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Abstract

Rocky desertification is seriously restricting the sustainable development of agricultural production 
and tourism industry in karst regions. This study focus on the characteristics of rocky desertification 
and its main driving factors on non-tillage lands in Houzhai River Basin of southwestern China. 
Artificial neural networks (ANNs) were employed in this study to identify the importance of different 
environmental factors on rocky desertification. The results showed that the rock outcrops in non-tillage 
lands ranged from 0.00 to 91.12% with a mean value of 19.10% in the Houzhai River Basin, and the rates 
of rock outcrops among different types of vegetation were ordered as: shrub grasslands (35.30%)>arbor 
forestlands (30.07%)>shrublands (23.13%)>arbour-shrub mixed forestlands (27.54%). With increases in 
slope gradient and altitude, the cover rate of rock outcrops became higher and rocky desertification 
became more serious. Based on ANNs analysis, the correlation coefficients between observed and 
predicted values of remaining data sets ranged from 0.828 to 0.998, which indicated that the importance 
of altitude, slope gradient, gravel content and soil bulk density are the dominant factors affecting soil 
erosion and thereby leading to the occurrence of rocky desertification in the Houzhai River Basin. In 
addition, ANNs combine with environmental factors can be a feasible way to predict tendency of rocky 
desertification in a karst regions. 
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Introduction

Karst rocky desertification is a worldwide ecological 
problem, especially in China [1]. It is a type of land 
degradation characterized by vegetation and soil 
degradation, land productivity decline and the loss of 
ecosystem function, and the rock outcrop is the most 
apparent result. Such desertification is of great harm and 
is restricting the sustainable development of societies 
and economies [2]. The main problems caused by rocky 
desertification are soil loss, the reduction of arable lands, 
occurrences of natural disasters, and land deterioration. 
It is a large obstacle for construction of ecological 
civilization and building a harmonious society [3]. 
Karst rocky desertification is the source of disaster and 
the root of poverty in karst regions. Urgent needs from 
residents are carry out series comprehensive treatments  
against rocky desertification, while restore and rebuild 
the degraded ecosystem in karst rocky desertification 
areas [4]. Guizhou Province is also one of the largest 
and most highly populated areas with typical karst in 
the world [5]. The karst area in Guizhou province is 
up to 129,000 km2, accounting for 73.6% of the total 
land area of the province [6]. Karst habitats in this 
region are discontinuous, have shallow soil, experience  
poor soil and water conservation, and contain limited 
arable land [7]. Reclamation of forestlands to expand 
arable land for the aim of releasing the conflict had 
seriously destroyed forest vegetation in karst areas, 
which further aggravated the rocky desertification in 
this region.

Karst areas are characterized by low environmental 
capacity, weak anti-disturbance ability, low stability and 
poor self-adjustment ability [8]. Irrational disturbance 
by human beings with the rapid development of 
society has led to sharp degradation of soil quality 
and the occurrence of rocky desertification in karst 
regions [9-10]. In southwest China, the area of rocky 
desertification covers at least 105,100 km2, and rocky 
desertification and soil erosion have become the most 
serious problems in this area, especially in Guizhou 
Province [11]. Since the beginning of 21st century, great 
attention has been given to prevention and control of 
rocky desertification in karst areas to recover or rebuild 
ecosystems [12]. Some scholars believe that the key step 
of karst mountain forest restoration is to realize the 
ecological optimization of the human-land system; some 
of other scholars emphasized on vegetation restoration 
is the primary task of ecological restoration and the 
prevention and control of rocky desertification in karst 
areas, claiming that different forest restoration measures 
should be adopted according to the specific types of 
rocky desertification [11, 13]. Vegetation restoration in 
karst areas can improve not only the landscape but also 
the degree of land degradation. In the process of natural 
succession from the early to the climax community, the 
lands underwent through shrub-grassland, shrub-land, 
arbour-shrub mixed forestland and arbor forestland 
[14]. Meanwhile, there is also an interaction between 

soil and vegetation succession in response to those 
environmental variations [15]. As a result, the cover rate 
of rock outcrops decreases gradually, and the ecological 
environment improves. Soil erosion is alleviated, and 
land productivity increases gradually [2].

The issue of prevention and control of rocky 
desertification in karst areas has aroused great concern, 
and the work is mainly focused on the restoration of 
vegetation and the reconstruction of the ecosystem [16]. 
Most previous investigations concern the status of rocky 
desertification and its causes and recovery strategies 
[17]. The status of rocky desertification has been well 
studied. The causes of rocky desertification have been 
widely discussed, and most studies in the literature 
conclude that human disturbance (mainly agricultural 
activity) is the primary factor [18]. However, some 
studies have indicated that human disturbance did 
not lead to soil erosion but rather contributed to soil 
conservation [19-20]. Some studies also reported the 
contribution of environmental factors to soil erosion 
or rocky desertification based on the single factor 
or a simple statistical analysis. However, karst lands 
are ecological systems, and the occurrence of rocky 
desertification was associated with many factors 
including geological, environmental and anthropogenic 
factors [3, 21-22]. Few studies present information/
theory on the occurrence of rocky desertification in an 
integrative analysis. 

At present, study on remediation of rocky 
desertification and occurrence of forest restoration are 
mainly limited to tree species structure and landscape 
change [23]. The scientific validity and effectiveness 
of the restoration of woodland in rocky desertification 
areas have been questioned. It is of great importance 
to clarify the basic driving force of soil erosion and 
rocky desertification in karst areas. The main objectives 
of this research are as follows: (a) to clarify the rocky 
desertification status of karst landforms under different 
vegetation, and (b) to study the factors contributing 
to soil erosion and rocky desertification in a karst 
area based on statistical analysis and artificial neural 
networks (ANNs).

Materials and Methods

Study Region 

Houzhai River Basin (105°40′43″~105°48′2″E, 
26°12′29″~26°17′15″N) is a karst plateau basin in 
Guizhou Province [24]. It covers an area of 72 km2, and 
the altitude of this area ranges from 878.8~1495.6 m. 
In the studied area, land use includes arid land, paddy 
land, uncultivated land, arbor forest land, arbor-shrub 
forest land, shrub land, shrub-grass land, artificial 
fruit forest land and grassland. The non-tillage land 
is about 40.77 km2 accounting for 56.63% of the total 
area in the Houzhai River Basin. The ecosystem types 
mainly include montane elfin forest, coniferous and 
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broad-leaved mixed forest, and evergreen broad-leaved 
forest. Soils are mainly Leptosols, Ferralsols and 
Anthrosols (IUSS Working Group WRB, 2014). The 
physicochemical characteristics of special carbonates 
result in shallow soil or with high cover of rock 
outcrops. The soil is often separated into discontinuous 
patches by rocks. The physicochemical properties show 
a high degree of spatial heterogeneity [2]. 

Soil Sampling  

Sampling sites were designed using ArcGIS 10.3 
on a relief map based on the grid method, and the 
designed scale was 150 m. Total of 1, 3180 grids were 
delineated, and 442 of those grids were non-tillage 
land. Sampling sites were located at the centre of each 
non-tillage grid [25]. Soil thickness, altitude, slope 
gradient, slope position, slope aspect, soil types, parent 
rock, vegetation and microhabitat of each non-tillage 
grid were investigated. Soil bulk density (SBD) was 
determined in the field with the cylindrical core method, 
and rock outcrops (rock exposure rate) were measured 
by linear interception using tape [26]. Simultaneously, 
top soils (0-20 cm) were collected and saved in self-
sealing plastic bags. Soil samples were transferred to 
the laboratory, air dried at room temperature, and then 
ground and sieved to test and remove the gravel fraction 
(>2 mm). The resulting materials were ground into 
powders and saved until analysis of soil organic matter 
(SOM). 

Analytical Procedure and Statistical Analysis

Total SOC levels were determined by K2Cr2O7 
oxidation followed by titration with 0.10 mol L-1 

FeSO4, and 10% repetition was conducted [27-29]. Data 
were managed and treated with Microsoft Excel 2003 
(Microsoft, Redmond, WA, USA). Statistical analysis 
was performed with the SPSS 18.0 (IBM, Armonk, NY, 
USA) and Arc Map 10.3 (ESRI, Redlands, CA, USA).

Prediction of Rock Outcrop Cover Based on 
Environmental Factors 

ANNs are major artificial intelligence approaches 
derived from the operation of biological neurons. 
ANNs can solve multivariate non-linear problems with 
a suitable amount of data and an appropriate training 
algorithm [30]. In this study, artificial neural networks 
(ANNs) were used to predict the occurrence of rocky 
desertification on the basis of slope position, slope 
gradient, slope aspect, altitude, soil organic matter, 
gravel, soil bulk density, soil thickness, parent rock, 
microhabitat, soil type and vegetation. We assigned 
60% of 442 data sets for training, and the remaining 
40% of data sets were for prediction. As the prediction 
from ANNs is not stable, we repeated the process for 
10 times. 

Results and Discussions

General Information on Rock Outcrops of 
Non-Tillage Land in the Studied Basin

According to the field investigation information, 
442 of 1,3180 designed grids were non-tillage land. 
Therefore, the studied region was approximately  
9.95 km2, accounting for 13.90% of the total area of 
the Houzhai River Basin. The frequency distribution 

Fig. 1. Distribution of investigating and sampling sites.
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of rock outcrops of non-tillage land in the Houzhai 
River Basin is shown in Fig. 2. The rock outcrops of 
non-tillage lands in the basin ranged from 0.00% 
to 91% with a mean value of 29.10%. The coefficient 
of variation was 23.94%, which indicates moderate 
spatial variability. The results of a K-S test showed that 
the rock outcrop cover in the non-tillage lands of the 
study area was partially normally distributed (p<0.001)  
(Fig. 2).

Rock Outcrops in Non-Tillage Land 
with Different Vegetation

In the Houzhai River Basin, the areas of arbor 
forestland (AFL), arbour-shrub mixed forestland 
(ASFL), shrubland (SL) and shrub grassland (SGL) 
were approximately 2.40 km2, 1.22 km2, 3.76 km2 and 
1.58 km2, respectively. The mean rock outcrop cover 
of non-tillage lands with different vegetation ranged 
from 0.00% to 91.00%, and their variance ranged from 
506.74% to 676.01% (Table 1). In the study area, a large 
number of rocks are exposed to the surface, and the soil 
is divided into patches of different sizes in different non 
cultivated areas, resulting in the discontinuity of soil 
cover. Obviously, significant differences existed among 
non-tillage lands with different vegetation. The mean 
rock outcrop of shrub grasslands (35.30%) was the 
highest, followed by that of arbor forestlands (30.07%), 
and the mean rock outcrop of arbour-shrub mixed 

forestlands (23.13%) was lowest, just behind shrublands 
(27.54%).

Relationships Among Environmental Factors 
and Rock Outcrops of Non-Tillage Lands 

in the Houzhai River Basin

As shown in Fig. 3, there was a close relationship 
between slope gradient and rock outcrop cover of non-
tillage lands in the Houzhai River Basin (r = 0.458, 
P<0.001). Along with an increase in the slope gradient, 
rock outcrop cover increased. This probably means that 
slope gradient is a critical driving force causing rocky 
desertification in karst areas. As shown in Fig. 4, rock 
outcrops of non-tillage lands in the Houzhai River Basin 
increased with the increase in altitude, and the Pearson 
correlation coefficient reached 0.531 (P<0.001).

To study the relationship between slope position and 
rock outcrop cover of non-tillage lands, the sampling 
sites were divided into 7 groups including nek, flatlands, 
bottomlands, foot slope, back slope, shoulder slope and 
summit according to their locations (Fig. 5). The mean 
rock outcrop of non-tillage lands at different positions 
follows the order foot slope (32.39%)>shoulder slope 
(31.21%)>back slope (30.49%)>summit (27.87%)> 
bottomlands (24.35%)>nek (23.08) > flatlands (1.67%).

Fig. 2. Rock outcrops of non-tillage lands in karst river basin.

Forestlands N* Minimum Maximum Mean Std. Error Variance

Arbor forestland 151 0.00 80.00 30.07 2.12 676.01

Arbor-shrub mixed forestland 54 0.00 85.00 23.13 3.50 661.62

Shrub land 167 0.00 90.00 27.54 1.66 458.70

Shrub grassland 70 0.00 91.00 35.30 2.69 506.74

* N is the number of grids with different vegetations.

Table 1. Rock outcrop status under different vegetations (%).

Fig. 3. Relationship between slope gradient and rock outcrop of 
non-tillage lands.
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Effects of Environmental Factors 
on Rock Outcrops of Non-Tillage Lands

Fig. 6 presents an intuitive picture of the redundancy 
analysis of rock outcrops and environmental factors. 
The angles among rock outcrop, slope, altitude and 
soil organic matter are small. These angles are in the 
same quadrant, which indicates that there is a strong 
positive correlation among them. The line length of 
environmental factors presents the connection strength 
between rock outcrop cover and environmental factors. 
If the line is longer, then that correlation is greater. 
The smaller the angle is, the higher the correlation is. 
As shown in Fig. 6, gravel also has a positive effect on 
rock outcrop cover of non-tillage lands in the studied 
basin. However, soil bulk density, soil thickness and 
vegetation have negative effects on rock outcrop cover. 
The Houzhai River Basin is a typical small plateau 
karst basin with diverse topography and landform. In 
the basin, the rock outcrop cover ranges from 0.00% to 

91.00% with a mean value of 29.10%, suggesting high 
spatial heterogeneity. It is found that topographical 
factors (including slope gradient, slope aspect and 
altitude) and soil factors (including gravel, soil bulk 
density and soil organic matter) are of complexity, 
which influences the cover rate of rock outcrops by 
difference degree and followed as: slope aspect>soil 
organic matter>altitude>slope gradient>rock outcrops 
>soil bulk density>soil thickness>vegetation (Fig. 6).

The terrain condition, like slope position, altitude 
and slope gradient, are important factors for the form 
of rock outcrop. On the one hand, increase in altitude 
leads to increase in slope gradient in the karst river 
basin. As mentioned in results (Figs 3 and 5), there was 
a close relationship between slope gradient and rock 
outcrop cover of non-tillage lands in the Houzhai River 
Basin. On the other hand, altitude is associated with the 
variation in vegetation, which is of great importance 
to soil conservation as verified by the range of shrub 

Fig. 5. Rock outcrops of non-tillage lands at different slope position in study region (no significance between plots with same 
letter).

Fig. 4. Relationship between altitude and rock outcrops of non-
tillage lands in the Houzhai River Basin.

Fig. 6. Redundancy analysis of rock outcrops and environmental 
factors (note: SoilThic, soil thickness; SoiBuDn, soil bulk density; 
Vegetati, vegetation; RockOutc, rock outcrop; SlopAspc, slope 
aspect; SoiOrgMt, soil organic matter; slopGrad, slope gradient).
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grasslands (35.30%)>arbor forestlands (30.07%)> 
shrublands (27.54%)>arbour-shrub mixed forestlands 
(23.13%) in Houzhai River Basin. 

Rock Outcrop Prediction Based on Environmental 
Factors with Artificial Neural Networks

In the present study, 442 sets of data, including 
different environmental factors, were used to predict 
soil thickness with ANNs. A total of 60% of the data 
was used for model training, and the remaining 40% of 
the data (validation data) was used for prediction. The 
correlation coefficients between field-tested values and 
predicted values of remaining data sets ranged from 
0.828 to 0.998 (10 times for training) with a mean value 
of 0.934 (Fig. 7a), which suggests that this approach 
is a feasible way to predict the occurrence of rocky 

desertification in karst river basins with the examined 
factors. As showed in Fig. 7b), the normalized 
importance of altitude, soil organic matter, gravel, 
soil bulk density, slope gradient, soil thickness, 
parent rock, microhabitat, slope position, soil genus, 
vegetation and slope aspect was 0.129, 0.117, 0.109, 
0.108, 0.105, 0.098, 0.091, 0.073, 0.053, 0.050, 0.035 
and 0.033, respectively. It is believed that altitude, 
soil organic matter, gravel, soil bulk density and 
slope gradient are primary factors for the prediction 
of rocky desertification of non-tillage lands in the 
Houzhai River Basin. 

Integrated Analysis of Rocky Desertification 
in Karst Areas

In karst areas, rock outcropping is influenced by 
many factors including geographic characters and soil 
quality [28]. Plants affect the input and output of soil 
organic matter by returning and absorbing the nutrients 
needed in the soil. In addition, soil physical and chemical 
properties are influenced by the vertical distribution of 
plant roots [31]. Therefore, vegetation cover is a critical 
factor to soil quality. The degree of rocky desertification 
can indirectly or directly affect the soil organic matter 
content, and soil organic matter content also affects 
the occurrence of rocky desertification by affecting 
soil properties or quality [32]. First, lands with a high 
degree of rocky desertification are always characterized 
by microhabitats of gullies, crevices and stone pits, and 
these microhabitats are beneficial to the retention and 
accumulation of soil organic matter [33]. Second, rock 
outcrop cover is one of the two key potential factors 
that affect land use in the river basin (the other being 
soil thickness), while soil organic matter is closely 
related to land use [15]. Therefore, the main factors that 
drive rocky desertification in the Houzhai River Basin 
are altitude and slope. To some extent, the gradient 
is determined by altitude. However, in addition to 
the slope, altitude also determines the microclimate 
and vegetation coverage [34]. Those factors are also 
dominant in the process of soil formation [35]. They 
not only dominate the redistribution of water and heat 
resources over the land surface and soils but also affect 
the material cycling and intensity of soil ecological 
systems, which has an important influence on the 
process of soil erosion, and soil erosion is an important 
factor in the occurrence of rocky desertification [36]. 
The terrain situation in the Houzhai River Basin  
fluctuates, and the landform is complex and varied [37].

At the same time, the slope gradient is an important 
factor in karst areas as we indicated the mean rock 
outcrop of non-tillage lands at different positions 
follows the order foot slope (32.39%)>shoulder slope 
(31.21%)>back slope (30.49%)>summit (27.87%)> 
bottomlands (24.35%)>nek (23.08)>flatlands (1.67%). 
The slope gradient has a direct effect on soil water 
holding capacity, soil moisture content and soil erosion 

Fig. 7b). Prediction of rocky desertification based on 
environmental factors: importance of different factor in 
prediction.

Fig. 7a). Prediction of rocky desertification based on 
environmental factors: linear correlation between measured 
value and predicted value of rock outcrop.
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processes leading to spatial heterogeneity of vegetation 
and soil nutrients. In addition, slope gradient is an 
important factor in determining the arrangement of land 
use in karst areas. It is believed that discrepancies in 
rock outcrop cover of non-tillage lands at slope positions 
were mainly caused by slope gradient and intensity 
of surface runoff [38]. For flatlands, slope gradient 
and surface runoff are very low, and soil erosion is 
light. From foot slope to shoulder slope, slope gradient 
increased gradually; in contrast, surface runoff intensity 
decreased gradually from foot slope to shoulder slope. 
Therefore, rock outcrop cover of non-tillage lands at 
the back slope is lower than that of non-tillage lands 
at both the shoulder slope and foot slope. The degree 
of rocky desertification in the basin is quite different 
among different terrain situations [34]. Therefore, it is 
necessary to attach great importance to the effect of 
topographic factors in the study and prevention of the 
rocky desertification in this region [39].

In addition, human activities are also another 
factor affecting the occurrence of rocky desertification 
in karst areas [40]. The expansion of population and 
unreasonable land policies lead to forest destruction 
and steep slope reclamation, which bring great pressure 
on the ecological environment. Before the 1990s, the 
study area was affected by historical events such as the 
movement of dividing and reserving mountains [41]. 
A large number of forests were cut down, steep slopes 
were reclaimed, and the proportion of steep slopes 
and steep slopes cultivated land increased rapidly [42]. 
After 1990s, under the guidance of national policies, 
ecological restoration projects such as the construction 
of protective forest system in the middle and upper 
reaches of the Yangtze River have been carried out, 
and the proportion of cultivated land on steep slopes 
and steep slopes has declined rapidly [43]. The increase 
of forest and grassland and the decrease of cultivated 
land greatly promote the ecological restoration of karst 
ecological fragile area. Therefore, in the southwest karst 
area where the ecological environment is extremely 
fragile, the main and effective means of ecological 
restoration in the future are to carry out the national 
ecological restoration project construction, develop the 
secondary and tertiary industries, and optimize and 
upgrade the industry.

Conclusions

The rock outcrops in non-tillage lands of the 
Houzhai River Basin ranged from 0.00% to 91.00% 
with a mean value of 29.10%. There were significant 
differences among non-tillage lands with different 
types of vegetation, and the following ranking was 
observed: shrub grasslands (35.30%)>arbor forestlands 
(30.07%)>shrublands (23.13%)>arbour-shrub mixed 
forestlands (27.54%). Topography, soil quality and 
vegetation are the main factors affecting the occurrence 
of rocky desertification in karst areas. The intensity of 

effects of the studied factors followed the order slope 
gradient>soil organic matter>altitude>soil aspect> 
gravel>soil bulk density>soil thickness>vegetation. This 
approach is a feasible way to predict the occurrence of 
rocky desertification based on environmental factors. 
The Pearson correlation coefficients ranged from 
0.828-0.998 (ten times), with a mean value of 0.934. 
The comprehensive analysis of the prediction of rocky 
desertification by various environmental factors shows 
that altitude, slope gradient, gravel content and soil bulk 
density are the main factors affecting the occurrence of 
rocky desertification in the Houzhai River Basin.
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