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A B S T R A C T   

Knowledge of pedodiversity is essential for the protection and management of soil resources. The analysis of 
regional pedodiversity is typically based on analysis units of different sizes. However, the effect of analysis unit 
size on regional pedodiversity studies remains unclear. In this paper, the effects of analysis unit size on the 
studies of spatial distribution characteristics of pedodiversity and its major driving factor in China were studied 
based on two levels of geomorphological regions. A combined method encompassing the moving window, soil 
richness, and Shannon index was used to analyze the spatial distribution pattern of pedodiversity in China. A 
geographical detector was used to determine a major driving factor of pedodiversity in each geomorphological 
region. The spatial distribution pattern of pedodiversity based on two levels of geomorphological regions both 
showed that pedodiversity was highest in southern China, followed by northern China, and lowest in the 
Qinghai-Tibet Plateau, which indicated that analysis unit sizes had little effect on the study on spatial distri-
bution pattern of pedodiversity. The major driving factor analysis of pedodiversity based on first-order 
geomorphological regions showed that the major driving factor in China, except for the Qinghai-Tibet 
Plateau, was parent material. However, the results based on second-order geomorphological regions showed 
that the major driving factors of pedodiversity, except for the Qinghai-Tibet Plateau, were parent material and 
topography in hilly regions, topography in mountainous regions, and parent material in regions occupied by 
alluvial landforms, aeolian landforms, or karst landforms. The driving factor analysis of pedodiversity based on 
the two levels of geomorphological regions suggested that the effect of the analysis unit sizes on the major 
driving factor study was significant. The results of this study are an important supplement for pedodiversity 
studies.   

1. Introduction 

Pedodiversity, also known as soil diversity, is used to explore, 
quantify and compare the complexity of soil patterns in different units 
(Amundson et al., 2015; Fu et al., 2018b; Ibáñez et al., 2014, 1995). Soil 
is an important component of an ecological system, and soil diversity has 
profound repercussions on biodiversity patterns (Ibáñez et al., 2014). 
Amundson et al. (2015) pointed out that “maintaining soil diversity is 
important for the stability and resilience of global biogeochemical systems in 
the face of anthropogenic disturbances”. Accordingly, a thorough under-
standing of the spatial distribution characteristics of pedodiversity and 
its driving factors is crucial for the protection and management of an 
ecological system (Fu et al., 2018b; Rannik et al., 2016). 

In the 1990s, the concept of pedodiversity was defined (Ibáñez et al., 
1995; McBratney, 1992). Researchers have conducted numerous studies 

on approaches that measure pedodiversity based on the methodologies 
of biodiversity, taxonomy, and landscape ecology (Ibáñez et al., 2005a, 
2005b; McBratney and Minasny, 2007; Minasny et al., 2010; Pindral 
et al., 2020). Recently, indexes that are typically used in biodiversity and 
landscape ecology have become the most common approaches in 
pedodiversity studies (Fu et al., 2018b). Spatial patterns of pedodiver-
sity based on these indexes have been explored at different scales. At the 
global scale, the pedodiversity value in an intermediate latitude climatic 
zone is greater than that at circumequatorial and circumboreal latitudes 
(Ibáñez et al., 1998). At the national scale, regions located in the tran-
sition zone from the semihumid to semiarid and arid climates have 
higher pedodiversity than a single climate zone (Shangguan et al., 
2014). At the regional scale, pedodiversity is high in regions with higher 
local variety in soil-forming factors (Daněk et al., 2016). Furthermore, 
studies on the driving factors of pedodiversity have been conducted. 
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Previous studies have suggested that the major driving factors of 
pedodiversity include natural factors (e.g., topography, climate, etc.) 
(Fu et al., 2018b; Ibáñez and Effland, 2011; Minasny et al., 2010), 
anthropogenic factors (e.g., farming, construction, etc.) (Dazzi and 
Giuseppe, 2016, 2009; Fu et al., 2019; Papa et al., 2011; Shangguan 
et al., 2014), the soil classification hierarchy (Ibáñez and Effland, 2011; 
Shangguan et al., 2014), and the soil classification system (Gerasimova 
et al., 2020). However, although numerous driving factors have been 
studied on pedodiversity, most are still described qualitatively. Quan-
titative analysis of the factors is critical for an in-depth understanding of 
pedodiversity for use in soil protection and management (Fu et al., 
2018b). In general, to data, pedodiversity research has made great 
progress. However, compared with biodiversity studies, pedodiversity 
studies have a short history and fewer researchers and achievements in 
the field. Therefore, it is necessary for pedodiversity to further study. 

China is suitable for soil diversity research. The country includes 
various geomorphological types, such as plains, planforms, hill and 
mountains. Moreover, soil types are diverse in China. The country 
contains 96% of the soil types in the first-level classification of the Food 
and Agriculture Organization (FAO) soil classification system ([dataset] 
FAO/IIASA/ISRIC/ISSCAS/JRC, 2012; Li et al., 2008). Additionally, soil 
information is abundant in China. Soil scientists in China spent 20years 
conducting a national soil survey. Based on the survey results, a scien-
tific soil database was built for China (Shi et al., 2006). The database 
includes 7292 soil profiles. Information for each profile in the database 
includes soil classification, physical and chemical properties, profile 
characteristics, and production capacity (Shi et al., 2010; Yu et al., 
2011). China has various geomorphology types, soil types and sufficient 
soil data. However, the current research on soil diversity mainly focuses 
on regional scales such as the Henan Province, Nanjing city and the 
Shandong Province (Fu et al., 2019). The spatial distribution charac-
teristics of pedodiversity and its controlling factors in China remain 
unclear. It is crucial to clearly understand the spatial distribution 
characteristics for the conservation and management of national soil 
resources and for promoting studies on soil diversity. 

Studies on regional pedodiversity could be based on different anal-
ysis units, including climatic belts (Ibáñez et al., 1998), administrative 
boundaries (Amundson et al., 2003), geomorphology units (Ibáñez et al., 
2015, 1998), and grids (Fu et al., 2018a; Shangguan et al., 2014). The 
analysis units are usually different sizes. However, when studying the 
spatial distribution characteristics of pedodiversity and its major con-
trolling factor in an area, are the results obtained using different sizes of 
analysis units are the same or similar? The answer remains unclear. 
Clear knowledge of this phenomenon will be an important supplement 
for pedodiversity studies. 

Geomorphological regionalization divides an area into several 
geomorphological regions based on similarities and differences in 
morphology, origin, and development (Wang et al., 2020). Geomor-
phological regionalization has typically multiple hierarchies (Li et al., 
2013; Wang et al., 2020). The sizes of geomorphological regions be-
tween different hierarchies are significantly different (Li et al., 2013), 
which is convenient for the study of the effect of analyzing unit size on 
natural resource studies. Additionally, by way of integrating the factors 
of parent material, relief, time, and surface processes, the geomorphic 
environment constitutes an essential part of the spatial and temporal 
framework in which soils originate, develop, and evolve (Zinck, 2013). 
Therefore, by considering multiple hierarchies of geomorphological 
regions and the relationship between geomorphology and soil forma-
tion, this soil diversity study was conducted based on geomorphological 
regions. The objectives of this study were to 1) determine the spatial 
distribution characteristics of pedodiversity and its major driving factor 
in China based on first-order geomorphological regions and second- 
order geomorphological regions, respectively, and 2) analyze the ef-
fects of the size of the analysis units on the studies of spatial distribution 
characteristics of pedodiversity and its major driving factor. 

2. Study area 

China with a total area of approximately 9,600,000 km2 (73◦40′- 
135◦05′ E, 3◦58′-53◦31′ N) is located in the southeast of the Eurasian 
continental plate, with the western Pacific and Philippine plates to the 
east and the Indian plate to the southwest (Ren et al., 1999; Wang et al., 
2020). Influenced by the interactions of these plates, China includes 
various geomorphological types, such as plains, platforms, hills and 
mountains (Li et al., 2008). Specifically, the areas of plains, platforms 
and hills account for 25.48%, 10.83% and 20.27% of the total area of 
China, respectively. These geomorphological types are mainly distrib-
uted in northern China. Mountains are mainly distributed in southern 
China and its area accounts for 43.43% of the total area in China 
(Editorial committee of geomorphological atlas of the people’s republic 
of China, 2009). Parent material types in China contain igneous mate-
rial, metamorphic material, sedimentary material, and unconsolidated 
materials formed by the transport of water and wind (Zhang, 2002). The 
unconsolidated materials in China are mainly distributed in plateaus 
and plains north of 30◦N (Liu and Yuan, 1985) (Fig. 1c). 

Fig. 1. Map depicting environmental factors and two-level geomorphological 
regions in China. The abbreviations of geomorphological region are shown in 
Table 1 and Table 2. 
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The 30-year average temperature from 1980 to 2010 in eastern 
China gradually decreased from south to north (Fig. 1d) (Zhang, 2002). 
The annual average temperature is above 22 ◦C in southeastern China, 
12–14 ◦C in middle-eastern China, and below 0 ◦C in the northern region 
of northeastern China. The temperature in the arid basins of north-
western China is approximately the same as the average temperature in 
middle of eastern China. The lowest average temperature is found on the 
Qinghai-Tibet Plateau (Fig. 1d). Precipitation in eastern China is influ-
enced by the Pacific Ocean and richer than that in western China. The 
30-year average precipitation from 1980 to 2010 is 1600 mm in 
southeastern China, while it is only 200 mm in northwestern China. 
Precipitation in the Tarim and Tsaidam basins is less than 50 mm due to 
the influence of topography (Fig. 1e) (Zhang, 2002). Climate diversity 
implies the diversity of plant types in China. The vegetation in China is 
divided into zonal vegetation and interzonal vegetation. Zonal vegeta-
tion is directly related to climate condition. There are coniferous forests 
in the cold-temperate region, coniferous and broad-leaved mixed forests 
in the temperate region, deciduous broad-leaved mixed forests in the 
warm-temperate region, evergreen broad-leaved forests and deciduous 
broadleaf mixed forests north of the subtropical region, evergreen 
broad-leaved forests in the middle of the subtropical region, monsoonal 
forests of the subtropical region, and monsoonal forests and rainforests 
in the tropical region. Interzonal vegetation includes meadows and 
marshes and is distributed throughout the country. (Fig. 1f) (Wu, 1995; 
Zhang, 2002). 

3. Materials and methods 

3.1. Data sources 

To analyze spatial distribution characteristics of pedodiversity and 
its major driving factors in each geomorphological region, the data 
required in this study include soil data, geomorphological region data 
and 5 factor data controlling pedodiversity that consist of climate, 
parent material, plant, topography and anthropogenic activity. Notably, 
the time factor was not considered in this study because the soil-forming 
time in each geomorphological region may be relatively uniform (Wang 
et al., 2020). With reference to previous studies, the 5 factors controlling 
pedodiversity were represented by 9 factors that consisted of 30-year 
average precipitation and temperature from 1980 to 2010, the Shan-
non index of parent material, the Shannon index of plants, percent of 
farmland, the Shannon index of the positive and negative terrain, mean 
elevation, elevation range and variation coefficient of elevation (Fu 
et al., 2019, 2018b; Ibáñez and Effland, 2011; Minasny et al., 2010). 

The soil data used were from Harmonized World Soil Database 
([dataset] FAO/IIASA/ISRIC/ISSCAS/JRC, 2012), where soils are 
divided into 28 categories based on FAO-90 soil classification system 
(the classification system complied by Food and Agriculture Organiza-
tion of the United Nations in 1988). The database covers the whole 
world. Soil data in China were clipped from this database using ArcMap 
10.2. Geomorphological region data were acquired from the study by 
Wang et al. (2020), which divided landforms in China into 6 first-order 
geomorphological regions and 36 second-order geomorphological re-
gions. In this study, we did not consider geomorphological region IIE 
due to the lack of soil data. Topographic data that consisted of the 
positive and negative terrain, mean elevation, elevation range and 
variation coefficient of elevation were derived from the digital elevation 
model (DEM) with a spatial resolution of 90 m. Parent material data 
were acquired from the Soil and Terrain database. 30-year meteoro-
logical data from 1980 to 2010, including precipitation and tempera-
ture, are spatial interpolation data based on approximately 2400 
automatic weather stations in China. Vegetation data were obtained 
from the digital vegetation atlas of China. The effect of human activities 
was expressed in terms of the percent of farmland in this study. The 
percent of farmland was calculated in the land use type obtained from 
Landsat TM images for 1990 by the visual interpretation method. 

3.2. Methods 

In this study, first, the moving window technique (Behrens et al., 
2009) and richness index were used to determine an optimal analysis 
window in each geomorphological region (Forman, 1995; Fu et al., 
2018). The optimal analysis window and Shannon index were used to 
calculate pedodiversity in each geomorphological region. Then, the 
major driving factor of pedodiversity for each geomorphological region 
was found using a geographical detector (Wang et al., 2010). The effects 
of analysis units of different sizes on the spatial distribution character-
istics of pedodiversity and its major driving factors were analyzed. The 
flow chart for this study is presented in Fig. 2. 

3.2.1. Pedodiversity calculation in each geomorphological region 
Pedodiversity in each geomorphological region was determined by 

combining the Shannon index and a moving window technique with 
richness. First, the moving window technique and richness index were 
used to determine an optimal analysis window in each geomorpholog-
ical region. Then, pedodiversity in each geomorphological region was 
calculated based on the window and the Shannon index. The Shannon 
index was calculated as follows: 

Shannon index = −
∑n

i=1
pi.Inpi (1)  

where n is richness and refers to the number of soil types and piis the 
proportion of the area of the ith soil type to the total area in a study area. 

The procedures for selecting the optimal analysis windows are 
described as follows: 

① Fitting a richness and area curve in each geomorphological region. 
In Fragstats software (version 4.2), soil richness was calculated at 
different window sizes based on the moving window technique 
(Behrens et al., 2009). In this study, 20 window sizes (from 5 km in 
length to 100 km in increments of 5 km) were set to fit a richness and 
area curve in each geomorphological region. Based on the richness 
results and window areas, in Origin software (version 2020), the 
richness-area relationship was described by a logarithmic function or 
power function (Ibáñez et al., 2005b). The best fitting function of the 

Fig. 2. Flow chart for this study.  

M. Luo et al.                                                                                                                                                                                                                                     



Catena 207 (2021) 105701

4

richness-area relationship was selected by the determination coeffi-
cient of the model (R2) (Fu et al., 2018b). 

Logarithmic function : S = alog(A)+ b (2)  

Power function : S = aAb (3)  

where A is a window area; S is the soil richness in window area A; and a 
and b are fitted parameters. 

② Determination of an optimal analysis window in each geomor-
phological region. Recent studies have indicated that biodiversity 
and pedodiversity have similar patterns, such as diversity-area re-
lationships. (Ibánez and Feoli, 2013). Therefore, in this study, the 
method for determining an optimal sampling area in biodiversity 
was used to determine an optimal analysis window for pedodiversity 
study. In ecology, the optimal sampling area (equivalent to the 
optimal analysis window in this study) could be inferred from the 
fitted richness-area curve. Corresponding with the above richness- 
area curves, optimal analysis windows were listed as follows (Liu 
et al., 1998). 

Al =
exp(rst − b)

a
(4)  

AP =
(rst
a

)1/b
(5)  

where Al and Ap refer to the optimal analysis windows corresponding to 
logarithmic and power functions, respectively; St refers to richness in the 
maximum analysis window, which could be estimated by using the 
extrapolation method based on the species-area relationship (Palmer, 
1990); a and b are fitted parameters; r (0 < r < 1) is the proportion of soil 
richness in the maximum analysis window. R values were usually chosen 
from 0.6 to 0.9 (Kong et al., 2016). Considering both the efficiency and 
accuracy of the research effort, the r value was set to 0.7 in this study. 

In this study, considering the comparability of pedodiversity among 
first-order geomorphological regions and the efficiency and accuracy of 
the research effort, we selected the largest optimal analysis window of 6 
first-order geomorphological regions as the analysis window for all first- 
order geomorphological regions. The above method was also used to 
select an optimal analysis window for all second-order geomorpholog-
ical regions. 

3.2.2. Descriptive analysis of pedodiversity 
Pedodiversity in China was subjected to descriptive analysis with R. 

The mean, minimum, maximum, standard deviation, and coefficient of 
variation for pedodiversity were calculated to describe the data 
characteristics. 

3.2.3. Determining the major driving factor of pedodiversity 
The geographical detector was used to explore the major driving 

factor of pedodiversity in each geomorphological region. The 
geographical detector consists of a factor detector, ecology detector, risk 
detector, and interaction detector (Wang et al., 2010). However, in our 
study, we used only the factor detector and ecology detector. The factor 
detector was utilized to quantify the explanatory degree of an environ-
mental factor for pedodiversity. An ecological factor was used to verify 
whether the effects of environmental factors on pedodiversity were 
significantly different. The combination of the factor detector and 
ecology detector could be used to find the major driving factor of 
pedodiversity. 

The core idea of a factor detector suggests that if a significant spatial 
consistency exists between pedodiversity and its controlling factors, 
then an association is present between them (Wang et al., 2010). We 
assume that A is a controlling factor of pedodiversity. Region M is 
stratified into several sub-regions by A, which is denoted as a1, a2 and a3 

(Fig. 3). The spatial consistency between pedodiversity in region M and 
the controlling factor A is measured using the total variance in pedo-
diversiy and the variance in pedodiversity in each sub-region. The total 
variance is measured based on the observation points (h1, h2…hn). The 
variance in each sub-region is measured based on the observation points 
within the sub-region. If the spatial distribution of peododiversity in 
region M is fully controlled by A, the variance sum of the three sub- 
regions (a1, a2, a3) equals zero. Otherwise, the total variance in pedo-
diversity is the variation sum of the three sub-regions. A high spatial 
consistency suggests an environmental factor has a strong effect on 
pedodiversity. It is measured by q. The equation of q is described as 
follows. 

q = 1 −
∑n

i=1σ2
i Ni

Nσ2 (6)  

where q denotes explanatory degree of an environmental factor for 
pedodiversity; n represents the number of sub-region; σ2

i is the internal 
variation in the ith sub-region; σ2 denotes variance in the study area; Ni 

and N denote the number of observation in ith subregion and that in the 
whole study area, respectively. 

The ecology detector uses the F-value test to explore whether the 
effects of the environmental factors on pedodiversity are significantly 
different. The equation of F is described as follows. 

F =
N − M
M − 1

Q
1 − Q

F(M − 1,N − M; ξ) (7)  

ξ =
[
∑M

j=1Y2
j −

1
N (

∑M
j=1Yj

̅̅̅̅̅
Nj

√
)

2
]

σ2 (8)  

where M is the number of sub-regions, N is the number of observations, 
and ξ is the non-central parameter; Yj is the mean value of observations 
within the jth sub-region of variable. Nj is the number of observations 
within the jth sub-region; σ2 denotes variance in the study area. Thus, 
with the given significant level, the null hypothesis H0: σ2

i = σ2 can be 
tested by checking F(M − 1,N − M; ξ) in the distribution table. 

The geographical detector model required that an independent factor 
is a discrete type (Wang et al. 2010). Factors of continuous type in this 
study were divided into 15 levels using the approach of a natural break 
in GIS, with reference to the method of data discretization proposed by 
Wang et al. (2010). 

Fig. 3. Pedodiversity layer M and spatial pattern of driving factor A in the 
study regions M. 
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4. Results 

4.1. Optimal analysis window in the first-order and second-order 
geomorphology regions 

The soil richness of each geomorphological region increased with 
window size. However, the rates of increase were different. At first, the 
soil richness drastically increased with window size but gradually 
increased when the window area exceeded a particular value (Fig. 4a1, 
a2). For the richness-area relationships in all geomorphology regions, R2 

for the power curve was greater than that for the logarithmic curve (not 
shown). Therefore, the best fitting functions for the richness-area rela-
tionship in all geomorphology regions were power curves. The ranges of 
the optimal analysis window lengths were 41 km to 45 km in the first- 
order geomorphological regions, and 26 km to 35 km in the second- 
order geomorphological regions (Fig. 4b1, b2). To ensure the compa-
rability of pedodiversity values, a window with a length of 45 km length 
was chosen as the optimal analysis window in each first-order 
geomorphological region, and a window with a length of 35 km 
length was chosen as the optimal analysis window for each second-order 
geomorphological region. 

4.2. Descriptive analysis of pedodiversity in China 

The mean Shannon index and mean soil richness in China using the 
first-order geomorphological regions as spatial units were 0.92 and 4.87, 
respectively, which were higher than those using the second-order 
geomorphological regions as spatial units. However, the results of the 
coefficient of variation showed the opposite trend. The coefficients of 
variation of Shannon index and soil richness in China were 17% and 

14% using the first-order geomorphological regions as spatial units, 
respectively. However, they were 25% and 22% using the second-order 
geomorphological regions as spatial units, respectively (Table. 3). 

4.3. The spatial distribution pattern of pedodiversity and the relationship 
between pedodiversity and elevation in China 

Based on first-order geomorphological regions, the Shannon indexes 
in geomorphological regions V and II were 1.12 and 1.04, respectively. 

Fig. 4. The curves of window area against soil richness (a1 and a2) and optimal analysis windows (b1 and b2) in the first-order (a1 and b1) and second-order (a2 and 
b2) geomorphological regions. The abbreviations of geomorphological region are shown in Table 1 and Table 2. 

Table 1 
Name, code and area of each geomorphological region in first-order geomor-
phological regions.  

Codes Names Areas 
(km2) 

Codes Names Areas 
(km2) 

I Eastern China 
plainslow- 
mountains-hills 
region 

1,443,320 II Southeastern 
China low 
mountains-hills- 
plains region 

1,135,003 

III Northern China- 
eastern inner 
Mongolia 
middle 
mountains- 
plateaus region 

1,361,987 IV Northwestern 
China high and 
middle 
mountains- 
basins-plateaus 
region 

1,726,160 

V Southwestern 
China middle 
and low 
mountains 
-plateaus-basins 
region 

1,183,367 VI Tibetan Plateau 
high and 
extremely high 
mountains- 
basins-valleys 
region 

2,642,041  
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The values were higher than the pedodiversity values in other 
geomorphological regions, which suggested that soil diversity in 
southern China (referring to geomorphological regions V and II) was 
generally higher in northern China (including geomorphological regions 
IV, III, and I (Zhang, 2019)). The pedodiversity in the Qinghai-Tibet 
Plateau was 0.68, which was the lowest pedodiversity in China 
(Fig. 5a1). 

Southern China included nine second-order geomorphological re-
gions (VA, VB, VC, VD, VE, IIA, IIB, IIC, and IID), where pedodiversity 
values in all regions except geomorphological region IID were higher 
than 0.95 (Fig. 5a2). There were 18 second-order geomorphological 
regions in the northern part of China. However, only four second-order 
geomorphological regions had pedodiversity values higher than 0.95. 
Pedodiversity values in most second-order geomorphological regions in 
the northern part of China were lower than 0.85, and the lowest pedo-
diversity was 0.55 (Fig. 5a2). Five of eight regions in the Qinghai-Tibet 
Plateau had a pedodiversity value below 0.70. The highest pedodiversity 
value was 0.80, and the lowest pedodiversity value was 0.29 in the 
Qinghai-Tibet Plateau (Fig. 5a2). Accordingly, based on the second- 
order geomorphological regions, pedodiversity in southern China was 
higher than that in northern and that in the Qinghai-Tibet Plateau was 
lowest (Fig. 5a2), which suggested that the characteristics of the pedo-
diversity spatial distribution based on analysis units of different sizes 
had a similar spatial pattern. 

In the first-order geomorphological regions, pedodiversity in China 
generally increased as elevation decreased. But the two fitted models of 
pedodiversity in the first-order geomorphological region were not sta-
tistically significant (Fig. 5b1). In the second-order geomorphological 
regions, the pedodiversity trend with the change in elevation was the 
same as that in the first-order geomorphological regions. For the fitted 
models, R2 was 0.42 for the linear model and R2 was 0.43 for the 
polynomial model (Fig. 5b1). The two models were statistically signif-
icant, which suggested that the pedodiversity-elevation relationship in 
China based on the second-order geomorphological regions could be 
described by the polynomial model. 

Table 2 
Name, code and area of each geomorphological region in second-order 
geomorphological regions.  

Codes Names Areas 
(km2) 

Codes Names Areas 
(km2) 

IA Wanda Mt and 
Sanjiang Plain 
low mountains 
and hills region 

89,485 IB Changbai middle 
and low 
mountains, 
platforms and 
hills region 

245,884 

IC Eastern Shandong 
low mountains, 
hills and plains 
region 

87,929 ID Xiao Hinggan low 
mountains, hills 
and platforms 
region 

117,708 

IE Songhua River- 
Liaohe River 
plains region 

336,232 IF Yanshan and 
western Liaoning 
low mountains, 
hills and 
platforms region 

88,620 

IG Northern and 
eastern China 
plains region 

431,203 IH Ningzhen plains, 
hills and mounds 
region 

46,260 

IIA Zhejiang and 
Fujian middle and 
low mountains 
and hills region 

254,092 IIB Huaiyang low 
mountains, hills 
and mounds 
region 

87,671 

IIC Middle reaches of 
Yangtze River low 
mountains, hills, 
plains and basins 
region 

338,884 IID Southern China 
low mountains, 
hills and plains 
region 

418,014 

IIE Taiwan plains and 
mountains region 

36,341 IIIA Da Hinggan 
middle and low 
mountains region 

361,090 

IIIB Shanxi middle 
and low 
mountains and 
basins region 

195,470 IIIC Northeastern 
Inner Mongolia 
high plains region 

348,867 

IIID Ordos Plateau and 
Hetao plains 
region 

176,840 IIIE Loess Plateau 
region 

279,721 

IVA Inner Mongolia, 
Gansu and 
Xinjiang plateaus 
and plains region 

569,954 IVB Altai high and 
middle 
mountains region 

46,302 

IVC Junggar basin 
region 

287,081 IVD Tianshan high 
mountains and 
basins region 

237,892 

IVE Tarim basin 
region 

584,932 VA Qinling-Daba 
middle and low 
mountains region 

246,905 

VB Hubei-Guizhou- 
Yunnan middle 
and low 
mountains region 

388,456 VC Sichuan basin 
region 

144,456 

VD Southwestern 
Sichuan and 
central Yunnan 
plateaus, middle 
and low 
mountains and 
basins region 

251,596 VE Southwestern 
Yunnan middle 
and high 
mountains region 

151,954 

VIA Altun and Qilian 
Mts high 
mountains and 
valleys region 

203,661 VIB Qaidam basin and 
Yellow river- 
Huangshui River 
high mountains 
and basins region 

227,679 

VIC Central and 
eastern Kunlun 
high mountains 
region 

235,238 VID Hengduan high 
mountains and 
valleys region 

317,963 

VIE Sources of Three 
Rivers high hilly 
mountains and 
plateaus-upper 
reaches of rivers 

414,076 VIF Karakorum and 
western Kunlun 
high and 
extremely high 
mountains region 

219,820  

Table 2 (continued ) 

Codes Names Areas 
(km2) 

Codes Names Areas 
(km2) 

mountains and 
valleys region 

VIG Qiangtang 
Plateau lakes and 
basins region 

503,060 VIH Himalayan high 
and extremely 
high mountains 
region 

520,543  

Table 3 
Statistical analysis of pedodiversity in China base on first-order and second- 
order geomorphological regions. Min denotes minimum value; Max denotes 
maximum value; Std denotes standard deviation; CV denotes coefficient of 
variation.  

Regions Index Min Max Mean Std CV 
(%) 

First-order 
geomorphological 
regions 

Shannon 
index  

0.68  1.12  0.92  0.16 17  

Soil 
richness  

3.66  5.74  4.87  0.69 14 

Second-order 
geomorphological 
regions 

Shannon 
index  

0.29  1.24  0.85  0.22 25  

Soil 
richness  

2.25  6.83  4.35  0.97 22  
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Fig. 5. Map depicting spatial distribution of 
the Shannon index in China based on the 
first-order (a1) and second-order geomor-
phological regions (a2) and the fitted linear 
model and polynomial model of pedodiver-
sity against elevation in China based on the 
first-order (b1) and second-order geomor-
phological regions (b2). LF denotes linear 
model. PF denotes polynomial model. * in-
dicates the fitted models is statistically sig-
nificant at p < 0.05. The abbreviations of 
geomorphological region are shown in 
Table 1 and Table 2.   

Fig. 6. Map depicting the driving factors of pedodiversity in the first-order (a) and the second - order geomorphological regions (b). Pm denotes parent material; P 
denotes plant; T denotes topography; C denotes climate; Aa denotes human activity. The abbreviations of geomorphological region are shown in Table 1 and Table 2. 
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4.4. Major driving factor identification in China based on different 
analysis units 

In the first-order geomorphological regions, the factor detector re-
sults showed that in the Qinghai-Tibet Plateau, the explanatory degrees 
of topography and climate for pedodiversity were 16.99% and 16.92%, 
respectively, and these values were higher than those of other envi-
ronmental factors (Figs. 6a, 7, 8). The results of the ecology detector 
showed that the explanatory degrees of topography and climate to 
pedodiversity were not significantly different (Fig. 8), which suggested 
that the major driving factors of pedodiversity in the Qinghai-Tibet 
Plateau were topography and climate. In the first-order geomorpho-
logical regions, parent material was the major controlling factor on 
pedodiversity in regions I, II, III, IV, and V. The explanatory degrees of 
parent material in geomorphological regions I, II, III, V, and IV were 
37.66%, 27.03%, 39.85%, 50.84%, and 27.11%, respectively (Figs. 6a, 
7). In terms of statistics, these values were significantly higher than the 

explanatory degrees of other environmental factors (Fig. 8). In the 
second-order geomorphological regions of the Qinghai-Tibet Plateau, 
the q values in region VIG were distributed as follows: parent material 
(29.73%) > climate (12.34%) > topography (11.76%) > vegetation 
(1.78%) (Fig. 7). The results of the ecology detector showed that the 
influence of parent material on pedodiversity was significantly higher 
than that of other environmental factors (Fig. 8), which suggested that 
the major driving factor for pedodiversity in geomorphological region 
VIG was different from that in the Qinghai-Tibet Plateau based on first- 
order geomorphological regions. The difference between the major 
driving factors based on the first-order geomorphological regions and 
those on the second-order geomorphological regions also occurred in the 
following regions: VE, IVD, IVB, IIC, IIA, IC, IB, ID, IIID, VIA, VIB, VIC, 
VID, and VIE. Topography was the major controlling factor of pedodi-
versity in geomorphological regions VE, IVD, IVB, ID, VIA, VIB, VIC, 
VID, and VIE (Figs. 6b, 7). The explanatory degrees of topography were 
significantly higher than the explanatory degrees of other 

Fig. 7. Explanatory degree of environmental factors for pedodiversity in each geomorphological region. Pm denotes parent material; P denotes plant; T denotes 
topography; C denotes climate; Aa denotes human activity. 0 indicates that the effect of environmental factor on pedodiversity is not significant in statistics. The 
abbreviations of geomorphological region are shown in Table 1 and Table 2. 
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environmental factors (Fig. 8). The q values of parent material and 
topography in geomorphological regions IIC, IIA, IC, IB, and IIID were 
not significantly different and were significantly higher than those of 
other environmental factors, which suggested that parent material and 
topography were both the major driving factors in regions IIC, IIA, IC, 
IB, and IIID (Figs. 6b, 7, 8). The differences between the major driving 
factors of pedodiversity in China based on the first-order geomorpho-
logical regions and those in the second-order geomorphological regions 
implied that the controlling factors of pedodiversity were dependent on 
the size of the analysis unit. 

5. Discussion 

5.1. The spatial distribution patterns of pedodiversity in China 

Complex soil-forming environment produce high pedodiversity (Fu 
et al., 2018b). Soil diversity in southern China was higher than that in 
northern China, and pedodiversity in the Qinghai-Tibet Plateau was 
lowest (Fig. 5a, b). This result is because the soil-forming environment in 

southern China, including topography, parent material and climate, is 
more complex than that in northern China. (Zhang, 2002). In terms of 
topography, approximately 67% of the area in southern China consists 
of mountains and approximately 80% of the area in northern China is 
comprised of plains and plateaus (Editorial committee of geomorpho-
logical atlas of the people’s republic of China, 2009). For climate, the 
average temperature in southern China is at least 3 times higher than 
that in northern China, and precipitation is 1.3 times higher (Zhang, 
2002). In addition, the difference in parent material types between 
northern and southern China is also significant. There is a large area of 
alluvial deposits and aeolian deposits in northern China (Liu and Yuan, 
1985). Based on the FAO-90 soil classification system, soil formed in 
alluvial deposits is defined as Fluvisols, and soil developed in aeolian 
deposits in an arid climate is defined as Arenosols (FAO/Unesco, 1997). 
In summary, the more complex soil-forming factors in southern China 
compared with northern China suggest that pedodiveristy in southern 
China is higher than that in northern China. 

Two characteristics in the Qinghai-Tibet Plateau indicate that the 
soil diversity in the area was the lowest in China (Fig. 5a, b). First, the 

Fig. 8. The results of ecology detector in each geomorphological region. 1 indicates that the effects of environmental factors on pedodiversity are significantly 
different. − 1 indicates that the effects of environmental factors on pedodiversity are not significantly different. Pm denotes parent material; P denotes plant; T 
denotes topography; C denotes climate; Aa denotes human activity. The abbreviations of geomorphological region are shown in Table 1 and Table 2. 
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Qinghai-Tibet Plateau is the youngest plateau in the world, and its soil 
development time is shorter than that in other regions in China (Chen 
et al., 1981). Before the Triassic period, the Qinghai-Tibet Plateau was 
an ocean. However, due to the extrusion of the Indian Ocean plate and 
the Eurasian Plate in the early Quaternary period, the Qinghai-Tibet 
Plateau with an average elevation over 4000 m was formed (Chen 
et al., 1981). Subsequently, rocks on the Qinghai-Tibet Plateau slowly 
weathered to form soil. Second, the Qinghai-Tibet Plateau has a low 
average temperature than that in other regions in China. The average 
temperatures in the Qinghai-Tibet Plateau are 3 ◦C − 10 ◦C in the 
warmest month and − 20 ◦C in the coldest month (Gong et al., 2007; 
Minasny et al., 2010). Two characteristics with a low average temper-
ature and short soil development time determine that the soil of the 
Qinghai-Tibet Plateau has a weak development degree (Gong et al., 
2007). Soil survey suggest that the areas of two young soils (Leptosols 
and Cambosols) occupy 70% of the area of the Qinghai-Tibet Plateau 
([dataset] FAO/IIASA/ISRIC/ISSCAS/JRC, 2012), which causes the soil 
diversity in the Qinghai-Tibet Plateau to be lowest in China. 

5.2. The major driving factor of pedodiversity in China 

The simultaneous existence of soils in different developmental stages 
and the presence of intrazonal soils were the most important contribu-
tion to pedodiversity (Gracheva, 2011). There are 27 soil types in China 
based on the FAO-90 soil classification system in China, where 16 soil 
types are intrazonal. Parent material, underwater, anthropogenic ac-
tivity, and other factors determine 8, 5, 1, and 2 intrazonal soil types, 
respectively (FAO/Unesco, 1997; Wilson, 2019), which implies that 
parent material is more likely than other factors to control the soil di-
versity of a region with many intrazonal soil types. Parent material 
gradually develops into a mature soil type through the processes of 
calcium removal, desalination, and desilication (Simonson, 1959). From 
a spatial perspective, the processes usually exist simultaneously, even in 
the same climate, which produces soils in different stages of develop-
ment (Wu and Gong, 1983). At a regional scale, topography and parent 
material control soil development (Zhang, 2002). Topography indirectly 
influences soil development by controlling climate and soil erosion. In 
contrast, parent material directly controls soil development by influ-
encing soil properties. The physical and chemical properties of soil 
formed in different parent materials usually show extensive differences 
(Tazikeh et al., 2017; Wilson, 2019), which may cause soils to be defined 
as different soil types based on FAO-90 soil classification system. The 
influences of parent material and topography on soil development and 
intrazonal soil types suggested that they are essential for controlling soil 
diversity. 

There are many intrazonal soils and soils that are in different stages 
of development in China. The intrazonal soils are mainly distributed 
north of latitude 30 in China, except on the Qinghai-Tibet Plateau 
([dataset] FAO/IIASA/ISRIC/ISSCAS/JRC, 2012). North of latitude 30, 
except for the Qinghai-Tibet Plateau, the parent materials for all 
geomorphological regions, except VA, VC, IC, IB, ID, IIIA, IVB, and IVD, 
mainly consist of alluvial deposits and aeolian deposits (sand deposits 
and loess) (Liu and Yuan, 1985)(Fig. 1c). Based on the FAO-90 soil 
classification system, soils developed in alluvial deposits and sand de-
posits are defined as intrazonal soils (FAO/Unesco, 1997). Soil types 
formed in loess were controlled by climate. However, the climate in each 
geomorphological region was approximately the same (Gao et al, 2019). 
Accordingly, the major driving factors of pedodiversity in the geomor-
phological regions was parent material (Figs. 6a, 7, 8). 

Soil south of latitude 30 and the IC, IB, ID, IIIA, IVB, IVD, VA and VC 
geomorphological regions mainly consist of soils in different stages of 
development and some intrazonal soils ([dataset] FAO/IIASA/ISRIC/ 
ISSCAS/JRC, 2012). Topographies in the IIA, IIC, IID, IC, and IB 
geomorphological regions consist of hills with a small elevation range 
(Zhang, 2002). These topographies influence soil development by soil 
erosion (Gracheva, 2011). However, an erosion-controlled spatial soil 

pattern essentially depends on the properties of the parent material 
(Gracheva, 2011). Accordingly, parent material could have the same 
importance as topography in influencing the pedodiversity in geomor-
phological regions IIA, IIC, IC, and IB (Figs. 6a, 7, 8). The landscape in 
the IID region is a karst landscape (Comprehensive Department National 
Bureau of Statistics, 2004). Parent material in the karst landscape is 
mainly limestone. Parent material type determines the degree of soil 
development in karst landscapes due to the slower development rate of 
limestone compared with other parent materials (Zhang, 2002; Zhou, 
1981). Accordingly, parent material controlled pedodiversity in the IID 
region. Topographies in the VE, VB, VD, IVB, and IVD geomorphological 
regions mainly consist of mountains with a large elevation range. 
Topography influences the variability in soil-forming factors through 
soil erosion and by influencing climate type (Fu et al., 2018b; Ibáñez and 
Effland, 2011). Therefore, in geomorphological regions VE, IVB, and 
IVD, the major controlling factors of pedodiversity were topography 
(Figs. 6a, 7, 8). The landscapes in the VD and VB geomorphological 
regions are also karst landscapes (Comprehensive department national 
bureau of statistics, 2004). Accordingly, parent material mainly 
controlled the pedodiversity in the two regions (Figs. 6a, 7, 8). 

5.3. The effect of the analysis unit size on the study of pedodiversity 

Previous studies implied that landscape type may be one of the 
driving factors of pedodiversity (Dazzi et al., 2009; Papa et al., 2011; 
Saldaña and Ibáñez, 2004). For example, the main driving factor of di-
versity in the landscape of fluvial terraces is time (Saldaña and Ibáñez, 
2004). However, the driving factor in landscapes with large-scale 
farming is anthropogenic activity (Dazzi et al., 2009; Papa et al., 
2011). A large region could support more landscape types than a small 
region, which may result in great differences between the main land-
scape types of the two areas (Ibáñez et al., 2005a). For example, with an 
increase in the study area, the main landscape types change from plains 
to mountains. Therefore, the main driving factor of diversity in a large 
region may be different from that in a small region. 

The result of the major controlling factors of diversity based on first- 
order geomorphological regions showed that the major controlling 
factor in China, except the Qinghai-Tibetan Plateau, was parent mate-
rial, which was different from that based on the second-order geomor-
phological regions (Figs. 6a, 7, 8). The reason for the difference may be 
that the area of each region in the first-order geomorphological regions 
was significantly larger than that in the second-order geomorphological 
regions (Wang et al., 2020). The former supported a larger area of al-
luvial and aeolian landscapes or karst landscapes than the latter, which 
may lead to a significant difference in the main landscape types between 
the two (Liu and Yuan, 1985). The difference also suggested that the size 
of an analysis unit influenced the analysis result of the driving factor of 
diversity. 

6. Conclusions 

Based on the first-order geomorphological regions and second-order 
geomorphological regions, the effects of the size of analysis unit on 
spatial distribution characters of pedodiversity and its major driving 
factor in China were analyzed using a combined approach of moving 
windows and geographical detector. 

The results showed that pedodiversity was highest in southern China 
with complex terrain, sufficient precipitation and temperature, followed 
by northern China with relatively flat terrain and insufficient precipi-
tation and was lowest in the Qinghai-Tibet Plateau, which had an 
extreme soil-forming environment. The regularity of the spatial distri-
bution pattern of pedodiversity based on the two levels of geomorpho-
logical regions was similar, which indicated that the analysis unit sizes 
had little effect on the study on spatial distribution pattern of pedodi-
versity. The major driving factor analysis of pedodiversity based on first- 
order geomorphological regions showed that the major driving factor in 
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China, except for the Qinghai-Tibet Plateau, was parent material. 
However, the results based on second-order geomorphological regions 
showed that the major driving factors of pedodiversity, except for the 
Qinghai-Tibet Plateau, were parent material and topography in hilly 
regions, topography in mountainous regions, and parent material in 
regions occupied by alluvial landforms, aeolian landforms, or karst 
landforms. The driving factor analysis of pedodiversity based on the two 
levels of geomorphological regions suggested that the effect of the 
analysis unit sizes on the major driving factor study was significant. The 
results of this study are an important supplement for pedodiversity 
studies and provide valuable information for the conservation and 
management of soil resources in China. 
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