endemism and its 
distribution pattern have caused widespread concern 
among ecologists as global biodiversity conservation 
research deepened [29-31]. Our results demonstrated that 
mean annual precipitation was positively correlated with 
Chinese endemic species. These results were consistent 
with those of Huang and Ma [26], who reported that 
precipitation was an important predictor of the endemic 
plant species richness in China. Our study also found that 
the multiple regression model explained 82.1% of rare and 
endangered plants. Therefore, the model better explained 
the variation in species richness of rare and endangered 
plants. The area of natural reserves was the main factor 
for effective protection of rare and endangered plants in 
the studied nature reserves, which was consistent with 
MacArthur and Wilson’s Theory of Island Biogeography: 
the extinction rate of biological species depends on the 
size of the habitat area – the smaller area, the higher the 
extinction rate [32].

Diversity distribution and patterns within taxonomic 
units are related to various factors, including area, latitude, 
precipitation, and temperature [12, 15, 33-34]. Storch and 
Šizling [34] proposed that patterns of species richness 
are invariant across taxonomic units, while others have 
suggested that different taxonomic groups have different 
activation energies [12, 15, 33]. Our results suggest that 
the relationships between species richness and area, 

temperature, and precipitation were consistent in the eight 
different plant groups in the temperate region of China 
(Shandong Province), and the relationships between 
species richness and temperature and precipitation were 
consistent in the five groups across China. Similar findings 
were reported in previous studies of vascular plants for 
nature reserves on a national scale in China [6], and 
woody and herbaceous plant species richness in Great 
Britain [28]. 

Patterns of species richness are scale-dependent [16]. 
Xu et al. [5] in their study on vascular plant and mammal 
species from 2,376 counties across China found that the 
determinants of species richness patterns varied among 
regions. In our study, the mean annual precipitation and 
species richness were positively correlated at the two 
spatial scales (temperate region and national scale). In 
contrast, the plant richness–mean annual temperature 
relationships between the temperate region and the 
national scale were not consistent. We found that the 
mean annual temperature was negatively correlated with 
species richness in the temperate region, while positively 
correlated with species richness on a national scale. Zhao 
and Fang [6] suggested that all major taxonomic groups 
of vascular plants were positively correlated with mean 
annual temperature on a national scale in China. More 
significantly, our results have extended the relationship 
between temperature and vascular plants to rare and 
endangered plants. This disparity in the correlation 
between the two spatial scales might be because of the 
different scale and the particularity of nature reserves in 
the temperate region of Shandong Province.

Conclusions

Our results suggest that the nature reserve area, 
precipitation, and temperature are the factors that explain 
the variation of the eight plant groups in the temperate 
nature reserves of Shandong Province. The relationship 
between species richness and the determinants of variation 
are consistent in different groups at the two spatial scales. 
The plant richness-precipitation relationship is consistent at 
the two spatial scales, while the plant richness-temperature 
relationship is different between the two spatial scales. 
Plant species richness is negatively correlated with mean 
annual temperature in the temperate region, and positively 
correlated with mean annual precipitation on a national 
scale. The results of this study suggest that the relationship 
between the main explanatory factors and plant species 
richness are consistent in the studied groups and vary with 
spatial scale. 
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