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Abstract. As the most severe ecological issue in southwest
China, karst rocky desertification (KRD) has both threatened
and constrained regional sustainable development. Compre-
hensively understanding the relationship between the evolu-
tion of KRD and relevant driving data would provide more
information to combat KRD in such complex karst environ-
ments. Past studies have been limited in quantifying the rela-
tive importance of driving factors influencing fine-scale KRD
evolution, and have also lacked insight into their interactive
impacts. To address these issues, we have used geographical
information system techniques and a geographical detector
model to explore the spatial consistency of driving factors
and their interactions in relation to the evolution of KRD.
Changshun County in China was selected as a representa-
tive area for the study. Nine relevant driving factors, includ-
ing both natural and anthropogenic factors, were studied in
regard to their relationships with KRD transformation be-
tween 2000 and 2010. Our results demonstrate the relative
importance of driving data in influencing the improvement
and deterioration of KRD. Lithology, soil type and road in-
fluence are identified as the leading factors. Interestingly, to
our study at least, there is no significant difference between
the impacts of natural and anthropogenic factors influencing
KRD improvement, and even natural factors have a higher
impact on KRD deterioration. Factors were found to enhance
the influence of each other for KRD transformation. In partic-
ular, the results show a non-linearly enhanced effect between
driving factors, which significantly aggravates KRD. New in-
formation found in our study helps to effectively control and
restore areas afflicted by KRD.

1 Introduction

China has approximately 3.44 x 10°km? of karst areas,
about 36% of its total land, and 15.6% of all the
22 x 108 km? Karst areas in the world (Jiang et al., 2014).
The continuously distributed karst region, which is mostly
located in eight provinces of southwestern China (Guizhou,
Yunnan, Guangxi, Chongqing, Sichuan, Hunan, Hubei, and
Guangdong) is one of the world’s most extensive and well-
developed karst landscapes (Wang et al., 2004b; Xu et al.,
2013). Karst rocky desertification (KRD) has been identified
as the most severe ecological issue threatening and constrain-
ing southwestern China (Bai et al., 2013; Wang et al., 2004b).
The KRD is a process of land degradation involving serious
soil erosion, extensive exposure of basement rocks, drastic
decrease in soil productivity, and the appearance of a desert-
like landscape (Wang et al., 2004b). Therefore, the National
Reform and Development Commission commenced imple-
mentation of a pilot KRD restoration project for 100 coun-
ties in the region in 2008 and expanded the project to 200
counties in 2011.

The restoration and reconstruction projects have been ef-
fective (Qi et al., 2013; Zeng et al., 2007), but KRD improve-
ment can easily reverse in local areas (Sheng et al., 2013).
The mutual transformation (improvement or deterioration)
of different types of KRD land has been remarkable (Bai et
al., 2013), perhaps because KRD occurs as a result of mul-
tiple factors including the inherent natural background and
intensive human activities in the complex karst environment
(Jiang et al., 2014; Liu et al., 2008b; Wang et al., 2004b;
Yang et al., 2011). The lack of insight into the joint impacts
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Figure 1. The location of Changshun County.

of driving factors on KRD evolution can affect restoration ef-
forts. To control, manage and restore KRD, analyses of how
relative driving factors influence the evolution of KRD and
determinations of their corresponding contributions are es-
sential.

Previous studies have undertaken analyses of different
driving factors on KRD based on measurable physical data
and socioeconomic census data. The evolution of KRD is
associated with a considerable number of natural factors,
e.g., meteorological factors including temperature and pre-
cipitation (Peng and Wang, 2012; Xiong et al., 2009), topo-
graphic factors consisting of the elevation, slope (Huang and
Cai, 2007; Jiang et al., 2009) and aspect (Zhou et al., 2007),
and lithological factors (i.e., types of carbonate rock assem-
blages) (Li et al., 2009b; Wang et al., 2004a). Human activ-
ities, such as farming on hilly land, overgrazing, and felling
of forest and shrubs for cooking (Jiang et al., 2014; Li et al.,
2009b, 2008a; Wu et al., 2011; Yan and Cai, 2013), have also
recently become pivotal factors in KRD. The natural and an-
thropogenic factors above jointly influence the evolution of
KRD in southwestern China.

Few previous studies have discussed the relative impor-
tance of driving factors contributing to the evolution of KRD
(Huang and Cai, 2007; Jiang et al., 2009, 2014; Li et al.,
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Table 1. Landsat image description.

Time Path Row Date
2000 127 42 4 Nov 2000
2010 127 42 31 Oct 2010

2009b; Peng and Wang, 2012; Xiong et al., 2009; Yan and
Cai, 2013). Impacts of driving factors have been analyzed
separately, and the leading driving factors have been qualita-
tively or semi-quantitatively evaluated. A limited number of
studies have used regression modeling (Liu et al., 2008a),
factor analysis (Li et al., 2009a), or redundancy analysis
(Yang et al., 2011) to study such relationships. These stud-
ies were constrained at the scale of a county or regions (e.qg.,
the third or fourth administrative unit in China in terms of
scale), and were missing any spatially consistent information
on KRD evolution as a result of driving factors. Additionally,
consideration of the interaction of different factors is lack-
ing in previous work. All of these factors are necessary for
a deeper understanding of the problem. Fortunately, a geo-
graphical detector model (Li et al., 2013; Wang et al., 2010b),
that can calculate the relative importance of various factors,
provides an opportunity to consistently quantify more spatial
information on the driving factors and their interactions with
regard to the evolution of KRD.

The objective of this study is to investigate the relation-
ships between the spatial evolution of KRD and its driv-
ing factors at a fine scale. Based on a geographical detector
model, we have quantified the relative importance of differ-
ent natural and anthropogenic factors. Furthermore, we have
identified the leading factors and analyzed their interactive
impacts on both the improvement and deterioration of KRD.

2 Materials and methods
2.1 Study area

Changshun County is located in central Guizhou Province
in China, roughly between 106°13'06” and 106°38'48" E,
and 25°38’48” and 26°17’30” N (Fig. 1). The county cov-
ers an area of 1552 km? within a karst peak-cluster depres-
sion landscape that contains a combination of karst cones
and depressions between cones. It lies within the subtropi-
cal monsoon climate zone with a mean annual temperature
of 14° to 14.5°C and a mean annual precipitation of 1160 to
1355 mm (Xu et al., 2013). Its elevation is between 661 and
1572 m. Changshun is one of the areas most affected by KRD
in Guizhou, with nearly 30% of its area impacted (Wang,
2010).
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2.2 Data description
2.2.1 Satellite data and preprocessing

An Enhanced Thematic Mapper Plus (ETM+) image was
chosen to map the KRD of Changshun County in 2000
and 2010. The 2010 image was collected as a strip-repaired
ETM+ image, provided by the International Scientific Data
Service Platform, Computer Network Information Center,
Chinese Academy of Sciences (http://www.gscloud.cn/). Ta-
ble 1 presents the details of the paths, rows and acquisition
dates for Changshun.

ETM+ image was preprocessed by applying geomet-
ric and atmospheric corrections. A digital elevation model
(DEM) with 30 ground control points, which were taken
from 1 : 50000 topographic maps (provided by the Institute
of Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences), was incorporated in the geo-
metric corrections. This resulted in a root-mean-square spa-
tial positioning error of less than 0.5 pixels for each image.
The FLAASH module from the Environment for Visualiz-
ing Images (ENVI) software (Solutions, 2009) was used for
atmospheric corrections.

2.2.2 Categorizing and quantifying
karst rocky desertification

Based on mapping of bedrock exposures, vegetation and soil
coverage (Li et al., 2009b), karst areas can be classified as
no KRD, potential KRD, slight KRD, moderate KRD, severe
KRD and extremely severe KRD (Table 2). The distribution
of KRD in Changshun County in 2000 and 2010 was mapped
by visual interpretation. In 2010, 86 field measurements were
made to assess the accuracy of the method in Changshun
(Fig. 1). The accuracy was 90.7 % (Xu et al., 2013).

To use the geographical detector model (Li et al., 2013;
Wang et al., 2010b), the evolution of KRD needs to be quan-
tified as a measurable index. Because the KRD classification
results are categorical variables, we assigned the six KRD
categories as 6 KRD; levels (where i ranges from 1 to 6,
representing the six increasing levels of KRD intensity: no
KRD, potential KRD, light KRD, moderate KRD, severe
KRD and extremely severe KRD, respectively) (Table 2).
KRD; is the midpoint of bedrock rate for each KRD cate-
gory (i.e., KRD; = 10, KRD7 = 25, KRD3 = 40, KRD4 =
60, KRDs = 80 and KRDg = 95).

Then evolution index of KRD for each raster can be calcu-
lated as follows:

E — KRD = KRD}? — KRD', 1)

where 7o and ¢ denote the period, i.e., 2000 and 2010, respec-
tively in this study; i and j range from 1 to 6, representing
the six levels of KRD intensity as above; KRD? and KRD!
are measurable indices of KRD from Table 2 in 2000 and
2010, respectively. A positive E-KRD (improvement index)
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indicates that the KRD land improves as the bedrock rate of
an area decreases; a negative E-KRD (deterioration index)
indicates that the KRD land deteriorates. A larger absolute
value of E-KRD signifies a more significant intensity of KRD
transformation.

2.2.3 Driving factors data sets

We chose nine relevant driving factors to study their rela-
tionship with the evolution (improvement or deterioration) of
KRD based on previous studies (Jiang et al., 2009; Li et al.,
2009b; Wang et al., 2004a; Yang et al., 2011). Natural factors
include soil type classified by the genetic soil classification
of China (Shi et al., 2004), lithology, vegetation type, eleva-
tion and slope; human factors include road influences (buffer
of roads), settlement influences (buffer of settlements), gross
domestic product (GDP) density, and population density. It
is difficult to quantify human activities as a detailed spa-
tial unit. Therefore, we used geographic information system
(GIS) techniques to quantify such land use information, in-
cluding farming on hilly lands, overgrazing, felling of for-
est or shrubs for cooking, and KRD restoration projects. The
buffer methods calculate the Euclidean distance to roads and
settlements (i.e., road and settlement influence) as proxies
of the distribution of human activities (Simpson and Chris-
tensen, 1997). A shorter distance denotes a greater human
influence. The presence of roads corresponds to the utiliza-
tion of natural resources (Yang et al., 2013), and the distribu-
tion of settlements is related to the range of residents’ daily
lives and the implementation of restoration projects (Yang et
al., 2011). The detailed data sources and processing of the
nine sets of driving data are listed in Table 3.

In the geographical detector model, continuous data
should be transformed into discrete intervals (Cao et al.,
2013a; Wang et al., 2010b). The discretization method de-
pends on optimal classifications or prior knowledge (Li et
al., 2008; Wang et al., 2010a). With the exception of the soil,
lithology and vegetation data, the driving data can be con-
sidered to be continuous variables (Table 3). Based on the
distribution and prior knowledge of data, we majorly used
the method of natural breaks coupled with the professional
knowledge and rounded the intervals as the integer format
(Fig. 2). As continuous variables have local characteristics,
natural breaks can seek to minimize each interval’s average
deviation from the interval mean while maximizing each in-
terval’s deviation from the means of the other groups. In
other words, the method seeks to reduce the variance within
intervals and maximize the variance between intervals. The
discretization standards for the corresponding data are also
shown in Fig. 2.

2.3 Geographical detector model

The geographical detector model is a new spatial analy-
sis method used to assess the relationship between driving
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factors and relevant resultant outcomes (Hu et al., 2011; Li
et al., 2013; Wang et al., 2010b). The model compares the data.
spatial consistency of a resultant outcome distribution (e.g.,
the KRD in our study) to strata of driving factors based on
a spatial variance analysis. It can extract information with-
out any assumptions or restrictions with respect to the vari-
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ables. Also, it can be used for both quantitative and nominal

The model can resolve the following four questions.

(1) What is the geographical domain of the outcome? (2)
What are the driving factors responsible for the outcome?
(3) What is the relative importance of each driving factor?

www.solid-earth.net/5/1329/2014/
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Table 2. Classification and quantification standard for karst rocky desertification.

Bedrock exposure  Vegetation and soil  KRD; Index
(%) cover (%)

KRD1: no karst rocky desertification <20 > 80 10
(No KRD)
KRD,: potential karst rocky desertification 20-30 70-80 25
(Potential KRD)
KRDj3: light karst rocky desertification 31-50 50-69 40
(Light KRD)
KRDg4: moderate karst rocky desertification 51-70 30-49 60
(Moderate KRD)
KRDg: severe Karst rocky desertification 71-90 10-29 80
(Severe KRD)
KRDg: extremely severe karst rocky > 90 <10 95

desertification (extremely severe KRD)

(4) Do driving factors operate independently or are they in-
terconnected? (Wang et al., 2010b).

The power of determinant (PD) value and the interactive
PD value are two novel indicators used to assess the rela-
tionship between outcomes and their driving factors in the
geographical detector model (Li et al., 2013; Wang et al.,
2010b). The geographical detector model overlays the dis-
tribution of K (e.g., E-KRD in our study) over several strata
of driving factors of D (i.e., one of driving data). D;, where
i =1,2,...n,and n is the number of categorical types of D,
are the discrete attributes associated with a stratum of driving
factors of D, which is denoted as D = {D;} (Li et al., 2013;
Wang et al., 2010b), then the study regions were divided to
sub-regions (D1, D2, ...D;). The mean value and the disper-
sion variance of K (denoted as o,%D . can be calculated by
the model. Next, PD is calculated as follows:

1 ! 2
N x 012( ZlND,l X GKD,I" (2)
i=

PD=1-
where N denotes the number of samples over the entire re-
gion of interest; Np ; is the number of samples in the sub-
region of i category of D; 012( denotes the variance of K over
the entire region; the dispersion variance of K over the sub-

regions of the attributes D; is denoted as 0'12(1),«- When the
5 :

Ok of each subregion is small, the variances between sub-
regions is large and the PD is large (which means that such a
division explains most or even all of the spatial K variation).
Therefore, a higher PD indicates that the driving factor (D)
has a larger impact on K. If the driving factor (D) completely
controls the total K, then PD = 1.

The package of geographical detector model used in
our study is a version of Excel-GeoDetector (http://www.
sssampling.org/Excel-GeoDetector/). All of the driving data
and the E-KRD index were resampled in the WGS84 projec-
tion constrained by the same boundary of Changshun County
in GIS. A pixel size of 100 x 100 m was used to extract rel-
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evant data. Finally, all the data were extracted as input data
for the Excel-GeoDetector.

3 Results
3.1 Spatial evolution of KRD

Figure 3 shows improvement and deterioration indices from
2000 to 2010 for Changshun County. Areas of KRD transfor-
mation are widely detected. The transformed area is 410 km?,
including 301 km? where the class improved and 109 km?
where it deteriorated. The improvement index ranges from
15 to 70 and the deterioration index ranges from —15 to —85.
Areas of KRD improvement and deterioration and their in-
tensities show different spatial distribution characteristics. In
general, significantly transformed areas (i.e., large absolute
values of E-KRDs) are relatively small and concentrated in
local areas. Areas of significant deterioration are mainly lo-
cated in the townships of Weiyuan and Kaizuo. In compari-
son, KRD lands in western Changshun, including the town-
ships of Baisuo and Yingpan, significantly improved from
2000 to 2010. Meanwhile, areas with small absolute val-
ues of E-KRDs, which indicate a relatively low intensity
of KRD transformation, are widely distributed through the
whole study area.

3.2 Influence of driving factors on KRD improvement
321

Importance of driving factors influencing
KRD improvement

Using the geographical detector model, PDs of the nine
aforementioned driving factors influencing KRD improve-
ment index were calculated. Their order is as follows
(the number in parentheses is the corresponding PD
value): lithology (0.154) > road (0.135) > soil (0.120)

Solid Earth, 5, 1329-1340, 2014
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Figure 3. The spatial evolution index of karst rocky desertification from 2000 to 2010 (a) improvement index; (b) deterioration index.

> population (0.105) > vegetation (0.088) > settlement
(0.073) > elevation (0.062) > slope (0.029) > GDP (0.013).
The lithology, road influence, soil and population den-
sity (ranking first to fourth, respectively) are considered to
be the major driving factors in Changshun. In contrast, the
slope and GDP density have low relative importance when
it comes to explaining the spatial distribution of KRD im-
provement. Considering the order of PDs, both natural and
anthropogenic factors influence the improvement of KRD.
This implies that natural factors (with ranks of first, third,
fifth, seventh, and eighth) and anthropogenic factors (with
ranks of second, fourth, sixth, and ninth) have similar overall
impact. This information confirms that the effect of restora-
tion project implementations would improve if the natural
impact factors on the evolution of KRD were considered.

3.2.2 Variations in KRD improvement corresponding
to different driving factor levels

The geographical detector model calculated mean values for
the KRD improvement index for various levels of each driv-
ing factor, and indicated significant differences for all lev-
els. The model helps to analyze how a particular driving
factor influences KRD improvement. For example, the PD
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of lithology shows that it has the greatest impact. Accord-
ing to the model, the mean values of improvement indices
for three lithological types show significant differences, and
their ranks are as follows (with the number in brackets as the
corresponding index value): clastic rock mixed with lime-
stone/dolomite (32.6) > limestone interbedded with clastic
rock (27.7) > homogenous limestone/dolomite (22.3). These
three lithological types show an increasing proportion of
limestone or dolomite, which indicates that the proportion of
limestone or dolomite is positively associated with improved
intensities of KRD.

Our results also indicate that the distance to a road, as a
proxy of human activity levels, influences the spatial distri-
bution of KRD improvement. The order of mean index values
for six levels of road influence (Table 4) suggests that the dis-
tance to a road is positively correlated to improved intensities
of KRD. This means that a greater road influence (i.e., better
access to roads) enhances the successful implementation of
KRD restoration projects and accelerates the improvement of
KRD.

www.solid-earth.net/5/1329/2014/
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Table 3. Driving data sources and processing.

Input data set Data source Format  Processing Variable

Soil Institute of Geographic Sciences and Natural Polygon  Format transformation ~ Discrete : 500000
Resources Research, Chinese Academy of Sciences

Lithology Local map of Changshun County Polygon  Digitization and format  Discrete : 500 000

transformation

Vegetation Institute of Geographic Sciences and Natural Polygon  Format transformation Discrete : 500000
Resources Research, Chinese Academy of Sciences

Elevation International Scientific Data Service Platform, Raster Resampling Continuous 50000
Computer Network Information Center, and
Chinese Academy of Sciences

Slope International Scientific Data Service Platform, Raster Generated from the Continuous : 50000
Computer Network Information Center, and elevation map
Chinese Academy of Sciences

Buffer of roads  Local map of Changshun County in 2000 Polyline  Digitization and buffer ~ Continuous : 50000

analysis

Buffer of Local map of Changshun County in 2000 Point Digitization and buffer ~ Continuous : 50000

settlements analysis

Gross Domestic  Data Center for Resources and Environmental Raster Resampling Continuous : 500000

Product density ~ Sciences, Chinese Academy of Sciences

Population Data Center for Resources and Environmental Raster Resampling Continuous : 500000

density Sciences, Chinese Academy of Sciences

Table 4. Difference of mean improvement KRD index between levels of road influence.

Level 1 Level2 Level3 Level4 Level5 Level6
Level 1
Level 2 Y
Level 3 Y Y
Level 4 Y Y N
Level 5 Y Y Y Y
Level 6 Y Y Y Y N

Level 1: 0-250 m; level 2: 250-500 m; level 3: 500-750 m; level 4: 750-1250 m; level 5:
1250-2500 m; level 6: > 2500 m. “Y” denotes that the difference of influence between the two
factor levels is significant with the confidence of 95 %; and “N” denotes that it is not.

The order of mean values for six road influence levels of improvement index is as follows: level 2
(27.1) > level 1(26.3) > level3 (24.0) ~ level4 (22.6) > level 5 (20.6) ~ level6 (20.1). “~” denotes
that there is no significant difference between two levels (the same meaning is the following

content).

3.2.3 Interactions of driving factors influencing

KRD improvement

The interactive impact of two factors (A and B) on KRD
improvement generally differs from the simple linear sum-
mation of the separate impacts of A and B, i.e., PD
(AN B)#PD (A) 4+ PD (B). PDs of their interactive impacts
were calculated by the geographical detector model. The top
10 PDs of interactive impacts, which range from 0.205 to
0.283, are greater than the highest PD of a single factor
(i.e., PD (lithology) = 0.150) (Table 5). This shows that the
combined impact of factors on KRD improvement would be
greater than single factors, i.e., PD (AN B) > PD (A) or PD
(B). Moreover, the road influence associated with vegetation
and the elevation associated with population density reflect
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a non-linearly enhanced impact on the KRD improvement,
i.e., PD(ANB)>PD (A)+PD (B).

3.3 Influence of driving factors on KRD deterioration
331

Importance of driving factors influencing
KRD deterioration

The PDs of the nine driving factors influencing the KRD de-
terioration index were calculated. Their order is as follows:
soil (0.194) > lithology (0.151) > road (0.143) > settlement
(0.140) > elevation  (0.138) > vegetation  (0.099) > slope
(0.056) > GDP (0.022) > population (0.014).

This order differs from that of the KRD improvement. Ex-
cept for the settlement influence (rank fourth), the lithol-
ogy, soil and road influence (rank first, second and third,

Solid Earth, 5, 1329-1340, 2014
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Table 5. Interaction between pairs of driving factors influencing the KRD improvement.

C=ANB A B A+ B Conclusion Interpretation
Lithology N Road = 0.283 0154 0135 0289 C<A+B;C>A,B 0
Soil N Road = 0.240 0120 0.135 0255 C<A+B;C>A,B 0
Road N Vegetable = 0.229 0.135 0.088 0.223 C>A+B M
Lithology N Soil = 0.210 0.154 0.120 0274 C<A+B;C>A,B 0
Lithology N Population=0.210 0.154 0.105 0259 C<A+B;C>A,B 1
Lithology N Settlement=0.208 0.154 0.073 0227 C<A+B;C>A,B 0
Elevation N Population=0.208 0.062 0.105 0.167 C>A+B 1
Lithology N Elevation = 0.205 0.154 0.062 0216 C<A+B;,C>A,B 1
Soil N Vegetable = 0.205 0.120 0.088 0225 C<A+B;C>A,B 0
Road N Population = 0.206 0135 0105 0240 C<A+B;C>A,B 0

“4” denotes A and B enhance each other; “41” denotes a nonlinear enhancement of A and B.

Table 6. Difference of mean deterioration KRD index between soil types.

Calcareous Rendzina Purplish  Acidic  Skeletal Paddy Yellow Terra
soil soil lithosol soil soil soil rossa
Calcareous soil
Rendzina Y
Purplish soil Y Y
Acidic lithosol Y Y N
Skeletal soil Y Y Y Y
Paddy soil Y Y Y Y Y
Yellow soil Y Y Y Y Y Y
Terra rossa Y Y Y Y Y Y N

“Y” denotes that the difference of influence between the two factor levels is significant with the confidence of 95 %; and “N” denotes that it

is not.

respectively) are still detected as the major driving factors
of KRD deterioration in Changshun. The GDP and popula-
tion density have low impacts on the spatial distribution of
KRD deterioration. It seems that natural factors (with ranks
of first, second, fifth, sixth, and seventh) have a relatively
greater impact on KRD deterioration than anthropogenic fac-
tors (ranked third, fourth, eighth, and ninth).

3.3.2 Variations of KRD deterioration at different
driving factor levels

The PD of soil, which has the highest ranking, shows
that it is the most important of the driving factors
influencing KRD deterioration. Table 6 shows signif-
icant differences in the mean deterioration KRD in-
dex between the eight soil types. The order of mean
values of deterioration index for the eight soil types
is as follows: acidic lithosol (—57.0)~ purplish soail
(—53.1) > terrarossa (—36.6) ~ yellow soil (—35.3) > paddy
soil (—33.3) > calcareous soil (—28.7) > skeletal soil
(—23.8) > rendzina (—15) (where “~” denotes that there is
no significant difference between deterioration index of the
two variables). This confirms that soil types are associated
with their different hydrological proper ties and susceptibil-
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ity to erosion, which influence KRD transformation. Results
suggest that the acidic lithosol and purplish soil significantly
worsened KRD deterioration.

The influence of roads was again identified as being
the most important of the anthropogenic factors influencing
KRD deterioration. The order of mean values of the dete-
rioration index for six road influence levels is as follows:
level 2 (—39.8) > level 6 (—36.3) > level 1 (—34.1) > level 4
(—32.3) > level 5 (—28.6) > level 3 (—27.0). This shows that
road influence is not monotonously correlated to the KRD
deterioration intensities. Areas of levels 1 and 2, which are
the nearest to roads, have severe KRD deterioration inten-
sities. This indicates that human activities would enhance
KRD deterioration. With distances to roads increasing, the
areal deterioration intensity of levels 3, 4 and 5 decreases.
However, the areal deterioration intensity at level 6 actually
increases. An area with few human activities easily deterio-
rates, which may be attributed to other driving factors.

3.3.3 Interactions of driving factors influencing

KRD deterioration

The top 10 PDs corresponding to interactive impacts on KRD
deterioration are listed in Table 7; they range from 0.284 to
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Table 7. Interaction between pairs of driving factors influencing the KRD deterioration.

C=ANB A B A+ B Conclusion Interpretation
Soil N Lithology = 0.477 0.194 0.151 0.345 C>A+B 1
Soil N Settlement = 0.423 0194 014 0334 C>A+B 1
Soil N Road = 0.384 0.194 0.143 0.337 C>A+B 1
Soil N Elevation = 0.338 0.194 0.138 0.332 C>A+B 1
Soil N Vegetable = 0.336 0.194 0.099 0.293 C>A+B 1
Road N Settlement = 0.331 0.143 014 0.283 C>A+B M
Lithology N Road = 0.311 0.151 0.143 0.294 C>A+B M
Settlement N Elevation=0.308 0.14 0.138 0.278 C>A+B M
Road N Elevation = 0.288 0.143 0.138 0.281 C>A+B M
Lithology NElevation=0.284 0151 0.138 0289 C<A+B;C>A,B 0

“4” denotes A and B enhance each other; “41” denotes a nonlinear enhancement of A and B.

0.477. Except for the interactive impact of the lithology as-
sociated with elevation, the other interactive impacts of driv-
ing factors on KRD deterioration show non-linear enhance-
ment (Table 7). For example, the PD of the soil associated
with the lithology is 0.477, far greater than their linear sum-
mation result (i.e., 0.345). Furthermore, the deterioration in-
dex of homogenous limestone/dolomite is minimized (i.e.,
—35.3) along with the deterioration of the acidic lithosol (i.e.,
—57.0). If the area corresponds to a region of homogenous
limestone and acidic lithosol, then the interactive impact of
high-permeability carbonate rocks, in terms of lithology and
a low soil formation rate in soil types, would exacerbate the
KRD deterioration.

4 Discussion

Using GIS techniques and the geographical detector model,
our novel investigation has explored the available informa-
tion at a much finer scale than previous studies (Huang and
Cai, 2007; Jiang et al., 2009, 2014; Li et al., 2009a, b; Liu
et al., 2008a; Xiong et al., 2009; Yan and Cai, 2013; Yang et
al., 2013). Such studies omitted information about the spatial
consistency of KRD evolution with respect to driving factors
and also lacked consideration of interactions between vari-
ous factors. We calculated the PDs of driving factors, which
relate to the spatial consistency of driving factors compared
with the E-KRD index. The order of the PDs is indicative of
their relative importance to the evolution of KRD. Interactive
PDs also enable the investigation of the combined impact of
driving factors.

The influences of lithology, soil and roads are identified
as the leading factors for KRD transformation in Changshun.
Lithological types associated with the permeability of car-
bonate rocks and soil types associated with soil erosion and
formation rates constitute the basic geographical environ-
ment that significantly affects the evolution of KRD (Jiang et
al., 2014; Peng et al., 2013). Such influences suggest that in
Changshun the design of restoration projects should consider
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the impacts of lithology and soil, and even more so their in-
teractions. Our results confirm the important impact that hu-
man factors have on KRD. In particular, roads, as a proxy for
human activity, have a significant influence as noted by their
association with KRD improvement or deterioration. How-
ever, KRD deterioration in areas with a low road influence
may be attributed to other driving factors. On one hand, bet-
ter access to roads does enhance successful implementation
of KRD restoration projects (Deng et al., 2011; Xu et al.,
2013; Yang et al., 2011). On the other hand, however, when
roads penetrate into (or are improved in) areas, they may in-
tensify efforts to exploit resources (Deng et al., 2011) and
therefore cause KRD deterioration (Mick, 2010; Yang et al.,
2013). Road construction can create numerous roadcuts and
embankments that can contribute to increased sediment pro-
duction and further cause land degradation (Lee et al., 2013).
Serious soil erosion can occur on bare road embankments
(especially those under construction) (Cerda, 2007) and on
unpaved roads (Cao et al., 2013b). Restoration efforts should
be directed to guarantee key ecological processes and support
soil formation for roadcuts and embankments (Jimenez et al.,
2013; Lee et al., 2013). New strategies should emphasize the
need to decrease the impact of road construction on plant
and animal habitats and the benefits of using local species
for the re-vegetation of land surrounding the roads (Cheng et
al., 2013).

Comparing the relative importance of natural and anthro-
pogenic impact factors reveals some interesting findings.
Previous studies have considered anthropogenic activities as
being more significant in KRD than natural factors (Lan and
Xiong, 2001; Li et al., 2009a; Yan and Cai, 2013; Yang et al.,
2011). However, other studies have claimed that natural fac-
tors were the major factor in KRD evolution (Gu et al., 2011;
Hu etal., 2004; Shan, 2006). In our case study, there is no sig-
nificant difference observed between the impacts of natural
and anthropogenic factors influencing the KRD improvement
based on the order of their PDs (Table 8). Even natural factors
have a higher impact on KRD deterioration. In fact it could
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Table 8. PDs of driving data and their order for both the KRD improvement and deterioration.

KRD improvement

KRD deterioration
Order PD Order

PD
Soil type 0.120
Lithology 0.154
Vegetation type 0.088
Elevation 0.062
Slope 0.029
Road influence 0.135
Settlement influence  0.073
GDP density 0.013
Population 0.105

w

0.194
0.151
0.099
0.138
0.056
0.143
0.140
0.022
0.014

[y

A O OO NN O
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be argued that natural factors have a greater impact on KRD
deterioration. The scaling effect would lead to different re-
sults for KRD driving factors in different spatial and tempo-
ral scales (Yang et al., 2009), and may cautiously support the
importance of anthropogenic driving factors in KRD. How-
ever, there is little unassailable evidence to support whether
or not natural or anthropogenic factors have the greater im-
pact. In the field survey, a significant contrast in adjacent re-
gions with carbonate rock and non-carbonate rocks (granite)
can be found, but under nearly the same conditions of an-
thropogenic factors. There is an obvious KRD in areas with
the carbonate rock outcropping. In contrast, areas with non-
carbonate rocks are covered with lush vegetation. Further-
more, a historical study showed that the spatial distribution of
suspect KRD in Guizhou in 1940 was similar to the situation
in 2005 (Han et al., 2011). Within this stage of rapid popu-
lation growth, the spatial distribution stays relatively stable.
Above evidence indicated that we cannot overemphasize the
impact of anthropogenic factors. Karst is an integrated and
unique geo-ecosystem, and its evolution is caused by natu-
ral and human factors (Febles-Gonzélez et al., 2012). KRD
occurs under a specific karst background, and anthropogenic
factors can aggravate or reverse the KRD in a relatively short
period, but may not be the essential driving factor (Zhang
and Zhou, 2001). Without the specific environments, infor-
mal human activities cannot cause KRD (Shan, 2006).
Although slope angles have a significant influence on
KRD (Huang and Cai, 2007; Jiang et al., 2009), this impact
factor was ranked quite low for both KRD improvement and
deterioration (the PDs rank eighth and seventh respectively)
in our study. Soil on steepened slopes is often susceptible to
erosion, which is one of the reasons leading to KRD (Ying
et al., 2014). Therefore, areas of KRD are mainly located
in sloping regions in Changshun. Also, the mean KRD im-
provement index with small slope angles is greater than that
with large slope angles. However, local areas with steepened
slopes can also be highly vegetated in our field survey, which
may be attributed to the fact that high slope angles limit the
range of possible human activities and thereby act to reduce
anthropogenic disturbances (Xu et al., 2013). Areas of low-
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slope angles (especially < 5°) may be suitable for agricul-
tural use which then can lead to KRD (Huang and Cai, 2007).
Therefore, slope angle might not play a significant role in soil
erosion of karst regions (Peng et al., 2013). The complex ef-
fects of slope cause an inconsistent spatial distribution of the
KRD transformation versus slope angles.

Until now, few studies have investigated the interactive ef-
fects of driving factors on KRD transformations. Our results
show that those interactive factors lead to enhanced impacts.
Major interactive results of the KRD improvement conclude
that “PD (A N B) < PD (A) 4+ PD (B)” (Table 5), whereas the
major results of the KRD deterioration conclude that “PD
(AN B)>PD (A)+PD (B)” (Table 7). The enhanced effect
on KRD deterioration is more significant than for KRD im-
provement. Compared with the impact of a single factor, the
nonlinearly enhanced effects of interactive factors on KRD
transformations should be explored in the further studies to
effectively characterize KRD evolution. For example, the in-
teractive impact of lithology associated with soil on KRD
deterioration and road influence associated with vegetation
on KRD improvement should be considered in the design of
restoration projects.

There are some uncertainties in our study. Human activi-
ties, such as farming on hilly lands, overgrazing, and felling
of forest and shrubs for cooking (Jiang et al., 2014; Li et
al., 2009b; Liu et al., 2008a; Wu et al., 2011; Yan and Cai,
2013), are rather difficult to measure in a straightforward
manner and would not be depicted at a detailed spatial distri-
bution. Instead, they were represented by proxies of distances
to roads and settlements in our study, which have proven to
be acceptable in recent studies. Moreover, summing PDs of
driving data (0.779 for improvement and 0.957 for KRD de-
terioration), it indicates that our selected driving data have a
relatively larger impact on KRD deterioration than improve-
ment. Indeed, we could not include all the driving data in
the study. For example, meteorological factors are relatively
similar at the county scale and were neglected in this study.
However, the impact of frequent droughts and extreme floods
induced by global climate change on the KRD transformation
should be investigated further (Gu et al., 2011; Huang et al.,
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2009; Jiang et al., 2014). It would be interesting to explore
the significance of meteorological factors and their interac-
tions with other factors in a macro scale study.

5 Conclusions

A comprehensive exploration of driving factors influencing
KRD evolution can provide the information needed to effec-
tively combat further deterioration in a fragile karst environ-
ment. We use GIS techniques to quantify the information on
human activity farming (hilly lands, overgrazing, felling and
restoration projects) by proxies of distances to roads and set-
tlements for it is difficult to measure it directly. We used a
geographical detector model to incorporate fine-scale spatial
information in our investigation of the relationships between
driving factors and KRD transformation in Changshun. The
orders of PDs for natural and anthropogenic factors show the
variable impact that they have on the spatial distribution of
KRD improvement or deterioration. Lithology, soil and road
influence are identified as the major driving factors associ-
ated with KRD evolution. Our results imply that there is no
significant difference between natural and anthropogenic fac-
tors when it comes to influencing KRD improvement, but
natural factors have a higher impact on KRD deterioration.
The specifics of the karst background create a fragile and vul-
nerable environment that is susceptible to human activities,
and then anthropogenic factors significantly influence KRD
transformation further. There is little unassailable evidence to
support whether or not the natural or anthropogenic factors
have a greater impact. However, we did detect the impact of
interactive factors and found that non-linearly enhanced im-
pacts significantly aggravated the KRD. Our results have ex-
plored new information concerning the relevant influence on
KRD evolution, which can help to effectively restore KRD.
The limitations and improvements mentioned above should
be explored in future studies.
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