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ABSTRACT

Karst areas account for almost 20% of lands in the world and more than a quarter of
the world's population depends on water from karst areas. There are several
environmental problems related to karst landscape, such as soil erosion, sinkhole
collapse, rocky desertification, and shortage of land resources. In order to better
understand such problems based on knowledge about geomorphic systems composed of
karst landforms, this paper develops a method of semi-automatic landform classification,
and conducted morphometric, land-use and soil erosion analyses. The study areas are the
western and central parts of Guizhou Province, China, having a typical karst landscape
subject to recent desertification and soil erosion.

The semi-automatic approach was employed to classify karst landforms into
sinkholes, tower Kkarst hills and cockpit karst hills. The methodology of the landform
classification is summarized as follows: 1) identification and digitization of actual
sinkholes, tower karst and cockpit karst using aerial imagery, integrated with field
validation; 2) sinkhole delineation from a DEM (digital elevation model); 3) exclusion
of water area and distinct pseudo-sinkhole artifacts; 4) contour line extraction from the
DEM; 5) delineation of hill-area polygons by defining the basal contour line for each
hill; and 6) calculation of the number of contour lines and classification of cockpit karst
(frequency > 1) and tower karst (frequency = 1). As a result, 423 sinkholes, 439 tower
karst hills and 403 cockpit karst hills were identified in the central part of Guizhou
province, and 38 sinkholes, 112 tower karst hills and 35 cockpit karst hills were
identified in the western part. Comparisons with field observations indicate that the
overall accuracy of the classification was higher than 85%.

For understanding the characteristics of karst landforms quantitatively, we analyzed
the morphometric characteristics of the classified karst landforms. Fourteen
morphometric parameters were measured in terms of horizontal, vertical and overall
shapes. The obtained morphometric parameters were compared among different
landform types, and the same landform type but in different study areas. It was found that
the morphometric characteristics of sinkholes generally follow those of the field-based
approach.

Based on the obtained knowledge about landforms, this thesis examined the two
most important karst-related environmental issues in the study areas, land-use shortage

and soil erosion. Land-use maps were generated from remote sensing data supported by



field observations. The result indicated that the study areas were highly cultivated even
in the relatively steep hilly areas. The sinkhole areas are dominated by agricultural
land-use with ratios of 51% to 83%, and over 50% of the tower and cockpit karst hills are
also developed for agriculture. This situation has resulted in a serious problem of soil
erosion and rocky desertification. We also evaluated erosion rates of a selected closed
basin using the RUSLE model. The model gave a mean annual erosion rate of 30.24 Mg
hat y*, which is consistent with the result of a previous study based on an in-situ
sedimentation volume measurement in the central depression accumulated during 1980
to 2009. This situation allows us to use the RUSLE for more detailed evaluation of
erosion distribution. The estimation of soil loss for different land-use types indicated
that erosion from dense forest and grass land is much lower than that from other areas
with stronger human impact. This suggests that human disturbance has significantly
accelerated soil erosion and rocky desertification in the area.

In summary, this paper has provided important knowledge on geomorphology and
geoenvironmental issues in the karst areas subject to recent desertification and erosion.
To mitigate these problems, appropriate land-use arrangement and better protection on
vegetation are needed to recover forest and grassland especially on the tower and cockpit

karst hills where most erosion takes place.
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CHAPTER 1 INTRODUCTION

Karst is a specific type of landscape, developed on soluble carbonate rocks such as
limestone, marble, and gypsum. In karst areas, dissolution of bedrock by water is the dominant
geomorphic process, and therefore caves and extensive underground water systems are
developed. Karst areas account for almost 20% of the continents and more than a quarter of the
world's population lives there (Ford and Williams, 2007; De Waele et al., 2009). Abundant
resources of fresh ground water often support people’s life in karst areas.

However, there are several environmental problems related to karst landscape, such as
subsurface erosion (piping); collapse of sinkholes, rocky desertification, heavy metal pollution,
drought, and flooding. These environmental issues often affect human activities and
subsistence. One important background of these problems is topographic characteristics of
karst areas. To understand such characteristics, karst geomorphology has been developed to
discuss the nature, genesis, controls and evolution of karst systems (Sweeting, 1973; Yuan et al.,
1991; Gunn, 2004; De Waele et al., 2009; Huang et al., 2013). Karst geomorphological surveys
have been applied to evaluate geomorphological impacts on the environment (Veni, 1999),
assess land disturbance (Van Beynen and Townsend, 2005; De Waele, 2009) and analyze the
risk of geological hazard (Parise et al., 2015). Modern techniques and modelling such as the
application of DEMs (Digital Elevation Models) using GIS (Geographical Information
Systems) have brought new insight into geomorphic processes and resulting landforms in karst
areas (De Waele, 2009). This thesis aims to conduct geomorphological and geoenvironmental
research to understand the environment of a typical karst area and the characteristics of
environmental problems related to both natural and human factors. Previous research indicated
that study of landforms supports the assessment of soil erosion and inappropriate land-use
(Van Remortel et al., 2004; Saadat et al., 2008). This thesis follows the concept.
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1.1. Review of studies on landforms in karst areas

Traditionally karst areas are identified based on geological maps to separate them from
non-karst areas. Classic studies classified karst landforms by visual interpretation of
topographic maps and aerial photographs, as well as field observations (Veni, 2002; Ford and
Williams, 2007; Liang and Xu, 2014; Zhu et al., 2013). Some field-based studies have
extensively investigated karst landforms to discuss their formation mechanisms (Tharp, 1999;
Salvati and Sasowsky, 2002), establish terminology and landform classification (White, 1988;
Gunn, 2004; Waltham et al., 2007; Gutiérrez et al., 2008), interrelate landforms with
anthropogenic factors (Delle Rose et al., 2004; Gutiérrez et al., 2014), and assess hazard
potential (Galve et al., 2009; Taheri et al., 2015; Van Schoor, 2002).

Geomorphological studies on karst areas often focus on the classification of landforms at
various scales (Waltham and Fookes, 2003). Based on the spatial scale, Lowe and Waltham
(1995) classified karst landscape into four groups (Table 1-1). Ford and Williams (1989)
classified karst landscape into five classes based on morphogenetic aspects: glaciokarst,

fluviokarst, doline karst, cone karst and tower karst.

Table 1-1. Simple classification of karst landforms according to scale (Lowe and
Waltham, 1995)

Scale boundary Example

Nano features Nanokarren
(<1 mm)

Micro features Karren runnels (Bogli, 1960), subsoil
(<1m) rundkarren, pinnackle karst (Waltham,

1995)

Meso features Karren
(<10m)

Macro features Pojie, sinkhole, dry valleys, tower and
(>10m) cockpit karst

Traditionally landform classification was performed manually (Hammond, 1954; Evans,
2012), which is subjective, time-consuming, minimally reproducible, and unsuitable for
studying large areas (Doctor and Young, 2013). With the advances of geospatial technologies

such as GIS and increasing availability of spatial data including remotely-sensed images and
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DEMs, more quantitative studies have been conducted in the field of karst geomorphology
(Siart et al., 2009; Youssef et al., 2012; Elmahdy and Mostafa, 2013). Siart et al. (2009)
mapped the Kkarst features of central Crete in the Mediterranean Sea by combining DEMs,
remote sensing images and GIS. The result had high accuracy and was utilized for
geomorphological discussion. Huang et al. (2013) separate tower and cockpit karst areas
using a semi-automatic approach applied to contour line data. Some other studies focused on
the supervised classification of karst landforms using existing landform maps or aerial
photographs as training samples (Hengl and Rossiter, 2003; Ballantine et al., 2005; Liang and
Xu, 2006; 2014; Saadat et al., 2008). Liang and Xu (2014) discriminated the tower, cockpit
and non-karst landforms in southern China using training samples at different spatial scale. In
addition, DEMs facilitated morphometric analysis of karst landforms (Lyew-Ayee et al., 2007;
Bruno et al., 2008; Basso et al., 2013). Earlier examples based on analogue topographic maps
include La Valle (1968), Williams (1972) and Drake and Ford (1972), which showed the
importance of morphometric analyses in understanding Kkarst landscape. They also
demonstrated the idea that geomorphic evolution in different landform assemblages reflects the
interactions of tectonics, climate and earth surface processes.

Furthermore, hazards and environmental problems related to karst landforms have long
been recognized worldwide (Ford, 1993; Williams, 1993; Parise and Pascali, 2003; De Waele
et al., 2011). Sinkholes, one of the macro-scale landform types, are relevant because land
collapsing to form sinkholes is a serious geological hazard in the karst environment (Yilmaz,
2007). Proper managements of karst resources and environment are still difficult (De Waele
et al., 2011) because of the insufficient understanding of karst landforms. As a reflection of
surface processes, different karst landforms possess distinct morphometric characteristics
(Williams, 1972). Therefore, comprehensive landform classification maps facilitate the
implement of proper hazards control and migration measures in karst areas.

However, several problems exist in the previous landform classification studies for karst
areas including those based on geomorphometry. Firstly, landforms were mainly categorized
based on lithology without considering morphometric differences among different landscape
(Veni, 2002; Ford and Williams, 2007; Zhu et al., 2013; Liang and Xu, 2014). Secondly,
studies based on supervised classification have limitations such as too time-consuming (Liang
and Xu, 2014); limited size of the study area (MacMillan et al., 2000); low classification
accuracy (Prima et al., 2006); and difficulty in obtaining a large number of accurate training
samples (Hengl and Rossiter, 2003). Thirdly, previous landform classification studies tend to
focus on either detailed landform elements (Dragut and Blaschke, 2006) or rather generalized
landforms (Saadat et al., 2008). The detailed landforms include segmented slopes such as
head, side, and nose slopes, which may be too detailed for macro-scale land planning and
generalized environmental assessment. On the other hand, the generalized landform types
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such as mountains and valleys may be too coarse for meaningful geomorphological
understanding and practical applications (MacMillan and Shary, 2009). In karst areas,
geomorphic units of intermediate dimension such as sinkholes, poljies and karst hills (Siart et
al., 2009) are important, but methodology of classification of such units has not been well
established.

1.2. Review of studies on soil erosion in karst areas

Soil erosion is one of the most serious environmental problems in the world (Siart et al.,
2009). According to Pimentel et al. (1995), nearly one-third of the world’s arable land were
affected by soil erosion at an erosion rate of more than 100 tons ha™ yr'. Because of
increasing population and food needs, the conservation of arable land has become an urgent
task. Therefore, accurate estimation of soil erosion and evaluation of its risk are needed
(Boardman and Poesen, 2006). Many models such as USLE (Universal Soil Loss Equation)
(Wischmeier and Smith, 1965), WEEP (Water Erosion Prediction Project) (Nearing et al.,
1989a), EUROSEM (European Soil Erosion Model) (Morgan et al., 1998) and SEMMED
(Soil Erosion Model for Mediterranean Regions) (De Jong and Riezebos, 1997) were
developed to quantify soil erosion and associated sediment supply. In practice, the Revised
Universal Soil Loss Equation (RUSLE) has probably been most extensively used (Renard et
al.,, 1997). The popularity of the RUSLE owes to inherent property of parsimonious
(available/accessible) data in the USLE and more reliable results (Morgan, 2009). In addition,
it has compatibility with remote sensing (RS) and GIS.

However, it is difficult to apply soil erosion models such as the RUSLE and USLE to a
karst area because of the heterogeneous nature of karst infiltration and subsurface drainage.
Several soil erosion studies dealt with karst areas though. For example, Feng et al. (2016)
used the RUSLE to estimate the annual soil erosion rates on hillslopes, and compared them
with 137Cs budget in depressions at two karst basins in northwest Guangxi, southwestern
China. Runoff plots data were used to calculate the slope length factor (L) of the RUSLE
model. The resulted L values were calibrated by adjusting the accumulated area threshold.
The modeling results agreed well with the **'Cs records. The study suggested that attention
should be given to the L-factor when applying the RUSLE to karst hillslopes due to the
discontinuous nature of runoff and significant underground seepage during storm events. Xu
et al. (2008b) also evaluated soil loss and spatial distribution in a karst watershed of Guizhou
Province, China, for conservation planning by integrating the RUSLE with GIS. A remote
sensing image, digitized topographic maps, soil maps and precipitation data were used, and the

results show high accuracy. These studies indicate that understanding erosion processes is
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crucial for managing karst areas.

Febles—Gonzélez et al. (2012) applied the Morgan Morgan Finney (MMF) empirical
erosion model to La Habana Province, Cuba for soil erosion estimation, based mainly on the
morphometric analysis of karst dolines. The results showed the area had suffered serious soil
losses with an unsustainable condition of soil resources. They also discussed the effects of
extreme rainfall events associated with climate change in recent years. Demirci and Karaburun
(2012) also predicted soil erosion risk in a karst watershed in the western part of Istanbul,
Turkey, using the RUSLE model and GIS, soil survey results, topographic maps and satellite
images. The reasults indicated that half of the study area was under serious soil erosion risk.

Turnage et al. (1997) studied the soil erosional and depositional rates in thress sinkholes
with different land-use types of crop, grass and forest in eastern Tennesse, USA. Three methods
were used: **'Cs redisribution, buried surface soil horizons (Ab horizon) and the RUSLE. They
discussed differences among the erosion estimation from the three methods, and revealed that
land-use and landforms particularly the topography of dolines played important roles in

determining both erosion and deposition rates.

1.3. Review of studies on land-use in karst areas

The land-use/cover is an important anthropogenic factor influencing earth surface
processes (Lambin et al., 2003). The shortage of land-use resources and land degradation are
serious environmental problems in karst areas (Wang et al., 2004), which threaten agriculture,
natural environment and resources, engineering structures, and human sustainability (Rahman
et al., 2009; de Vente et al., 2013; Gutiérrez et al., 2014; Witze, 2014). Therefore, studies on
land-use in karst areas have been made worldwide. Guizhou Province in southern China is a
typical area for such studies. Xiao and Weng (2007) examined the land-use changes in a karst
area of Guizhou Province, from 1991 to 2001 based on satellite images. Land surface
temperature (LST) and normalized difference vegetation index (NDVI) were computed based
on land-use types. The results indicated that the change in LST was associated with changes in
construction materials and vegetation abundance, and that reforestation helped maintain the
karst ecosystem. Li et al. (2009) investigated rocky desertification in Guizhou Province in
relation to land-use and rock types. The results showed that land-use types strongly affect
desertification. Peng and Wang (2012) also analyze soil loss and surface runoff related to
land-use types and rainfall events in a karst hill of Guizhou Province. They demonstrated that
land-use and vegetation coverage affected the runoff and soil loss. Particularly soil erosion risk
is high on over-grazing pastureland. Without vegetation, the soil loss of pastureland was five

times as large as the annual soil tolerance.
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Jiang et al. (2008) studied the impact of land-use change on the quality of groundwater in
a karst watershed in Yunan Province, China, during 1982-2004. After the enlargement of the
cultivated land, pH and the concentrations of NH,", SO,", NO5s, NO, and CI" ions in ground
water significantly increased, whereas Ca?* and HCO; decreased. Kelly et al. (2009) discussed
the impacts of agricultural land-use on bacterial water quality in a karst ground water aquifer in
the Appalachian Region, USA. They concluded that agriculture significantly affected the
bacterial densities in the aquifer, and suggested that new management practices for protecting

the karst groundwater resources were needed.

1.4. Objectives of this thesis

Based on the literature review above, this thesis aims to solve two major problems with
geomorphological and geoenvironmental research in karst areas: 1) establish a method to better
classify and understand karst landforms and its morphometric characteristics; and 2) connect
geomorphological research with major environmental issues related to soil erosion and
land-use. For these purposes, two areas in Guizhou Province, China, were selected as study
areas. Guizhou Province consists of the catchments of the Yangtze River and the Pearl River,
which are the longest river in Asia and the second largest river in China in terms of volume,
respectively. The province is located in the center of the Southeast Asian Karst Area with
diverse types of karst landforms. It is one of two representatives of cockpit karst landscape in
the world, along with Jamaica (Lyew-Ayee et al., 2007). In addition, Guizhou Province has
other types of karst landforms (Zhang, 1980), much more than in Jamaica. At the same time,
the karst areas in Guizhou Province have been suffering from severe soil erosion and rocky
desertification associated with inappropriate land-use. These problems are due to a high
population pressure (219 people/km? in 2003), rainy subtropical monsoon climate with a
mean annual precipitation of over 1,000 mm (Xu et al., 2008b), and mountainous topography
with over-logging and steep-slope farming. According to Wan (2003), the area of land subject
to soil erosion in Guizhou Province expanded from 2.5x10* km® in the 1950s to nearly
8.8x10* km? in the 2000s; the latter is about the half of the province area. The loss of soil
directly leads to exposure of bedrock called rocky desertification, which covered an area of
3.5x10* km?, over 20% of Guizhou Province (Wang et al., 2004). Therefore, the province is
suitable for analyzing various karst landforms and their relationships with soil erosion and
land-use problems. Indeed, as reviewed in the previous sections, a relatively large number of
studies on karst landforms and environmental problems have been conducted in Guizhou
Province.

This study employs a semi-automatic landform classification approach based on DEMs
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from multiple sources, which had rarely been conducted in the previous studies. The
morphometric characteristics of different landform types identified from the semi-automatic
approach were also analyzed quantitatively. The results of the landform classification and
morphometric analysis were verified in the field. Land-use maps for the study areas were
constructed using remote sensing data and GIS. The relationship of the land-use with the
landform types and characteristics were investigated. In addition, erosion rates for a selected
closed basin were evaluated using the RUSLE (Revised Universal Soil Loss Equation) model.
The results were discussed in relation to land-use and landform types.
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CHAPTER 2 STUDY AREAS

The two study areas with typical karst landscape were selected from Guizhou Province,
southwest China. The karst areas in Guizhou Province are located on the extensive Yunnan—
Guizhou Plateau. In the province carbonate rocks covers ca. 130,000 km?, which is 73.6 % of
the total area of Guizhou Province. The total thickness of the carbonate rocks in the province
reaches 1100 m. The ages of these carbonate rocks range from the Proterozoic to the
Cenozoic. The carbonate rocks were uplifted by neotectonics to be the basement of the karst
landforms. Because of differences in the intensity of tectonic uplift, the Guizhou Plateau has
three general surface levels with different altitudinal ranges. The surfaces of the highest level
are located between 2200-2900 m in elevation, forming high mountains. The middle level
surfaces are at 1000-1500 m in elevation with hilly landscape. The lowest level surfaces are
at 500-800 m with low-relief hilly landscape. In this work, Weining County and Zhijin
County were selected for detailed studies, which correspond to the highest and middle surface
levels of the Guizhou Plateau, respectively.
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Figure 2-1. Location of the study areas
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2.1.  Zhijing area

The Zhijin area (E106°-106°7', N26°32'-26°40") is located the middle part of the Guizhou
Plateau, southeast Zhijin County of Guizhou Province (Fig. 2-1). Zhijin County has humerous
karst caves some of which are known for tourist attraction. The study area covers an area of
171.47 km?, and the elevation ranges from 944 to 1715 m (Fig. 2-2). The climate is subtropical
humid monsoon, with a mean annul sunshine time of 1172 h, a mean annul temperature of

14.1°C and a mean annual precipitation of 1436 mm.
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Figure 2-2. Spatial distribution of elevation in the Zhijin area. The DEM used has a cell size of
3 m and was generated from topographic maps.

The karst landforms in the Zhijin area correspond well to the area of carbonate geology,
which covers 103.69 km? and 60.12% of the total area according to GIS analysis of the geology
data from the Guizhou Geological Survey (GGS). The dominant rock types among the
carbonate geology are limestones and dolostones of the Triassic, Permian, Carboniferous and
Cambrian. The geology in non-karst areas consists of Permian basalt, shale silicalite and

murdstone. Faults are well-developed with a dominant orientation of NE-SW (Fig. 2-3).
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Figure 2-3. Geology of the Zhijin area based on the 1:200,000 geological map (GGS, 1976).
The hillshades are from a 3-m DEM generated from topographic maps.

2.2. Weining area

The Weining area (E103°49'-103°56', N27°5-27°12") is located in the western part of the
Guizhou Plateau, northeast Weining County, Guizhou Province (Fig. 2-1). The area covers a
total surface area of 171.71 km? The elevation ranges from 1800 to 2835 m (Fig. 2-4). The
climate is subtropical humid monsoon, with a mean annul sunshine time of 1800 h, a mean

annul temperature of 17°C and a mean annual precipitation of 850 mm.
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Figure 2-4. Spatial distribution of elevation in the Weining area. The DEM used has a cell size
of 3 m and was generated from topographic maps.

Carbonate geology covers 154.12 km? of the Weining area, 89.75% of the total area (GGS,
1976). The dominant rocks are limestones and dolostones of the Permian, Carboniferous and
Devonian. The geology in non-karst areas consists of Carboniferous loose rock of basalt, shale
silicalite and mudstone. Faults are developed mainly along an NW-SE direction with a few of
them along NE-SW (Fig. 2-5).
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Figure 2-5. Geology of the Weining area based on the 1:200,000 geological map (GGS, 1976).
The hillshades are from a 3-m DEM generated from topographic maps.

A part of the Weining area, the Mawo basin was selected for conducting detailed research
on soil erosion and rocky desertification (Fig. 2-4). The basin suffers from erosion and
desertification under recent agricultural development, and the closed basin is suitable for

estimate soil erosion from deposited sediment.
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CHAPTER 3 DATA AND METHODS

3.1. Geographical dataincluding DEMs

Several geographical datasets were used to support landform classification, morphometric
analysis, soil erosion evaluation, and land-use analysis. The data for the Zhijin area include
aerial photos with 2.5 m resolution captured during the winter of 2005, 1:200,000
hydrogeological maps from the Guizhou Geological Survey, 1:10,000 topographic maps from
the Guizhou Geological Survey, the ASTER GDEM with a spatial resolution of 30 m (http:
http://gdem.ersdac.jspacesystems.or.jp/), SRTM-DEM (http://srtm.csi.cgiar.org) with spatial
resolutions of 30 and 90 m, and an inventory of ground control points based on field work. The
original 1 m DEM was obtained by the Guizhou Geological Survey.

To examine the effects of DEM cell size on the result of geomorphological analyses,
DEMs of 3, 5, 10, 25, 30, 50, 60, 75 and 90 m grid sizes were resampled from the original 1-m
DEM by reading elevation values with a certain interval, and were used in the ArcGIS
environment. For the same reason, the 30-m ASTER GDEM was resampled to 3, 60 and 90 m,
and the 30-m SRTM were resampled to 3 and 60 m. For producing the 60 and 90 m DEMs,
simple contraction was performed by reading data with a certain interval. For producing the 3m
DEM, bilinear interpolation was applied using ArcGIS. Analyses using DEMs with different
resolutions were performed only in the Zhijin area, not in the Weining area, because the former
has more karst landforms with various types; for example, the number of sinkholes in the
Zehijin area is much larger than that in the Weining area (see a later section for concrete
numbers).

The data obtained during the extensive field work in July 2010 by the author and Professor
Pan Wu, College of Resources and Environmental Engineering, Guizhou University, China,
were also utilized mainly for verification of results obtained from the DEMs and remote
sensing images. All data were projected to the UTM coordinate system.

The data for the Weining area include aerial photos with 2.5 m resolution captured during
the winter of 2005, 1:200,000 hydrogeological maps from the Guizhou Geological Survey, and
1:10,000 topographic maps from the Guizhou Geological Survey. The aerial photos were used
to produce a land-use map. A DEM with 1-m resolution is also generated from the topographic
maps and then were resampled to 3-m cell size. The data obtained during the extensive field
work in July 2010 by the author and Professor Pan Wu were also utilized mainly for verification
of results from the DEMs and remote sensing data.

Four other datasets were used for the estimation of soil erosion rate and evaluation of

rocky desertification in the Mawo basin within the Weining area: 1) meteorological data from
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the Weining weather station (E104°17', N26°52") (Table 3-1), 2) land-use map of 2009 at a

1:10,000 scale, based on satellite imagery from the AVNIR-2 sensor of ALOS, 3) a soil map of
1:650,000 scale (GGS), and 4) Landsat TM images obtained during the summer from 1988 to
2010 (Path 129 and Row 41; Table 3-2). All the images were rectified and georeferenced into
the UTM coordinate system using ground control points obtained from the topographic maps,

and resampled into raster at 30 m resolution. The Landsat images were used for computing

NDVI. Field data were also collected in February and May 2009, including 14 topsoil samples

to measure soil properties, particle size and organic matter content. The DEM was also used to

compute slope and slope length.

Table 3-1 Annual precipitation data at the Weining weather station

Record no. Year Annual precipitation (mm)
1 1989 850.0

2 2009 645.5

3 2010 801.5

4 2011 695.0

5 2012 1000.1

Table 3-2 Remote sensing images (Landsat) used for detailed analyses in the Mawo basin

within the Weining area

Image no.

Acquisition date

0 N o o B~ W DN B

1 May. 1988
24 Aug. 1992
10 Jul. 1996
23 May. 2004
4 Aug. 2005
19 May. 2006
31 Aug. 2009
13 May. 2010

3.2. Landform types at macro-scale

This study classified karst landforms into four major types as macro-scale features. Each

type is explained below.
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3.2.1. Karst sinkholes

Sinkholes are closed depressions common in karst terrain. These depressions are also
termed as dolines by European geomorphologists (Sauro, 2003), but are generally labelled as
sinkholes by engineers (Waltham and Fookes, 2003). Sinkholes in karst areas are formed when
underground drainage systems develop within carbonate bedrock and reach the ground surface.
Therefore, sinkholes are identified as direct conduits to underground aquifers, and are regarded
as the diagnostic surface feature of karst terrains (Ford and Williams, 2013).

Sinkholes are extensively distributed in karst areas worldwide and affect engineering
structures, agriculture, natural resources and environment, and human sustainability (Gutiérrez
et al., 2014; Witze, 2014). As noted in Section 1.1, sinkhole collapsing is one of the most
serious geological hazards in the karst environment. The sinkholes in this study are defined as
the closed depressions < 350,000 m?.

In order to analyze the land-use class in sinkhole area, the sinkhole area were classified
into two groups. The first group is the shallow and flat sinkhole. The land-use class of this
group was identified within the sinkhole area. The second group is the deep sinkhole. It is
difficult to identify the land-use type for these deep sinkholes. This group was excluded in the
analysis related to the land-use (Chapters 6 and 7).

Figure 3-1. Sinkhole at the central part of the Zhijin study area, Guizhou Province

3.2.2. Large karst depression

Depressions larger than sinkholes with relatively flat floors are also found in the study area.
Large karst depressions are associated with water input and output (Ford and Williams, 2007).
A large Kkarst depression is also called polje. According to Gams (1978), a polje is: 1) a plain or
terraced floor in bedrock or unconsolidated sediments, 2) a closed depression with a steeply
rising marginal slope, and 3) associated with karstic surface drainage.
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The size difference between a sinkhole and a polje was defined differently among
previous studies. Gams (1978) suggested that the plain in a polje should be wider than 400 m.
However, Cvijic (1893) took 1 km as the width limit. Indeed, the area of the flat floor in a polje
ranges widely up to > 470 km? with a majority of < 10 km? (Ford and Williams, 2007).
Therefore, it is difficult to separate sinkholes from large depressions based on their dimensions.

Considering the above limitation, this paper first identify apparent sinkholes using the
DEMs, and then two distinct positive (protruded) landforms, tower Kkarst hills and cockpit karst
hills, were identified. The rest of the area, which can be regarded as negative landforms other
than sinkholes, was referred to as depressions, although it includes landforms other than typical
depressions.

Figure 3-2. Depression in the Weining study area, Guizhou Province

3.2.3. Tower karst

Tower Karst refers to isolated carbonate hills rising from alluvial plains (Zeng, 1982; Day
and Tang, 2004). It is also known as “fenglin” or “peak-forest” topography. These hills display
variety of shapes, such as tall sheer-sided towers, cones and hemispheres. It can be symmetrical
or asymmetric in form, influenced by the dip of bedrock and erosional processes. Slope angles
and individual profiles of the tower karst are usually irrelevant. The best-known tower karst is
that with vertical flanks rising from the alluvial plains, but many tower hills are more truly
conical in profile. Especially in China, the tower karst extends to terrains with isolated hills that
have very low conical profiles (Waltham, 2008).

Normally, the tower karst is considered as an extreme karst type and restricted to wet
tropical regions with significant tectonic uplift histories which have allowed long,
uninterrupted development (Waltham and Fookes, 2003). A very famous region for tower karst

landforms is the Yangshuo area in Guilin Province, China.
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Figure 3-3. Sharply pointed conical tower karst hills at the eastern part of the Zhijin study area,
Guizhou Province.

3.2.4. Cockpit karst

In contrast to tower karst, cockpit karst consists of hills in groups rising from a common
base (Waltham and Fookes, 2003). It is also called as “fengcong”, “cone karst” and “peak
cluster”. The cockpit karst can be defined as conical hills separated by deep closed depression.
The depressions between the cockpit Karst hills can be stellate dolines and poljes.

In contrast to tower karst, cockpit karst forms a continuous terrain of steep slopes and
significant relief. The cockpit karst is considered as a very mature landscape which is restricted
to inter-tropical regions, such as Cockpit Country in Jamaica and some areas in Guizhou
Province (Waltham, 2008).

Figure 3-4. Cockpit karst hills in the Weining study area, Guizhou Province.
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3.3.  Semi-automatic method of karst landform classification

As a basic procedure of DEM processing for geomorphological and hydrological analysis,
algorithms have been tested for reconditioning raw elevation data to obtain a sink-free
(Anderson, 1988; Jenson and Domingue, 1988; Grimaldi et al., 2007). A typical method
provides a DEM with closed depressions being filled up to the elevation of a surrounding
lowest pixel. It raises a challenge of preserving true natural sinkholes while removing artificial
depressions due to intermittent elevation sampling. This study used the most widely used
algorithm proposed by Jenson and Domingue (1988), implemented in the ArcHydro Tools 2.0
(Maidment, 2002) as a part of a semi-automatic approach for macro-scale classification of karst
landforms. Fig. 3-5 is the flow chart of the proposed semi-automatic approach. It is divided into
two major parts. One describes the approach for identifying true sinkholes while excluding
artificial sinkholes, by combining field work, visual interpretation of aerial imagery, and basic
morphometric analysis (area and ellipticity) using GIS. The other illustrates the approach for

discrimination of tower karst and cockpit karst hills.
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Figure 3-5. Flow chart of the semi-automatic approach for karst landform classification
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3.3.1. Sinkhole delineation

As shown in the upper part of Fig. 3-5, the methodology for semi-automatic sinkhole
delineation has five steps: 1) identification and digitization of true sinkholes using aerial
imagery, integrated with field validation; 2) sinkhole delineation from the DEMs; 3) exclusion
of water area and distinct sinkhole artifacts; 4) allocation of general threshold values of
sinkhole area, ellipticity (E) and the topographic position index (TPI) for further removing
artificial sinkholes; and 5) adaptation of the best DEM with the highest accuracy.

The step 4 of the above procedure is explained below. Manual inspection (step 1)
indicated that the sinkholes in the study area have areas from 0.1 to 60 m?. Therefore, the value
of 60 m? was conservatively set as the area cutoff for true sinkholes. E is the index to evaluate

the shape eccentricity of a sinkhole, calculated as:

E=[1-= (3-2)

where a and b are the one-half of the major and minor axis lengths of a sinkhole, respectively.
The E value ranges from 0 (perfect circle) to 1. Field observation in the Zhijin karst area
indicates that the sinkholes there tend to be elliptical and elongated, and that an E value of 0.2
worked as a good threshold for determining true sinkholes.

TPI introduced by Weiss (2001) depicts the difference between elevation at the central

point (Z¢) and the average elevation at the surrounding points within a certain radius (r).

1
TPl =z.— n_TZier Z (3-2)

where n,. is the number of the raster cells of the predetermined area, and i stands for the i-th
cell. As its ability of dividing morphological classes, TPI < 0 representing negative topographic
position was chosen to identify true sinkholes.

Furthermore, sinkholes detected within 90 m from a major river centerline are classified as
artificial sinkholes. Sinkholes in karst landscape were also identified based on their underlying
geology. The sinkholes recognized outside the areas of carbonate rocks were assigned as
artificial and removed from the dataset.

Based on the result of the manual and automatic approaches, a large number of sinkholes
were found in the study area. The accuracy of the approach was assessed by comparing the
sinkholes extracted from the remote sensing images and field work with those automatically
identified from the DEMSs, using the spatial join function of ArcMap. For a quantitative
comparison, the numbers of three classes of sinkholes were counted: 1) the number of linked
records of the reference map (identified true sinkholes, true positive; T); 2) the number of
non-linked records of the reference map (non-identified true sinkholes, false negative; NT);
and 3) the number of non-linked records of auto-classified map (artificial sinkholes, false
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positive; AS). Note that another commonly used class, true negative, was found to be almost

null in this case. Accordingly, the accuracy statistic was calculated as:

«100% (3-3)

T
Accuracy = T+NT+AS

3.3.2. Discrimination of tower and cockpit karst hills

For identifying karst hills, the 3-m DEM was adopted for the discrimination of cockpit and
tower Karst hills, after sinkholes were identified. The methodology for this discrimination is
summarized as: 1) identification of typical cockpit and tower karst hills using aerial imagery
integrated with field validation; 2) extraction of contour lines from the DEM at 5 m intervals; 3)
slope computation using the DEM; 4) contour line selection for delineating the base of a hill
area; 5) generation of a hill area polygon using the selected basal contour lines; 6) calculation of
the number closed contours lines at a certain elevation above the base of each hill; 7)
classification of the cockpit karst (average contour number > 1) and tower karst (number = 1);
and 8) accuracy calculation by comparing the maps obtained from steps 1 and 7 (Fig. 3-5).

Step 4 is to find the best contour line which depicts the base of a cockpit or tower karst hill.
For this purpose, the slope map was overlaid on the manually produced landform classification
map based on aerial photos and field work (step 1). It was found that slope > 5°is a proper
threshold for separate hill areas from other gentler areas. Therefore, we extracted the contour
lines with the smallest distance to the area with slope around 5°.

The objective of step 7 is to calculate the number of the summits per a hill to measure
complexity of hill topography. According to the definition differences, a tower karst hill has
only one summit, but a cockpit karst has several summits. More complex cockpit karst hill has
more summits.

Comparing the manually produced reference landform map and the results of the
DEM-based automatic approach yields nine classes that can be used for accuracy calculation:
1) identified true tower Kkarst hills (tower true positive, TPt); 2) identified true cockpit karst
hills (cockpit true positive, TPc); 3) identified true depressions (depression true positive,
TPd); 4) tower Karst hills classified as depressions (non-identified tower karst hill, false
negative, FNt); 5) cockpit karst hills classified as depressions (non-identified cockpit karst hill,
false negative, FNc); 6) tower karst hills classified as cockpit karst hills (false positive, FPtc);
7) cockpit Kkarst hills classified as tower Kkarst hills (false positive, FPct); 8) depressions
classified as tower karst hills (false positive, FPdt); and 9) depressions classified as cockpit
karst hills (false positive, FPdc). Note that another commonly used class, true negative, was

found to be null in this case. Accordingly, the accuracy statistic was calculated as:
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TPt+TPc+TPd
Accuracy = *100% (3-4)
TPt+TPc+TPd+FNt+FNc+FPtc+FPct+FPdt+FPdc

3.4. Morphometric properties of sinkholes, cockpit karst

hills and tower karst hills

In order to understand the geomorphological characteristics of the landform types, various
morphometric parameters were measured. The target landforms are sinkholes, tower karst hills
and cockpit karst hills. The rest of the study area (= depression) was not considered because it
includes various terrain features not clearly defined, and they cannot be delineated as a single
closed unit like a sinkhole or a hill. The morphometric parameters can be grouped into three
types based on the spatial direction of measurement: 1) horizontal measures (plan or horizontal
direction), 2) vertical measures (vertical direction), and 3) shape measures (both horizontal and

vertical directions or 3D shape).

3.4.1. Horizontal measures

1) Area

The area (A) of a sinkhole is defined as the plan area of the exposed sinkhole outline. A of
a hill is defined as the area of a hill base polygon, almost corresponding to the area steeper than
5°.

2) Perimeter

The Perimeter (Pe) of a sinkhole is defined as the length of the outline of a sinkhole
(Brinkmann et al., 2008). It is generally positively correlated to A, except for crenulated
sinkholes, which have a long perimeter even if A is small. P of a hill is defined as the length of
the outline of the hill area, i.e., the perimeter length of a hill base polygon.

3) Long-axis length

The long-axis length of a sinkhole (La) is defined as the length of the line drawn between
the two most distant points along the perimeter. Like Pe, it depends upon A and plan shape.
Elliptical, elongated, or composite sinkholes can have relatively long La. La of a hill is defined
as the length of the line drawn between the most two most distant points along the hill base
perimeter.

4) Orientation

The orientation (Or), or azimuth, is the direction of the long-axis of a sinkhole or a hill

base polygon. Or in this study is record as counterclockwise from due east. Or of a sinkhole
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may be correlated with geological structure especially lineaments (Upchurch and Littlefield Jr,
1988). Tibaldi et al. (1995) found that Or of a hill may be correlated with slope direction and
the dip-direction of faults, and therefore affects landslide distribution.

5) Circularity ratio

The circularity ratio (ClI) is define as the ratio of the plot area to the area of a perfect circle

with the same perimeter (Miller, 1953):

4TA
Cl =—
Pe?

(3-5)

The value of Cl ranges from 0 to 1. A perfect circle is represented by ClI = 1. In contrast, an
elongated form is represented by lower Cl values. Cl has often been applied in
geomorphometric analysis not only for drainage basins (Miller, 1953) but also karst sinkholes
(Carvalho Janior et al., 2014). ClI was computed for each sinkhole and each hill base polygon.

6) Sinkhole density

Sinkhole density (Sd) is defined as the number of sinkholes in a certain area. Normally its

unit is numbers per km*:

Sd = Nd

Area

(3-6)

where Nd is the number of sinkholes, and Area is the area of the region considered. Sd is related

to the distribution of the entry points of subsurface flow (Bauer, 2015).

3.4.2. Vertical measures

1) Depth

A sinkhole depth (De) is the difference between the highest and lowest elevation points
within a sinkhole. De was calculated as the maximum elevation difference between the filled
DEM and the original DEM.

2) Relief

The relief (Re) is defined for a tower or cockpit karst hill as the difference in elevation
between the highest point and the hill base.

3) Relative relief

The relative relief (rRe) is a general parameter of a land unit such as a drainage basin, and
was found to be related to drainage density (Yatsu, 1950; Schumm, 1956; Oguchi, 1997). In

this study, it was computed as the ratio of relief to the hill base area for each karst hill:

rRe = =2+ 100 (3-7)

The unit of rRe is m/m?.
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3.4.3. Shape measures

1) Slope

Slope (Slo) or gradient is the ratio of maximum height change to distance. It is calculated
using the elevation difference and the horizontal linear distance between two points, and
converted into degrees using the arctangent function. The value of S ranges from 0° to 90°.

2) Volume

Volume (V) of a sinkhole can be calculated by assuming a cone shape depth (Plan and
Decker, 2006):

V=§*De*A (3-8)

This equation was used to calculate the volume of sinkholes identified from the field-based
approach. The sinkhole volume for the semi-automatic approach was obtained by calculating
the volumetric difference between the filled-DEM and the original DEM.

3) Aspect

Aspect (As) is the maximum direction of slope. In a raster surface, it can be calculated as
the compass direction of the maximum slope change using a 3x3 moving window (Jenson and
Domingue, 1988). The range of As is 0° to 360°, measured clockwise from north. It can be
generally divide into ten classes: flat, North (0°-22.5°), Northeast (22.5°-67.5°), East (67.5°—
112.5°), Southeast (112.5°-157.5°), South (157.5°-202.5°), Southwest (202.5°-247.5°), West
(247.5°-292.5°), Northwest (292.5°-337.5°) and North (337.5°-360°). The aspect can
significantly influence a microclimate and therefore is related to vegetation, agriculture and
living comfort (Ali-Toudert and Mayer, 2006).

4) Curvature

Curvature (Cu) is the second derivative of the surface elevation. It is composed of profile
(Cpr), plan (Cpl) and tangential curvature (Ct). It has long been used in geomorphology and
hydrology (Schmidt et al., 2003).

5) Area ratio

The area ratio (Ar) is the ratio of the three dimensional surface area to the planimetric area
and gives a more realistic estimate of land area than the commonly used plan area. It also
represents topographic roughness and convolutedness (Grohmann et al., 2011). In this research,

the method of Berry (2002) was used to calculate the surface area of each DEM cell:

Cell size?

Surface Area = W(l%o))

(3-9)

where Cell size is the cell size. Then Ar is computed as
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surface area
Ar =

= planimeric aras (3-10)
Ar is close to one in a flat area. It becomes bigger for irregular surfaces and shows a
curvilinear relationship (Grohmann et al., 2011). We calculate Ar for the tower and cockpit
karst hills.
6) Terrain ruggedness index
Terrain ruggedness index (TRI) is development by Sappington et al. (1999) to measure the
elevation difference between adjacent cells in a DEM. The process essentially calculates the

average change between the center cell and the eight surrounding cells in elevation:

8 7.
TR = Zi=1(+021)2 (3-11)

where Z, is the elevation of the central cell, and Z; is the elevation of surrounding eight cells. .
7) Terrain shape index
The terrain shape index (TSI) developed by McNab (1989) is defined as the mean relative

difference in elevation between the center point and the landform boundary:

N .
TSI = L=, (Hi—Ho) (3-12)
N=*Rad

where Hj is the elevation of the landform central point; H; is the elevation of the landform
boundary point; N is the number of the landform boundary point; Rad is the measured plot
radius. The unit of TSI is in m/m. The value range of the TSI can be wide from negative to
positive infinity; however, for mountainous landforms, TSI is usually negative. Lyew-Ayee et
al. (2007) used TSI to represent the difference between cockpit and non-cockpit hills. Therefore
it was used to depict differences in terrain shape between tower and cockpit karst hills.

8) Hypsometric integral

The hypsometric integral (HI) has been used to quantitatively describe morphological
characteristics of a region (Strahler, 1952). It represents the distribution of horizontal
cross-sectional area with respect to elevation in a region. HI is generally applied in a drainage

basin and calculated as:

HI= [ 2 5 AR (3-13)

Hmin At
where Hmax is the maximum elevation of a basin, Hmin is the minimum elevation; At is the
total area of the basin, and a is the area of the basin above a given elevation h.
HI was used to describe the differences and similarities of the cockpit and tower karst hills.

The equation of the approximate HI values was adopted (Wilson, 1971):

HI =Hmean—Hmin (3_14)

Hmax—Hmin

where Hmean is the mean elevation of a cockpit or tower karst hills. HI was calculated for each
karst hill.
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3.5. Land-use classification

Using aerial photos and satellite images as well as a supervised classification algorithm,
land-use characteristics in the two study areas were analyzed. It was also accomplished by
visual interpretation of images and field work.

The land-use classification was conducted as follows: 1) Field work was carried out in
March, June and July 2011, and Land-use of randomly selected 147 locations were recorded as
reference data at ground control points; 2) ENVI 4.8 remote sensing software was employed to
process aerial photos, and 70% of the field samples were applied for training the maximum
likelihood algorithm to conduct supervised classification; 3) land-use in the two study areas
was classified into five basic classes and 11 sub-classes (Table 3-3); and 4) the overall accuracy
of the resulted land-use map was assessed using the rest 30% of field samples.

Table 3-3. Land-use classification scheme

Land-use class  Land-use sub-class Description

Arable land Paddy land (PL) Mainly used for growing rice. Homogeneous
patches with clear boundary.
Arable land (AL) Mainly used for growing corn and wheat with
irrigation facility.
Wood land Forest land (FL) Patches of secondary coniferous forest.
Shrub land (SL) Mainly growing dense broad-leaf shrub, usually
less than 3 m tall.
Orchard and Mainly orchard and tea garden.
perennial plantation
(OP)
Grass land Grass land (GL) Covered by grasses, usually containing lots of
thorns and scattered shrubbery with crown
density < 10%.
Water area Water area (WA) Lakes, reservoirs, and rivers.

Construction

area

Tidal flat (TF)
Construction land
(CL)

Mining land (ML)
Bare land (BL)

Sand or mud areas in estuarine areas.

Land covered by buildings and other man-made
structures.

Land used for mining sites and activities.

Land of exposed soil, sediment and rock.
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For the Mawo basin of the Weining area where soil erosion research was made, a more
detailed land-use map was constructed, using an image from the ALOS multi-spectral
AVNIR-2 sensor acquired on the 19" March, 2009. The spatial resolution of the image is 10 m.
ENVI 4.8 was used for data processing and image analysis. Geometric rectification was
performed based on the 1:10,000 topographic maps to fit the image to the UTM coordinate
projection system. Then supervised classification was conducted using the maximum
likelihood classifier and the scheme of Table 3-3. For each land-use type, five to eight points
were selected as training samples and their land-use was surveyed in the field.

3.6. Evaluation of soil erosion rate

Soil erosion characteristics in the un-gauged Mawo basin, a typical karst area of the
Weining area, was analyzed with the help of the RUSLE, GIS and RS.

The RUSLE model is a modification of the original USLE model (Wischmeier and
Smith, 1978) with six factors associated with climate, soil, topography, vegetation and
management (Renard et al., 1997):

Er=R+«K*L*S*Cx*P (3-15)
where Er is the estimation rate of soil loss over the long term (Mg ha® y™); R is the
rainfall-runoff erosivity factor (MJ mm ha*h™y™); K is the soil erodibility factor (Mg h MJ*
mm™); L and S are the topographic factors that account for slope length and steepness,
respectively; C is the cover-management factor; and P is the support practice factor. L, S, C
and P is dimensionless.

R is computed using an equation related to the total storm Kinetic energy and the
maximum 30 minutes rainfall intensity (Renard et al., 1997). However, not only continuous
rainfall intensity data at time intervals less than 30 minutes but also daily and even monthly
rain fall records are limited in many parts of the world, especially in developing countries (Yu,
1998; Yu et al., 2001). The Mawo basin is located in such an area without historical
precipitation data. Alternatively, in this study, R values were derived from the approach
suggested by Mikhailova et al. (1997).

R =7.562 Pr — 3172 (3-16)
where Pr is the annual precipitation (mm). The resulted mean R value equals to 2865.5 MJ
mm ha*h™y™.

The soil types in the study area are categorized into four classes: yellow brown soil,
calcaric cambisols, brown calcareous soil and brown soil. For yellow brown soil and calcaric
cambisols, a simple technique of the erosion-productivity impact calculator (Williams et al.,

1983) was used with the analysis of the topsoil samples. Their K-values were obtained with
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the following equation:

S1

= {0.2 + 0.3 exp[- 0.025654(1 — S7 /100)]} * ( 0. 25C0 }

0.3
K *11.0 - *
cl + 51') { Co + exp(3.72 — 2.95¢0)
0.7(1 — Sa / 100)
1.0 -
1 — Sa /100 + exp|- 5.51 + 22.9(1 — Sa /100)|

(3-17)

where K is the soil erodibility factor in Mg acre (100 acre)™ ft* Mg™ in™, which can be
converted to Mg h MJ™ mm™ if multiplied by a constant of 0.1317; Sa, Si, Cl, and Co are the
percentage of sand, silt, clay and organic carbon, respectively. The K values of brown
calcareous soil were obtained from Yang et al. (2006). The K value of brown soil was
acquired from the study conducted in the area adjacent to the Mawo basin (Yang, 2002). The
determined K values for yellow brown soil, calcaric cambisols, brown calcareous soil and
brown soil are 0.041, 0.036, 0.025 and 0.038 Mg h MJ™ mm™.

The LS-factor was calculated using the DEM and the ArcGIS Spatial Analysis and
Hydro extensions. The L-factor was generated by the formulation proposed by Wischmeier
and Smith (1978):

ﬂ/ m
L (ﬁj (3-18)

where A is the slope length (m); and m is an exponent dependent on the value of the slope
angle: 0.5 for slope > 2.86°, 0.4 for slopes of 1.72°-2.85°, 0.3 for slopes of 0.57°-1.72°, and
0.2 for slopes < 0.57°.

Slope length (1) described as the ratio of horizontal slope length to a unit-plot slope
length, in equation as follows (Moore and Burch, 1986):

A = Flow accumulation * Cellsize (3-19)
where Flow accumulation is the accumulative upslope area that drain into a given cell; and
Cellsize is the grid size of DEM.

S was evaluated using two approaches, on slope angle less than 10° (McCool et al.,
1989) and slope angle greater than 10° (Liu et al., 1994). The constituent was calculated in

different scenarios:

S =10.8sin0+0.03, O<5° (3-20)
S =16.8sin6-0.50, 5°< @ <10° (3-21)
S =21.91sin9-0.96, 6>10° (3-22)

where 6 is the angle of slope (degs.)
Concerning the C-factor, vegetation in the Mawo basin underwent temporal changes.
Therefore, the Landsat TM images for 1988-2009 were used to compute change in NDVI and

obtan C values for different years. The C values were calculated from the mean NDVI using
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the exponential scaling formula by Van der Knijff et al. (2000):

NDVI )
C= exp{— a(ﬂ—NDVIJ (3-23)

where @ and g are unitless parameters and a = 2 and f = 1 give reasonable results.
Small-scale terracing, stone-framed terracing and contour tillage were carried out in the
farm land of the study area, and rocky desertification has occurred in the Mawo basin (Chen
et al., 2012). These rocky desertification areas are marked as extensive exposure of basement
rocks without vegetation and soil coverage. In relation to this the P value was assumed to be 0
for rocky area, building area and mining area; 1 for forest land, shrub land and grassland
because of the absence of support practice; and 0.4 for non-irrigated arable land based on the

field experiments and studies in southwestern China (Yang, 2002; Xu et al., 2008).
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CHAPTER 4 KARST LANDFORM CLASSIFICATION

4.1. Sinkhole identification

In the Zhijin area, 531 sinkholes were identified in the field-based reference map (Fig.

4-1).
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Figure 4-1. Map of sinkholes in the Zhijin area, identified from the aerial photos and field
surveys. The area within a white box is shown in Fig. 4-6.

Then the results of the semi-automatic sinkhole identification were evaluated. Fig. 4-2
shows the evaluated accuracy of the semi-automatic identification model using the 3, 30, 60,
90-m DEMs from the different data sources, and Table 4-1 gives more detailed data related to
the accuracy. The model accuracy with the SRTM-DEM and GDEM ranges from 7% to 55%
and from 4% to 30%, respectively, and increases with the grid size. The model performance
with the SRTM-DEM is better than that of the GDEM. Also for each DEM, accuracy of the
model with thresholds (area = 60 m? E = 0.2 and TPI = 0) is always better than that without
the thresholds, showing that the thresholds should be used. The change in the model
performance with the DEMs from topographic maps (hereafter referred to as “M-DEMS”)
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according to DEM resolution can be divided to two sections: grid sizes of 3-10 m and 10-90
m (Fig. 4-2). At the first section, the accuracy of the model with the thresholds decreases from
95% to 80% with increasing grid size. At the second section, the model accuracy stays in at
the range of 75-80% for grid size of 10-75 m, but significantly increased to 99% at the 90-m
grid size. However, since the true positive value is low for the 90-m grid size (Table 4-1), the
size was not considered as a proper one for further morphometric analysis.

In general, if more sinkholes are delineated by the semi-automatic approach, the chance
of identifying true sinkholes becomes higher (high TP value). However, the chance of
detecting artificial sinkholes also increases (high FN value). In other words, there is a positive
correlation between TP and FP (Table 4-1). For example, for the SRTM-DEM and GDEM,
TP decreases with decrease in FP and with the coarsening of the grid size. Especially for the
GDEM, the number of artificial sinkholes (FN) remains large. At the grid size of 3 m, the
number of identified true sinkholes is smaller than that for any other resolutions. In this paper,
the 90-m SRTM data was considered as suitable for large sinkhole identification with the
proposed thresholds because of less artifacts and the acceptable amount of identified true
sinkholes. In contrast, the ASTER GDEM contains abundant noise, leading to a significant
number of visual artifacts with small areas that do not correspond to the field inventory. This
anomaly of the ASTER GDEM makes it unsuitable for the detection of sinkholes in the Zhijin

area.

Table 4-1. Numbers of 1) true positive (TP); 2) false positive (FP) and 3) false negative (FN)
identifications in the Zhijin area for DEMs generated from different resources and the
semi-automatic model with or without the thresholds.

DEM sources Spatial Thresh- No. No. No.
resolution (m) olds of TP of FP of FN
M-DEMs 3 N 423 108 216
Y 415 0 27
30 N 391 140 93
Y 379 80 78
60 N 262 269 68
Y 262 0 68
90 N 187 344 51
Y 172 0 0
SRTM 3 N 92 439 996
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Figure 4-2. Accuracy of sinkhole identification in the Zhijin area for the semi-automatic
approach with or without the thresholds (area = 60 m?, E = 0.2 and TPI = 0).

According to the performance of difference data sources in the Zhijin area, the DEM
generated from the topographic maps with 3-m resolution was applied in the Weining area. 57
sinkholes were identified in the reference map.

The thresholds for the semi-automatic model in the Weining area are area = 150 m? E =
0.2 and TPI = 0. The automatically delineated sinkholes were compared with those identified
by the field-based approach. Table 4-2 shows the performance of the model with thresholds in
the Weining area. The accuracy of the model without thresholds and with thresholds are
21.47% and 49.35%, respectively. The reason for the improvement due to the thresholds is

that the thresholds filtered out a large amount of false negatives (Table 4-2).
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Figure 4-3. Map of sinkholes in the Weining area, identified from the aerial photos and field
surveys. The area within a white box is shown in Fig. 4-7.

Table 4-2. Numbers of the 1) true positive (TP); 2) false positive (FP) and 3) false negative
(FN) identification of M-DEM of the Weining area by the running of semi-automatic model
with/without the thresholds

DEM sources Spatial Thresh- No. No. No.
resolution (m) olds of TP of FP of FN
M-DEM 3 N 38 120 19
Y 38 20 19
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Table 4-3. Summary statistics of sinkholes in the Zhijin area delineated using the two approaches

Field-based approach (n = 531) Semi-automatic approach (n = 423)

Min Max Mean SD Min Max Mean SD
A (m?) 60 147,985 5,423 11,761 6.25 52,100 3,342.10 4,562.25
Pe (m) 31.64 2,329.89 283.58 295.99 10 3,200 278.88 241.76
La (m) 6.15 283.60 46.68 41.69 1.61 199.72 32.51 30.65
E 0 0.99 0.78 0.15 0 0.99 0.78 0.15
Or (°) 0 179.89 82.67 48.97 1.84 178.86 17.59 50.13
De (m) 1 110 15.70 16.41 1 110 17.59 17.41
vV (md) 125 2,663,730 60,367.96 223,139.80 2.08 303,555 20,543.83 35,901.49
Sd (km?) — — 5.06 — — — 4.03 —
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Table 4-4. Summary statistics of sinkholes in the Weining area delineated using the two approaches

Field-based approach (n = 57) Semi-automatic approach (n = 38)

Min Max Mean SD Min Max Mean SD
A (m?) 148 336,143 16317.02 50801.07 192.13 10167.03 1762.95 1820.61
Pe (m) 54 3,012 440.21 609.37 66 480 190.74 98.91
La (m) 7.57 372.35 61.02 82.23 10.52 70.33 27.35 14.63
E 0.23 0.97 0.73 0.16 0.31 0.92 0.71 0.16
Or (°) 0.54 179.56 103.01 48.45 4.53 172.95 99.89 43.45
De (m) 0 11 1.27 2.06 0 3 0.33 1.04
vV (md) 0 441,664 47,140.336 176010.34 0 6114.65 573.9 1413.31
Sd (km?) — — 0.37 — — — 0.25 —
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4.2. Discrimination of tower and cockpit karst hills

Fig. 4-4 compares the discrimination result of tower and cockpit karst hills in the Zhijin
area using the automatic approach and the reference map based on aerial photos and field
surveys. The cockpit karst hills cover a large area, especially in the central part of the area. The
tower karst hills are more scattered over the area.

106°0'0"E 106°3'0"E 106°6'0"E

s 1}"7"‘- o -.J, J
s et e LPs [
-

AT

R,

26°39'0"N
T
26°39'0"N

Legend

=== Carbonate geology

- Tower hills correctly classified

[__] Depression correctly classified
Cockpit hills correctly classified

26°36'0"N
T
26°36'0"N

Il Depression classified as tower hills
Depression classified as cockpit hills

:’ Tower hills classified as depression

- Cockpit hills classified as depression

z s . .
5 : [:] Cockpit hills classified as tower hills
37 1Mo . - -
% = M Tower hills classified as cockpit hills
106°00"E 106°3'0"E 106°6'0"E R

Figure 4-4. Comparison between landform classification results and the reference map in the
Zhijin area.

Table 4-5 shows the confusion matrix of the classification results. According to the table,
90.19% out of 106.9 km” were correctly classified, and the overall accuracy is 85.02%. It shows
that the approach successfully separated the tower and cockpit karst hills in the Zhijin area. The
numbers of identified tower and cockpit karst hills are 439 and 403, respectively.

The cockpit karst hills were separated into several ranks according to the number of peaks.
Table 4-6 shows the numbers of cockpit hills belonging to the different ranks. Ranks 2 and 3 are
dominated amount in the Zhijin area. The summary of morphometric statistics of tower and

cockpit karst hills in the Zhijin area are shown in Table 4-7.
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Table 4-5. Confusion matrix of the classification results for the Zhijin area

Types of landform Reference (km?)

Tower karst hill ~ Cockpit karst hill Depression sum
Tower Karst hill 0.64 1.34 0.38 2.36
Cockpit karst hill 0.18 27.94 7.27 35.39
Depression 0.29 6.44 61.61 68.34
sum 1.11 35.72 69.26 106.09

Table 4-6. Classification of cockpit karst hills in the Zhijin area

Number of cockpit karst hills according to the number of peaks in a hill (=
Rank)(n = 403)

Rank 2 Rank 3 Rank 4 Rank 5 Rank 6 Rank 7 Rank 8

336 41 16 6 2 1 1
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Table 4-7. Summary of morphometric statistics of tower and cockpit karst hills in the Zhijin area

Tower Karst hills (n = 439) Cockpit karst hills (n = 403)

Min Max Mean SD Min Max Mean SD
A (M) 56.77 144,757.10 2,695.39 7,735.83 378.20 8,424,520.21  88,728.66 452,906.0887
Pe (m) 36 2166 207.68 173.67 90 47,334 1,398.77 299.41
La (m) 5.38 244.47 30.53 20.73 11.90 1859.64 151.57 186.68
Or (°) 0 180 83.85 53.82 0.27 178.51 77.40 54.37
Re (m) 1 77 5.79 9.42 1 1648 60.34 178.11
rRe (m) 0.01 2.9 0.38 0.43 0.001 43 0.43 2.31
Slo (°) 0.14 45.25 12.96 11.14 1.43 53.41 27.12 8.75
As (°) 3.73 271.66 101.31 54.12 22.86 274.11 161.64 28.92
Cu 0 38.19 6.93 6.44 0.24 16.79 2.72 2.79
Cl 0.11 0.77 0.53 0.1 0.01 0.66 0.42 0.14
Ar 1.09 1.59 1.07 0.1 1 1.94 1.2 0.13
TRI 0 0.036 0.01 0.01 0 0.05 0.01 0.01
TSI -1.84 0 -0.27 0.33 -12.28 -0.02 -0.52 0.74
HI 0.25 1 0.78 0.22 0.13 0.99 0.44 0.12
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Fig. 4-5 shows the results of the discrimination of tower and cockpit Kkarst hills in the
Weining area using the semi-automatic approach and the reference map. The depression
category dominates, and large area of cockpit karst hills were found at the northern part of the

Weining area. The tower Kkarst hills area distributed all over the Zhijin study area.
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Figure 4-5. Comparison between landform classification results and reference of the Weining
area

Table 4-8 shows the confusion matrix of the classification results. According to the table,
144.55 out of 152.81 km?are correctly classified, with the overall accuracy being 94.65%. It
shows that the approach successfully separated the tower and cockpit karst hills in the Weining
area. The numbers of identified tower and cockpit karst hills are 112 and 35, respectively.

Table 4-8. Confusion matrix of the classification results for the Weining area

Types of landform Reference (km?)

Tower Karst hill ~ Cockpit karst hill Depression sum
Tower Karst hill 2.07 0.69 1.04 3.80
Cockpit karst hill 0.32 9.27 2.28 11.87
Depression 1.59 2.34 133.21 137.14
sum 3.98 12.30 136.53 152.81

As show in Table 4-9, the cockpit karst hills with two peaks are dominated (24 out of 35).
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In addition, there is an exceptional cockpit karst hill covering a large area with 50 peaks. Table
4-10 shows the summary of morphometiric statistics of tower and cockpit karst hills in the

Weining area.

Table 4-9. Classification of cockpit karst hills in the Weining area

Cockpit karst hills (n = 35)

Rank 2 Rank 3 Rank 4 Rank 5 Rank 6 Rank 7 Rank 8 Rank 50

24 6 1 2 - - 1 1

In addition, the individual accuracy order is depression > cockpit karst hills > tower karst
hills. The individual accuracies of tower karst hills, cockpit karst hills and depression in the
Zhijin area are 57.66%, 78.22% and 88.95%, respectively (Table 4-5). The individual
accuracies of tower karst hills, cockpit karst hills and depression in the Weining area are
54.47%, 75.37% and 97.57%, respectively (Table 4-8). Two reasons accounts for the
observation that semi-automatic approach resulted in a lower individual accuracy of the tower
karst hills than that of the cockpit karst hills and depressions. Firstly, the semi-automatic
approach delineates the footprints of tower and cockpit karst hills with the contour lines near
slope around 5° (Section 3.3.2). However, the reference landform maps were generated based
on the experiences of the expert. The footprints (outlines) of the tower and cockpit karst hills in
the reference landform maps were identified using the criterion than slope > 0°. The footprints
of the tower and cockpit karst hills in the semi-automatic approach were identified by slope =
5°. The lower slope threshold in the reference maps resulted in larger tower and cockpit karst
hill areas than those from the semi-automatic approach. Secondly, the areas of cockpit karst
hills (Tables 4-7 and 4-10) and depressions (Tables 4-5 and 4-8) are larger than those of the
tower Kkarst hills. The numbers of tower Kkarst hills (439 in the Zhijin area and 112 in the
Weining area) are larger than those of the cockpit kart hills (403 in Zhijin area and 35 in the
Weining area). This large numbers and small area of the tower karst hills led large area

difference between the results from the reference maps and semi-automatic approach.
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Table 4-10. Summary of morphometric statistics of tower and cockpit karst hills in the Weining area

Tower karst hills (n = 112) Cockpit karst hills (n = 35)

Min Max Mean SD Min Max Mean SD
A (m?) 383.44 154,598.90 18,483.54 26,868.74 5,895.30 5,413,736.97  264,914.97 893,600.91
Pe (m) 84 2,094 573.64 416.44 384 23,490 2,338.11 3,847.82
La (m) 11.26 266.23 81.76 56.19 60.57 2420.81 301.86 403.03
Or (°) 0.31 179.12 93.15 54.38 0.42 174.49 105.43 47.43
Re (m) 1 66 12.63 10.34 6 192 38 41.23
rRe (m) 0.07 0.25 0.15 0.12 0.004 0.2 0.06 0.05
Slo (°) 1.79 28.67 14.69 0.66 6.76 27.52 15.93 4.92
As (°) 32.82 185.88 134.39 31.04 91.53 176.82 142.57 18.39
Cu 0.18 12.39 2.38 1.87 0.19 3.33 1.01 0.77
Cl 0.26 0.67 0.51 0.08 0.12 0.58 0.4 0.12
Ar 1 1.17 1.06 0.04 1.02 1.17 1.06 0.04
TRI 0.1 1.27 0.68 0.26 0.33 1.25 0.74 0.2
TSI -0.83 0 -0.26 0.16 -0.48 -0.06 -0.23 0.12
HI 0.32 0.99 0.54 0.16 0.3 0.64 0.44 0.08
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4.3. Application of morphometric thresholds

The application of the thresholds has improved the accuracy of the model for all the
DEMs. Fig. 4-2 and Table 4-1 evaluated accuracy and detailed performance of the model with
DEMs from the different data sources in two scenarios: with or without thresholds. With the
implementation of the thresholds, the model accuracy with the SRTM-DEM and GDEM
improves (Fig. 4-2). As mentioned in Section 4.1, the performance of the semi-automatic
approach with the M-DEMs was separated to two sections. At the 3—10 m resolution section,
in contrast to the decline with the thresholds, the accuracy of the model without the threshold
increases from 55% to 65% with an increasing grid interval. This may reflect the
morphometric characteristics of the sinkholes in the study area that are skewed to the
relatively small area class and an elongated shape; therefore, the number of the recognized
true sinkholes increases with the grid size when there is no threshold. At the 10-90 m
resolution section, the accuracy of the non-threshold model decreases apparently with the
increasing of the grid size. However, the threshold model accuracy varies within a small
range. This stable and good performance of the model and elimination of artifacts indicate
that the thresholds used are appropriate. In addition, at the grid size of 90 m, the model with
thresholds shows markedly high accuracy, because the false positive and false negative
sinkholes were removed by the application of the thresholds (Table 4-1). As shown in Table
4-2, the numbers of the false negative sinkholes in the Weining area ranges from 120 to 20
with the application of the morphometric thresholds.

The good performance of the semi-automatic approach on the moderate-size sinkholes
can be seen from the statistic characteristics in Table 4-3. For example, the mean and SD
values of the semi-automatic sinkhole area are much smaller than those from the field-based
approach. This is re-examined by the calculated sinkhole volume. The mean value of sinkhole
volume by field-based approach is three times as big as that of semi-automatic approach
while the statistic value of sinkhole depth by the two approaches is not significantly different
with each other.

The reason for the higher efficiency of the semi-automatic approach on the moderate size
sinkholes identification might be related to the detailed delineation process. As shown in Fig.
4-6, the boundaries of the sinkholes with relatively small area are similarly depicted by the
two approaches. For the large sinkholes, the boundaries from the semi-automatic approach are
smaller than that from the field-based approach, because the application of thresholds of area
=60 m?, ellipticity = 0.2 and TPI = 0. On one hand, the threshold of ellipticity = 0.2 eliminated
the sinkholes near circular. As shown in Fig. 4-7, the large sinkholes have shapes near circular.

On the other hand, the threshold of TPI = 0 eliminated the pixels with positive topographic
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position. The large area with any positive topographic position were excluded.
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Figure 4-6. Results of the two different approaches to delineate sinkhole boundaries in the
Zhijin area (area highlighted in Fig. 4-1).
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Figure 4-7. Results of the two different approaches to delineate sinkhole boundaries in the
Weining area (area highlighted in Fig. 4-3).
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4.4. Impact of DEM resolution on sinkhole identification

DEM resolution affects the ability to describe true sinkholes, most of which are small in
the study area. It is noticed that artificial depressions (artefacts) could be generated in
processing a DEM even if the DEM is highly accurate (Li et al., 2011). In the present study,
the cell size of the original M-DEM is 1 m, while the smallest sinkhole in the manual dataset
is 60 m? in area. Therefore, it may be unnecessary to use such a detailed DEM which might
affect computing speed as well as producing many small artificial depressions due to local
data noises and intermittent data sampling.

The resampling process changed the original DEMs to coarser ones and created a
smoother surface by eliminating fine details (Fig. 4-8). The mean error (ME) and root mean
square error (RMSE) between a resampled DEM and the original one are shown in Fig. 4-9.
As expected, ME between the original M-DEM and its coarsened DEMs generally increases
with the grid size. RMSE of the DEMs tends to vary except for the relatively similar values at
the grid size of 60 m, which can also be seen from the similarly delineated watershed
boundaries and channels in Fig. 4-8. Also ME and RMSE of the M-DEMSs show two patterns
(Fig. 4-9): the values tend to be constant for the grid sizes < 30 m but more fluctuated at the
grid sizes > 30 m. The absolute values of ME and RMSE for the SRTM-DEM and GDEM
tend to be larger than those for the M-DEM s at all the grid sizes. However, the values for the
SRTM-DEM change more drastically than those for the GDEM.
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Figure 4-8. Hillshaded maps of a portion of the study area (highlighted in Fig. 4-1) showing
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sinkhole connections and the effects of DEM resampling on the depression identification.
Sinkholes location are those determined by the semi-automatic approach with the thresholds of
area =60 m’, E=0.2 and TP = 0.
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Figure 4-9. Effect of DEM resampling. ME and RSME are respectively the mean error and
root mean square error of resampled DEMs (ASTER GDEM, SRTM-DEM and M-DEMs) and
the original M-DEM with a resolution of 1 m.

Moreover, the resampling probably restricts the shape of sinkholes. For instance, some
extremely elongated small sinkholes were likely to be excluded in the resampling process to a
coarser DEM. As mentioned in Section 4.1, we can see from Fig.4-2 and Table 4-1 that the
models with/without thresholds get lower accuracy at coarser grid sizes (10-90 m in
resolution) in the situation of M-DEMSs, since the grid cells are square in shape with
clustering area characteristics. Sinkholes are more circled, so their shape may not be well

represented with coarser DEMs.
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CHAPTER 5 MORPHOMETRIC ANALYSIS OF THE
KARST LANDFORMS

5.1. Spatial distribution of sinkholes

In the Zhijin area, the mean sinkhole densities from the field-based and semi-automatic
approaches are 5.06 and 4.03 km™, respectively (Table 4-3). These values of sinkhole density
are much lower than 122 km in the Hochschwab Pleteau, Australia (Plan and Decker, 2006)
and 91 to 146 km™ in the Styria basin, Austria (Bauer, 2015). However, they are comparable to
those for the Suwannee River basin, Florida, USA (Denizman, 2003), where flat, broad, and
shallow sinkholes develop.

In the Weining area, the mean sinkhole densities from the field-based and semi-automatic
approaches are 0.37 and 0.25 km™, respectively (Table 4-4). Apparently sinkhole distribution is
more limited there.

5.2.  Sinkhole morphometry and statistics

5.2.1. Area

In the Zhijin area, the area of the sinkholes has a large range with a large standard
deviation (Table 4-3). The area of the sinkholes based on the field-based approach and the
semi-automatic approach skews to area < 17,000 m®, with 93.79% and 97.21% of data,
respectively. Small sinkholes are abundant and large sinkholes are fewer (Fig. 5-1a and d),
which is the same as in temperate karst areas (Brinkmann et al., 2008; Bauer, 2015). After
excluding unusually large sinkholes (Fig. 5-1b and e), a log transformation was applied to

normalize the area data (Fig. 5-1c and f).

180

il a) | = JX b)

400 140 4

120

N

o

S
1

> > \

g > 80

D 200 o

w w 604
401

ol N , , , : Hﬂl‘l[ﬁlm_,,m‘ﬁ;%ﬁ
0 50000 100000 150000 0 5000 10000 15000 20000
Area (m?) Area (m?)

63



220
70 4 T C) 200 d )
] 180
160
50 / 1404
g 3
7] / =l
= Y 2 100 [ ||
S 4 8 \
w L g4
20 \ 60 -
404
104
20 H\
0 ==1 ! ; . . H. 0 N
» T T T T T
20 25 3.0 35 4.0 45 0 10000 20000 30000 40000 50000
Log 10 Area (m?) Area (m?)

120 e) - f)
60 =R
100
» ol %

z 801 3 40 —
= =
© ®
2 >
g %01 ® 30
e [

40 20

20 SR 10 \

. | ﬂl_lﬂmmﬂ R : , |-

5000 10000 15000 2 3 4
Area (m?) Log 10 Area (m?)

Figure 5-1. Frequency distribution of area of sinkholes in the Zhijin area. a) From the
field-based approach. b) From the field-based approach after excluding large outliers. c)
Log-transformed distribution from the field-based approach without the outliers. d) From the
semi-automatic approach. e) From the semi-automatic approach after excluding large outliers.
f) Log-transformed distribution from the semi-automatic approach without the outliers.

In the Weining area, the area of the sinkholes also varies significantly (Table 4-4). The
area of the sinkholes based on the field-based approach skews to area < 17,000 m? with 91.23%
of data (Fig. 5-2a). The area of the sinkholes of the semi-automaitc approach skews to area <
5000 m? with 94.74% of data (Fig. 5-2d). As in the Zhijin area, small sinkholes are abundant
and large sinkholes are fewer (Fig. 5-2a and d). After excluding unusually large sinkholes (Fig.

5-2b and e), a log transformation was applied to normalize the area data (Fig. 5-2¢ and f).
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Figure 5-2. Frequency distribution of area of sinkholes in the Weining area. a) From the
field-based approach. b) From the field-based approach after excluding large outliers. c)
Log-transformed distribution from the field-based approach without the outliers. d) From the
semi-automatic approach. e) From the semi-automatic approach after excluding large outliers.
) Log-transformed distribution from the semi-automatic approach without the outliers.

5.2.2. Perimeter

Like area, the perimeter of the sinkholes is not normally distributed and includes

extremely long outliers (> 900 m) in the Zhijin area (Fig. 5-3). Like the case of area, the
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normalization is made with a log transformation (Fig. 5-3b and f).
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Figure 5-3. Frequency distribution of perimeter of sinkholes in the Zhijin area. a) From the
field-based approach. b) From the field-based approach after excluding large outliers. c)
Log-transformed distribution from the field-based approach without the outliers. d) From the
semi-automatic approach. e) From the semi-automatic approach after excluding large outliers.
f) Log-transformed distribution from the semi-automatic approach without the outliers.

Sinkhole perimeter values in the Werining area are more variable than those in the Zhijin
area (Fig. 5-4a and c). The perimeter values derived from both approaches are skewed to length
< 1,000 m with some extremely long outliers. The outliers selected are sinkholes with
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perimeters > 800 m for the field-based approach and > 600 m for the semi-automatic approach.

After the outliers excluded, the logarithmic perimeters of the sinkholes are normally distributed

(Fig. 5-4b and d).

254 1\

| x

Frequancy
Frequancy
(4]
1

] mil

0 ¥ T '_|' '_|_ T — 7’ — 0 T T T T
1000 2000 3000 200 400 600 800
Perimeter (m)

Perimeter (m)

o [ 1

204

Frequancy
Frequancy
S (2]
1 E

-
o
L

2
\\}:i\‘r’—’r - E— T : H e 7’3

T T T
1000 2000 3000 200 400 600
Perimeter (m) Perimeter (m)

Figure 5-4. Frequency distribution of perimeter of sinkholes in the Weining area. a) From the
field-based approach. b) From the field-based approach after excluding large outliers. ¢) From
the semi-automatic approach. d) From the semi-automatic approach after excluding large

outliers.

5.2.3. Long-axis length

Fig. 5-5 shows the distribution of sinkhole long-axis length in the Zhijin area skewed to <

100 m. After removing large outliers, a relatively normal frequency distribution is observed.
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Figure 5-5. Frequency distribution of long-axis length of sinkholes in the Zhijin area. a) From
the field-based approach. b) From the field-based approach after excluding large outliers. c)
From the semi-automatic approach. d) From the semi-automatic approach after excluding large

outliers.

The long-axis lengths of the sinkholes in the Weining area are shown in Fig. 5-6. The
range in the Weining area is larger than that in the Zhijin area. The values from the field-based
approach skew to < 100 m and a relatively normal distribution is found after the outliers are
removed (Fig. 5-6a and b). As shown in Fig. 4-9c, the sinkhole long-axis length from the
semi-automatic approach has a smaller range than that from the field-based approach.

However, the values from the semi-automatic approach are also roughly normally distributed.
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Figure 5-6. Frequency distribution of long-axis length of sinkholes in the Weining area. a)
From the field-based approach. b) From the field-based approach after excluding large outliers.
¢) From the semi-automatic approach.

5.2.4. Ellipticity

The ellipticity value in the Zhijin area ranges from 0 to 0.99 with a mean of 0.78 and a
standard deviation of 0.15 (Table 4-3). The distribution of the ellipticity is skewed to the right
but roughly normally distributed (Fig. 5-7).
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Figure 5-7. Frequency distribution of ellipticity of sinkholes in the Zhijin area. a) From the
field-based approach. b) From the semi-automatic approach.

The ellipticity values in the Weining area have a smaller range than those in the Zhijin
area. The ellipticity from the field-based approach ranges from 0.23 to 0.97 with a mean of 0.73
and a standard deviation of 0.16 (Table 4-4). The ellipticity from the semi-automatic approach
ranges from 0.31 to 0.92 with a mean of 0.71 and a standard deviation of 0.16 (Table 4-4). The

mathematical distribution of the ellipticity from the two approaches tends to be hormal.
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Figure 5-8. Frequency distribution of ellipticity of sinkholes in the Weining area. a) From the
field-based approach. b) From the semi-automatic approach.

5.2.5. Orientation

The orientation of the sinkhole long-axis ranges from 0° to 180° (Table 4-3). For the two
approaches, the orientation population in the Zhijin area is relatively evenly distributed but is

slightly skewed to the value < 80° (Fig. 5-9).
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The long-axis orientation in the Weining area has some peaks: 50°, 130° and 140° for the

field-based approach and 80° and 140° for the semi-automatic approach (Fig. 5-10). The

distribution is uneven.
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Figure 5-10. Frequency distribution of long-axis orientation of sinkholes in the Weining area.
a) From the field-based approach. b) From the semi-automatic approach.
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5.2.6. Depth

The sinkhole depth in the Zhijin area ranges from 1 to 110 m with mean and SD values of
~15 to 20 m for both approaches (Table 4-3). As shown in Fig. 5-11a, > 60% of the sinkhole
depth derived from both approaches are > 20 m, demonstrating a predominance of deep
sinkholes.

The sinkhole depth in the Weining area is smaller than that in the Zhijin area. The depth
from the field-based approach ranges from 0 to 11 m with a mean of 1.27 and an SD value of
2.06 m (Table 4-4). The sinkhole depth from the semi-automatic approach is in a smaller range
than that from the field-based approach. The depth ranges from 0 to 3 m with a mean of 0.33
and an SD value of 1.04 m (Table 4-4). As shown in Fig. 5-11b, > 90% of the sinkhole depth

derived from both approaches are < 3 m, demonstrating a predominance of shallow sinkholes.
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Figure 5-11. The statistics related with sinkhole depth: a) Sinkhole depth frequency distribution
in the Zhijin area; b) Sinkhole depth frequency distribution in the Weining area

5.2.7. Volume

The sinkhole volume shows a large range and SD (Table 4-3). The population is not
normally distributed but skewed strongly to smaller values, and there are extremely large
outliers (Fig. 5-12a and c). After these outliers are removed and a log transformation was
performed, the distribution becomes more normal (Fig. 5-12b and d).
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Figure 5-12. Frequency distribution of volume of sinkholes in the Zhijin area. a) From the
field-based approach. b) From the field-based approach after excluding large outliers. ¢) From
the semi-automatic approach. d) From the semi-automatic approach after excluding large

outliers.

The volume population in the Weining area also clusters in small volume (Fig. 5-13). The
data number is small so outlier removal and long-transformation were not performed. The

sinkhole volume in the Weining area has a smaller range than in the Zhijin area.
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Figure 5-13. Frequency distribution of volume of sinkholes in the Weining area. a) From the
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field-based approach. b) From the semi-automatic approach.

Fig. 5-14 shows the relation between sinkhole volume and area in the Zhijin area. Positive
correlations are found but in the Zhijin area, their relation is linear. The pattern for the Weining
area is difficult to assess because the data number is small. The field-based approach and the

semi-automatic approach gave similar results in both areas.
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Figure 5-14. Distribution of sinkhole area as a function of volume in the Zhijin area with the
field-based and semi-automatic approaches.

5.3. Morphometric analysis of tower and cockpit karst hills

5.3.1. Area

The area of the cockpit karst hill has a broader range with a larger standard deviation than
that of the tower karst hill in both study areas (Tables 4-7 and 4-10). As shown in Fig. 5-15a and
b, the tower karst hill area skews to area < 12,000 m?which includes 97.94% of the hills. After
the exclusion of the unusual large hills (Fig. 5-15c), a log transformation was adopted to
normalize the data. The cockpit karst hill area skews to the area < 20,000 m?which includes
93.03% of the hills (Fig. 5-15d and e). A log transformation was also applied to normalize the
cockpit karst hill area of < 20,000 m? (Fig. 5-15f).
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Figure 5-15. The distribution of hill areas in the Zhijin area. a) All tower Kkarst hills with a
skewed distribution. b) Tower karst hills except large outliers. ¢) Log-transformed normalized
tower Kkarst hill area. d) All cockpit karst hills with a skewed distribution. e) Cockpit karst hills
except large outliers. f) Log-transformed normalized cockpit karst hills.

The area of the tower karst hills in the Weining area does not show a normal distribution
and skewed to the area < 80,000 m? which includes 96.43% of hills (Fig. 5-16a and b). As
shown in Fig. 5-16c, the area of the tower Karst hills shows a normal distributed after
log-transformation and exclusion of outliers. The cockpit karst hills area is skewed to the area <
200,000 m? with hills of 82.86% (Fig. 5-16d and ). As shown in Fig. 5-16f, without the outliers
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(area > 200, 00 m?), the area after log transformation is normal distributed.
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Figure 5-16. The distribution of hill areas in the Weining area. a) All tower Kkarst hills with a
skewed distribution. b) Tower karst hills except large outliers. ¢) Log-transformed normalized
tower karst hill area. d) All cockpit karst hills with a skewed distribution. e) Cockpit karst hills
except large outliers. f) Log-transformed normalized cockpit karst hills.

5.3.2. Perimeter

Perimeter data for the study areas show large ranges (Tables 4-7 and 4-10). The perimeter
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of the tower Kkarst hill is somewhat normally distributed in the Zhijin area (Fig. 5-17a), but that
of the cockpit karst hill is not (Fig. 5-17b) and skewed to the perimeter < 10,000 m (Fig. 5-17c).

Normalization is possible with a log transformation (Fig. 5-17d).
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Figure 5-17. The distribution of hill perimeter in the Zhijin area. a) All tower karst hills with a
somewhat normal distribution. b) All cockpit karst hills with a skewed distribution. ¢) Cockpit
karst hills except large outliers. d) Log-transformed normalized cockpit karst hills.

The perimeter characteristics in the Weining area are similar to those in the Zhijin area.
The cockpit karst hill has a lager perimeter range than that of the tower karst. Perimeter of the
tower Kkarst hill shows relatively normal distribution (Fig. 5-18a) while that of the cockpit karst
hill is not (Fig. 5-18b). Without the outliers (perimeter > 3,000 m), the perimeter of the cockpit
karst hill is relatively normally distributed (Fig. 5-18c).
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Figure 5-18. The distribution of hill perimeter in the Weining area. a) All tower karst hills with
a normal distribution. b) All cockpit karst hills with a skewed distribution. ¢) Cockpit karst hills
except large outliers.

5.3.3. Long-axis length

As shown in Table 4-7, the long-axis length of the cockpit karst hills in the Zhijin area has
a larger range than that of the tower karst hills. The long-axis length of the karst hills are not
normally distributed (Fig 5-19a and d); as shown in Fig. 4-24a and b, 99.54 % of the tower karst
hills have long-axis length < 140 m, and for the cockpit karst hills, 97.52% are < 700 m (Fig.
5-19d and e). Their distribution can be normalized with log transformation after outliers (> 150
m) are excluded. (Fig. 5-19c and f).
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Figure 5-19. The distribution of hill long-axis length in the Zhijin area. a) All tower Karst hills
with a skewed distribution. b) Tower karst hills except large outliers. ¢) Log-transformed
normalized tower karst hill area. d) All cockpit karst hills with a skewed distribution. ) Cockpit
karst hills except large outliers. f) Log-transformed normalized cockpit karst hills.

The long-axis length in the Weining area has similar characteristics to that in the Zhijin

area in that the cockpit karst hills show a larger value range than that the tower karst hills (Table

4-10). However, the long-axis length of all the tower karst hills are more normally distributed
(Fig. 5-20a). As shown in Fig. 5-20b and c, 84.62% of the long-axis lengths of the cockpit karst
hills are in the range of 0-800 m. Without the outliers (> 800 m), they are normally distributed
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with after log transformation (Fig. 5-20d).
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Figure 5-20. The distribution of hill long-axis length in the Weining area. a) All tower karst
hills with a normal distribution. b) All cockpit karst hills with a skewed distribution. c) Cockpit
karst hills except large outliers. d) Log-transformed normalized cockpit karst hills.

5.3.4. Orientation

The orientation of the tower karst hills in the Zhijin area shows the whole possible range
(0°-180°), which is sider than that of the cockpit karst hills (0.27°-178.51°) (Table 4-7). The
orientation rose diagrams with a bin of 10° are shown in Fig. 5-21. The orientation of the tower
and cockpit karst hills is generally distributed in all range with slightly skewed to some peak
values. The peak values of the cockpit karst hills appears in the range < 50° (30° and 50°) (Fig.
5-21b), and those of the tower karst hills are found at 10°, 40°, 70°, 90° and 140° (Fig. 5-21a).
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Figure 5-21. The distribution of hill orientation in the Zhijin area. a) All tower Kkarst hills with
a skewed distribution. b) All cockpit karst hills with a skewed distribution.

The orientation of hills in the Weining area is similar to that in the Zhijin area in that the
values of the tower karst hills show a wider range (0.31°-179.12°) than those of the cockpit
karst hills (0.42°-174.49°) (Table 4-10). The orientation range in the Weining area is smaller
than that in the Zhijin area, reflecting smaller data sizes. The orientation distribution
characteristics of the tower and cockpit karst hills have several similarities. As shown in Fig.
5-22, the orientation around 90° is less frequent while there are peaks around 45° and 135°.
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Figure 5-22. The distribution of hill orientation in the Weining area. a) All tower Kkarst hills
with a skewed distribution. b) All cockpit karst hills with a skewed distribution.

5.3.5. Relief

The relief of the cockpit karst hills in the Zhijin area is in a larger span than that of the
tower Kkarst hills (Table 4-7). The reliefs of the tower karst hills cluster in the value < 40 m (Fig.
5-23a and b). Without outliers (> 30 m), the reliefs of the tower karst hills are somewhat
normally distributed with a log transformation (Fig, 5-23c). The cockpit karst hills’ reliefs are
skewed to the value < 150 m (Fig 5-23d and e). Without outliers, it also somewhat normally

distribute with a log transformation (Fig. 5-23f).
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Figure 5-23. The distribution of hill relief in the Zhijin area. a) All tower karst hills with a
skewed distribution. b) Tower Kkarst hills except large outliers. c) Log-transformed normalized
tower karst hill area. d) All cockpit karst hills with a skewed distribution. €) Cockpit karst hills
except large outliers. f) Log-transformed normalized cockpit karst hills.

It is similar with the situation in the Zhijin area that the reliefs of the cockpit karst hills in
the Weining area are also in a broader span than that of the tower karst hills (Table 4-10). The
reliefs of the tower karst hills mainly distribute in the value < 30 m (Fig. 5-24a) and are
somewhat normally distributed in value < 25 (Fig. 5-24b). The reliefs of the cockpit karst hills
are also skewed in the range of 1 to 70 m (Fig. 5-24c). Without outliers (> 70 m), the relief
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somewhat normally distribute with a log transportation (Fig. 5-24d).
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Figure 5-24. The distribution of hill relief in the Weining area. a) All tower karst hills with a
skewed distribution. b) Tower karst hills except large outliers. ¢) All cockpit karst hills with a
skewed distribution. d) Cockpit karst hills except large outliers.

5.3.6. Relative relief

Table 4-7 shows that the relative reliefs’ range of the cockpit karst hills is much larger than
that of the tower karst hills in the Zhijin area. The relative reliefs of the tower karst hills are ina
skewed nature (Fig. 5-25a). 97.82% of the values occupy in relative relief < 1.89 m/m?* (Fig.
5-25b). Without outliers (> 2 m/m?), the normalization is completed by a log transformation
(Fig. 5-25c). For the cockpit karst hills, 97.52% of relative reliefs cluster in the range of 0.02—
1.17 m/m® (Fig. 5-25d). In this range, the relative relief values of the cockpit Kkarst hills

normally distribute with a log transformation (Fig. 5-25e).
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Figure 5-25. The distribution of hill relative relief in the Zhijin area. a) All tower karst hills
with a skewed distribution. b) Tower karst hills except large outliers. ¢) Log-transformed
normalized tower karst hill area. d) All cockpit karst hills with a skewed distribution. ) Cockpit
karst hills except large outliers. f) Log-transformed normalized cockpit karst hills.

The relative reliefs’ range of the tower karst hills is larger than that of the cockpit karst

hills in the Weining area (Table 4-10). As shown in Fig. 5-26a, the relative reliefs of the tower

karst hills are skewed. With a log transformation, they are somewhat normally distributing (Fig.

5-26a). And, the relative reliefs of the cockpit karst hills are in a somewhat normal distribution
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(Fig. 5-26¢).
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Figure 5-26. The distribution of hill relative relief in the Weining area. a) All tower karst hills
with a skewed distribution. b) Log-transformed normalized tower karst hill area. c) All cockpit
karst hills with a somewhat normal distribution.

5.3.7. Slope

The slopes of the cockpit karst hills cover a larger range than that of the tower karst hills in
the Zhijin area (Table 4-7). As shown in Fig. 5-27, the slopes of the tower and cockpit karst

hills are somewhat normally distributed. The slopes of the tower and cockpit karst hills cluster

in 4°—6°and 28°-30°, respectively.
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Figure 5-27. The distribution of hill slope in the Zhijin area. a) All tower karst hills with a
somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.

The slope range of the cockpit karst hills is also larger than that of the tower Kkarst hills in
the Weining area (Table 4-10). The slopes of the tower and cockpit karst hills in the Weining

area are somewhat normally distributed with similar mean values (Table 4-10).
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Figure 5-28. The distribution of hill slope in the Weining area. a) All tower karst hills with a
somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.

5.3.8. Aspect

As shown in Fig. 5-29, the aspect distribution of the tower and cockpit karst hills are
different in the Zhijin area. Although the aspects of the tower karst range from 3.73° to 271.66°
(Table 4-7), the majority are found from Northeast to South aspect (Fig. 5-29a). The aspects of
the tower karst hills cluster in 40°—60°. For the cockpit karst hill, the value range is also from
Northeast to South aspect (Table 4-7). However, the majority are in the Southeast and South
aspect (Fig. 5-29b). The aspects of the cockpit karst hills cluster in 160°-180°.
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Figure 5-29. The distribution of hill aspect in the Zhijin area. a) All tower karst hills with a
skewed distribution. b) All cockpit karst hills with a skewed distribution.

Different with the distribution characteristics of the Zhijin area, the aspect distributions of
the tower and cockpit karst hills in the Weining area are similar (Fig. 5-30). The aspects of the

tower and cockpit karst hills range in 135°-180° and cluster in 150°-160°.
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Figure 5-30. The distribution of hill aspect in the Weining area. a) All tower karst hills with a
skewed distribution. b) All cockpit karst hills with a skewed distribution.

5.3.9. Curvature

The curvatures of the tower and cockpit karst hills in the Zhijin area are somewhat
normally distributed as shown in Fig. 5-31. Comparing with the cockpit karst hills, the tower
karst hills have a larger value range (Table 4-7). The curvatures of the tower and cockpit karst

hills cluster in the range of 0-10 and 0-5, separately.
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Figure 5-31. The distribution of hill curvature in the Zhijin area. a) All tower karst hills with a
somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.

The curvatures of the tower and cockpit karst hills in the Weining area are also somewhat
normally distributed as shown in Fig. 5-32. As shown in Table 4-10, the tower karst curvatures
cover a larger span than that of the cockpit karst hills. The curvatures of the tower and cockpit

karst hills cluster in the range of 0-3 and 0-1, separately.
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Figure 5-32. The distribution of hill curvature in the Weining area. a) All tower karst hills with
a somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.

5.3.10. Circularity ratio

The circularity ratios of the tower and cockpit karst hills are somewhat normally
distributed in the Zhijin area (Fig. 5-33). The circularity ratios of the tower karst hills range
from 0.11to 0.77 (Table 4-7). The circularity ratios of the cockpit karst hills range from 0.01 to
0.66 (Table 4-7). As shown in Fig. 4-38, the circularity ratios of the tower and cockpit karst
hills cluster in the range of 0.45-0.65. The circularity ratio range of 0.45-0.65 takes 84.09% of
the tower Kkarst hills and 58.09% of the cockpit karst hills, respectively.
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Figure 5-33. The distribution of hill circularity ratio in the Zhiijn area. a) All tower karst hills
with a somewhat normal distribution. b) All cockpit karst hills with a somewhat normal
distribution.

The circularity ratios of the tower and cockpit karst hills are also somewhat normally
distributed in the Weining area (Fig. 5-34). The circularity ratios of the tower karst hills range
from 0.26 to 0.67. The circularity ratios of the cockpit karst hills range from 0.12 to 0.58 (Table
4-10). As shown in Fig. 5-34a, the circularity ratios of the tower karst hills cluster in 0.44-0.46.
The circularity ratios of the cockpit karst hills cluster in 0.58-0.6.
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Figure 5-34. The distribution of hill circularity ratio in the Weining area. a) All tower karst
hills with a somewhat normal distribution. b) All cockpit karst hills with a somewhat normal
distribution.

5.3.11. Arearatio

In the Zhijin area, the area ratios of the tower and cockpit karst hills are somewhat normal
distributed (Fig. 5-35). As Table 4-7, the area ratio range of the tower karst is smaller than that

of the cockpit karst hills. The area ratios of the tower karst cluster in 1.0-1.05 with a percentage
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of 60.59% (Fig. 5-35a). For the cockpit karst hills, 66.03% of the area ratios cluster in the range
of 1.1-1.25 (Fig. 5-35b).
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Figure 5-35. The distribution of hill area ratio in the Zhijin area. a) All tower karst hills with a
somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.

The area ratios are also somewhat normally distributed in the Weining area. Different
from the situation in the Zhijin area, the area ratios of the tower karst hills are in a larger range
than that of the cockpit karst hills (Table 4-10) while the mean value and standard deviation are
the same. The value distributions are shown in Fig. 4-41. The area ratios of the tower karst hills
cluster in 1.02-1.08 with 60.18% (Fig. 5-36a). The area ratios of the cockpit karst hills cluster in
the range of 1.04-1.05 and 1.06-1.07. The percentages are 22.86% and 25.71%, respectively.
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Figure 5-36. The distribution of hill area ratio in the Weining area. a) All tower karst hills with
a somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.

5.3.12. Terrain Ruggedness Index

Table 4-7 illustrates that the cockpit karst hills are in a larger TRI span than that of the
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tower Karst hills in the Zhijin area. There are some similar features of the tower and cockpit
karst hills’ TRIs. Firstly, the mean values and the SDs are the same (Table 4-7). Secondly, the
TRIs are somewhat normal distributed (Fig. 5-37). Thirdly, as shown in Fig. 5-37, the TRIs
cluster around 0, 0.005, 0.01 and 0.15.
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Figure 5-37. The distribution of hill TRI in the Zhijin area. a) All tower karst hills with a
somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.

As shown in Table 4-10, the tower karst hills cover a larger TRI span than that of the
cockpit karst hills in the Weining area. The mean value of the cockpit karst hills (0.74) is bigger
than that of the tower karst hills (0.68). The tower and cockpit Kkarst hills TRIs are also
somewhat normally distributed. The tower karst hills TRIs cluster around 0.4, 0.6, 0.7, and 1.2
(Fig. 5-38a). The cockpit karst hills TRIs cluster around 0.5, 0.7, 0.8 and 1.2 (Fig. 5-38b).
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Figure 5-38. The distribution of hill TRI in the Weining area. a) All tower karst hills with a
somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.
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5.3.13. Terrain Shape Index

In the Zhijin area, the TSI range of the tower karst hills is smaller than that of the cockpit
karst (Table 4-7). As shown in Fig. 5-39, The TSls of the tower and cockpit karst hills are
skewed distributed. 85.15% of the tower karst hills’ TSIs are in the range of -0.5-0. And, 44.55%
of the values are found in -0.1-0 (Fig. 5-39a). For the cockpit karst hills, 98.97% of the values
occupy in -1-0 (Fig. 5-39c). Without outliers (< -0.5), TSIs of the cockpit karst hills are in
normal distribution (Fig. 5-39c).
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Figure 5-39. The distribution of hill TSI in the Zhijin area. a) All tower karst hills with a
skewed distribution. b) Tower karst hills except large outliers. ¢) All cockpit karst hills with a
skewed distribution. e) Cockpit karst hills except large outliers.

Unlike the Zhijin area, the TSI of the tower Kkarst hills is in a larger range than that of the
cockpit karst hills. As shown in Table 4-10, the mean values and SDs of the tower and cockpit
karst hills are closed. The TSIs of the tower and cockpit karst hills are somewhat normal
distributed (Fig. 5-40). In Fig. 4-45a and b, the TRIs of the tower and cockpit karst hills cluster
in -0.2—-0.15.
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Figure 5-40. The distribution of hill TSI in the Weining area. a) All tower karst hills with a
somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.

5.3.14. Hypsometric integral

As shown in Table 4-7, the HIs of the tower karst hills in the Zhijin area range from 0.25
tol with a mean value of 0.78 and a SD of 0.22. The values are skewed distributed as Fig. 5-41a
that 54.76% of all the values are in the range of 0.9-1. In the range of 0.9-1, the Hls of the

tower karst hills are normally distributed (Fig. 5-41b) with a cluster of 0.96-0.97. The HIs of the
cockpit karst hills range from 0.13-0.99 with a mean value of 0.44 and a SD of 0.12. As shown

in Fig. 5-41b, all the cockpit karst hills’ HIs are in a somewhat normal distribution.
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Figure 5-41. The distribution of hill HI in the Zhijin area. a) All tower karst hills with a skewed
distribution. b) Tower karst hills except large outliers. ¢) All cockpit karst hills with a
somewhat skewed distribution.

The Hls of the tower and cockpit karst hills in the Weining area are in somewhat normal
distribution (Fig. 5-42). The tower karst hills HIs range from 0.32-0.99. 89.29% of the values
cluster in 0.32-0.7 (Fig. 5-42a). As shown in Table 4-10 and Fig. 5-42b, the Hls of the cockpit
karst hills range from 0.3-0.64 and cluster in 0.36-0.4.
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Figure 5-42. The distribution of hill HI in the Weining area. a) All tower karst hills with a
somewhat normal distribution. b) All cockpit karst hills with a somewhat normal distribution.

54. Morphometric differences between the tower and

cockpit karst hills

The cockpit karst hills are fewer in number but larger in area than the tower Kkarst hills.
There are 403 cockpit karst hills in the Zhijing area, occupying 7.77% of the karst area (Table
4-5). The cockpit karst hills in the Weining area are 35, occupying 33.39% of the karst area
(Table 4-8). In contrast, the numbers of tower karst hills in the Zhijin and Weining areas are 112
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and 439, respectively, showing that the order of abundance is switched. The tower karst hills in
the Zhijin and Weining areas covers 2.25% and 2.49% of the karst area, respectively. Therefore,
the area-related morphometric parameters (perimeter and long-axis length) of the cockpit karst
hills are larger than those of the tower karst hills (Fig. 5-43). Fig. 5-43 provides the following
results: 1) In the same study area, the difference of area, perimeter and long-axis length
between the tower and cockpit karst hills is statistically significant (p < 0.05). For these three
parameters, the cockpit karst hills show relatively large variance than tower karst hills; 2) For
the these three parameters, the difference between the tower karst hills in different study areas
are more apparent than that of the cockpit karst hills.
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Figure 5-43. Box plots of morphometric parameters for the tower and cockpit karst hills in the
Zhijin and Weining areas: a) area; b) perimeter; and c) long-axis length. The difference among
the tower and cockpit karst hills is significant based on the t-test (p < 0.05). T_Z: tower karst
hills in the Zhijin area; C_Z: cockpit karst hills in the Zhijin area; T_W: tower karst hills in
the Weining area; C_W: cockpit karst hills in the Weining area.
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Compared with the tower Kkarst hills, the cockpit karst hills have higher relief but lower
relative relief (Fig. 5-44, Tables 4-7 and 4-10). In Fig. 5-44a, the relief of the tower karst hills is
higher than that of the cockpit karst hills in both study areas. The difference between the tower
and cockpit karst hills in different study areas is significant. However, according to Fig. 5-44b,
the relative relief of the cockpit karst hills is lower than that of the tower karst hills in both study

areas. Especially, in the Weining area, the difference between the tower and cockpit karst hills

is significant.
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Figure 5-44. Box plots of morphometric parameters for the tower and cockpit karst hills in the
Zhijin and Weining areas: a) relief and b) relative relief. The difference between the tower and
cockpit karst hills is significant according to the t-test (p < 0.05). T_Z: tower karst hills in the
Zhijin area; C_Z: cockpit karst hills in the Zhijin area; T_W: tower karst hills in the Weining
area; C_W: cockpit karst hills in the Weining area.

The cockpit karst hills have steeper mean and maximum slope with higher SD values (Fig.
5-45, Tables 4-7 and 4-10) than those of the tower Kkarst hills. In Fig. 5-45, the mean and
maximum slopes and SD values of the cockpit karst hills are higher than those of the tower karst
hills in both study areas. Regarding these three parameters of slope, the difference between the
tower and cockpit karst hills in the Zhijin area are more apparent than those in the Weining area.
Based on the t-test, the difference in the mean and maximum slopes and SD of the tower and

cockpit karst hills is significant (p < 0.05).
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Figure 5-45. Box plots of slope for the tower and cockpit karst hills in the Zhijin and Weining

areas: a) mean; b) maximum; and c¢) SD. The difference among the tower and cockpit karst

hills is Significant based on the t-test (p < 0.05). T_Z: tower Karst hills in the Zhijin area; C_Z:

cockpit karst hills in the Zhijin area; T_W: tower karst hills in the Weining area; C_W:
cockpit karst hills in the Weining area.

Concerning curvature, the cockpit karst hills have lower mean values but larger value
ranges and higher SD values than the tower karst hills (Fig. 5-46, Tables 4-7 and 4-10). In Fig.
5-46a, the mean curvatures of the cockpit karst hills are higher than those of the tower karst
hills in both study areas. The maximum curvatures and SD for the cockpit karst hills are higher
than those for the tower karst hills. Based on the t-test, the difference in the mean and maximum

slopes and SD between the tower and cockpit karst hills and those between the different study

areas is significant (p < 0.05).
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Figure 5-46. Box plots of curvature for the tower and cockpit karst hills in the Zhijin and
Weining areas: a) mean; b) maximum; ¢) and SD. The difference between the tower and
cockpit karst hills is significant based on the t-test (p < 0.05). T_Z: tower karst hills in the
Zhijin area; C_Z: cockpit karst hills in the Zhijin area; T_W: tower karst hills in the Weining
area; C_W: cockpit karst hills in the Weining area.
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Figure 5-47. Box plots of HI and TSI for the tower and cockpit karst hills in the Zhijin and

98



Weining areas: a) HI and b) TSI. The difference between the tower and cockpit karst hills is
significant based on the t-test (p < 0.05). T_Z: tower karst hills in the Zhijin area; C_Z: cockpit
karst hills in the Zhijin area; T_W: tower karst hills in the Weining area; C_W: cockpit karst
hills in the Weining area.

The HI values for the tower and cockpit karst hills are significant different (Fig. 5-47a).
The values for the tower karst hills are higher than those of the cockpit karst hills in both study
areas. The HI difference between the tower and cockpit karst hills is more apparent in the Zhijin
area than that in the Weining area.

Fig. 5-47b shows the TSI difference between the tower and cockpit karst hills in the two
study areas. The difference between the tower and cockpit karst hills in the Zhijin area is
significant, where that in the Weining area is insignificant.

Morphology of the cockpit karst hills is more complicated than that of the tower karst hills.
The higher complexity for the former is reflected in the following three observations. First, the
cockpit karst hills have less circular foots than those of the tower karst hills in both study areas
(Fig. 5-48a). Second, the number of peaks per hill infers the higher complexity of the cockpit
karst hills (Fig. 5-48b). Lyew-Ayee et al. (2007) indicated that the hill complexity is positively
correlated with the number of peaks per hill and the tower karst hills have only one peak per
each. Third, the terrain ruggedness of the cockpit karst hills tends to be higher than that of the
tower karst hills (Fig. 5-49a, b and c). In addition, the area ratio, an indicator of
three-dimensional complexity of a hill (Lyew-Ayee et al., 2007) is higher for the cockpit karst

hills in central Guizhou Province than those in western Guizhou Province (Fig. 5-49d).
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Figure 5-48. The complexity parameters. a) Box plots of circularity ratio for the tower and
cockpit karst hills in the Zhijin and Weining areas. T_Z: tower Kkarst hills in the Zhijin area;
C_Z: cockpit karst hills in the Zhijin area; T_W: tower Karst hills in the Weining area; C_W:
cockpit karst hills in the Weining area. b) The correlation between the rank of the cockpit
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karst hills and the hill area in the Weining area (R* = 0.43).
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Figure 5-49. Box plots of the terrain ruggedness index and area ratio for the tower and cockpit
karst hills in the Zhijin and Weining areas. a) Mean; b) Maximum; ¢) SD of TRI; and d) area
ratio. T_Z: tower Kkarst hills in the Zhijin area; C_Z: cockpit karst hills in the Zhijin area; T_W:
tower karst hills in the Weining area; C_W: cockpit karst hills in the Weining area.

100



5.5. Relationship between sinkholes and geologic structure

As shown in Fig. 4-1, in the Zhijin area, large sinkholes tend to occur in the interfluves,
whereas smaller sinkholes are clustered closer to the river networks. The elongation of the large
sinkhole and the alignment of small sinkholes generally extend along the NE direction (Fig.
2-3). Itis a striking trend similarity to that of the NE trending faults due to the effect of tectonic
deformation in the study area. This performance assumed that the spatial alignment and the
elongation of sinkhole long-axes are influenced by location of the faults.

To confirm this linkage between buried faults and sinkhole lines, we measured the
distance between the sinkhole centroid and the nearest fault (Fig. 5-50) and the orientation
between the sinkholes and faults of both study areas (Fig. 5-51). In the Zhijin area, it is noted
that the number of sinkholes (Fig. 5-50a) and the area of sinkholes (Fig. 5-50b) decrease with
the distance to the neighborhood fault, illustrating a potential structural control in the study area.
As shown in Fig. 5-51a, the bimodal distribution of sinkholes orientation mentioned in Section
5.2 are similar with that of the fault orientation. The bimodal distribution is such that there is a
separation at 80°. At the section of 0°-80°, the high orientation frequency of sinkhole long-axis
length and faults are at range of 40°-70°. At the section of 80°-180°, the high orientation
frequency of sinkhole long-axis length and faults are at range of 40°-70°.

The structural control in the Weining area was also found from sinkhole shape and spatial
distribution. On one hand, as shown in Fig. 5-50d, the area of sinkholes decreases with the
distance to the neighborhood fault. The sinkholes orientation mentioned in Section 5.2 are
generally similar with that of the fault orientation (Fig. 5-51b). The sinkhole peak values
correspond to those of the faults orientation at 50°, 130° and 140°. On the other hand, the faults
extended along NW and NE (Fig. 2-5); therefore, the sinkholes were influenced by the structure
with these two directions. The two direction impacts of the faults could be reflected in the
following three aspects. Firstly, the number of sinkholes (Fig. 5-50c) generally decreases with
the distance to the neighborhood fault. Secondly, there is not obvious correlation between the
number of sinkholes and the distance to the neighborhood fault; however, 62.5% of the
sinkholes distributed within 500 m distance of the faults (Fig. 5-50c). These sinkholes clustered
among the faults and arranged along the faults extension direction (NE and NW). Thirdly, the
sinkhole shape is influenced by the two direction faults. Comparing Tables 4-3 and 4-4, we can
see that the mean ellipticity of the Weining area (0.73) is smaller than that of the Zhijin area
(0.78). It can be inferred that the sinkhole shape tend to be less elliptic than that in the Zhijin
area. This less elliptic sinkhole shape is also found in Fig. 4-6 and Fig. 4-7. In Fig. 4-6, the
sinkhole shape elongates mainly along NE, especially the large sinkholes. However, in Fig. 4-7,
the small sinkhole shape tends to be more circular while the large sinkholes elongate along not
only NE but also NW.

101



80
Q
(=]
60 -| 3
=
8 S -
g g
S w g -
l) A ©
o Q
e @
5 -
8 S
E =
Z 20 g h
<
g
9 25
]
0 T X T X T 3 T T £ T ¥ T ¥ T ‘V "j ’30 T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600 1800
Distance to the nearest fault (m) Distance to the nearest fault (m)
144 o 15 d
C o
(o]
12 & 1
4 @ o> o
' 104 © \\\ 5
2 10 3 ™
£ "] g e
< o 0.5 \\
c 8+ o M fo RN
‘® S & \ C
k) ® \
5 6 g 2 L ;
2 £ 004 N
g % 0 e o
Z' 44 = h I
- 05 o0
o -U.9
24 3 | & \\
[e]
04 T T T T T T T T T T -1.0 T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 500 1000 1500 2000
Distance to the nearest fault (m) Distance to the nearest fault (m)

Figure 5-50. Distribution of sinkholes and faults: a) sinkhole frequency with the distance to the
nearest fault in the Zhijin area. Linear correlation assigned: R?= 0.88; b) sinkhole area
percentage with the distance to the nearest fault in the Zhijin area. Linear correlation assigned:
R*=0.89; c) sinkhole frequency with the distance to the nearest fault in the Weining area.
Linear correlation assigned: R?= 0.35; b) sinkhole area percentage with the distance to the
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In addition, it is interesting that more than 1/5 of the sinkholes are in the ellipticity of 0.9-
0.99 (Fig. 5-7). Intensively, in the ellipticity class of 0-0.9, there is only 34 sinkholes with the
ellipticity value < 0.5. The high sinkhole ellipticity values reflect that the study area was
dominated by the irregular or non-circular sinkholes. Brinkmann et al. (2008) demonstrated
that irregular or non-circular sinkholes indicates a relatively old karst landform. Therefore, the
dominated irregular or non-circular sinkholes infer a relatively old karst landscape in the study
area. This is not particularly surprising since the landscape is higher than 900 m elevation and
was inundated in the Triassic, Permian and Carboniferous.

According to Bauer (2015), the deepening of collapsed sinkholes is associated with
area-widening for sinkhole formed by solution. The linear correlation between area and volume
(Fig. 5-14) demonstrates that the sinkholes in the study areas also have a solutional origin. The
solution is due to the distribution of pre-Triassic carbonate rocks in the study areas (Li and Luo,
1983). The genetic process of solution sinkholes has been well-established in recent studies
(Williams, 2003; Beck, 2004; Waltham et al., 2007; Gutierrez et al., 2008), including the effect

of differential corrosional surface lowering (Gutiérrez et al., 2014).
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5.6. Implications from the morphometry of the tower and

cockpit karst hills

The tower and cockpit karst hills in both study areas show a main aspect to the east. In
Section 5.3.8, we found the following aspect characteristics: 1) the tower karst aspect in the
Zhijin area ranged from NE to SE; 2) cockpit karst aspect in the Zhijin area was mainly SE with
few in 180°-202.5°; and 3) the tower and cockpit karst hills in the Weining area tend to have SE
aspect. Furthermore, The mean aspect in Tables 4-7 and 4-10 for the tower and cockpit karst
hills are 101.31°and 161.64°for the Zhijin area, 134.39°and 142.57°for the Weining area. There
are two reasons for these characteristics. One is the fault orientations. The faults in the Zhijin
area tend to extend along an NE-SW direction, while the faults in the Weining area along an
NW-SE direction. The other is that the hill aspects in both areas follow the general aspect of the
Yunnan-Guizhou Plateau. Zhang (1980) stated that the plateau shows stepwise elevation
change toward the E.

The tower karst hills in this study have specific features. The observed structural
correlation for the tower karst hills mentioned above is different from the tower karst hills in
Puerto Rico (Day, 1978). The tower Kkarst hills in Puerto Rico tend to be more asymmetric or
circular with the width/length ratios between 0.91 and 1.00. The circularity values of the tower
karst hills are similar in both the Zhijin and Weining areas; less than 0.8 and clusters at 0.5-0.6
(Section 5.3). This suggests erosion does not similarly affect all hillsides. In addition, Day
(1978) demonstrated that the relief of the tower karst hills in Puerto Rico is < 25 m and
classified them using the long-axis length/relief ratio (LR) based on the “head-types” proposed
by Balazs (1971). The LR of the tower karst hills in Puerto Rico range from 1.42 to 7.5, and
their head types are: Yangshuo (LR < 1.5), Organos (1.5 < LR <3.0) and Sewu (3.0 < LR < 8.0).
In the present study, LR values of the tower karst hills range from 1.07 to 61.90, including
another head type, Tual (LR > 8.0) which are points to the difference between the study area in
Puerto Rico and China.

As noted, the cockpit karst hills have higher topographic complexity, larger areas and
steeper slopes than the tower karst hills in the Zhijin and Weining areas, which agrees with the
result from Jamaica reported by Lyew-Ayee (2007). However, there are some differences
between the study areas in China and Jamaica. In Jamaica, the cockpit karst hills have higher
frequency with shape more close to a circle. The cockpit karst hills in the Chinese study areas
have irregular footprints than those of the tower karst hills. This may indicate that the karst
landforms in Jamaica are more matured under a tropical climate with abundant rainfall,

whereas the Chinese karst landforms are still on their way to the mature stage.
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CHAPTER 6 KARST LAND-USE CHARACTERISTICS

6.1. Land-use classification

The overall accuracies of the supervised land-use classification based on the aerial photos
are 87.64% for the Zhijin area and 89.47% for the Weining area based on the confusion matrix.
The constructed land-use maps of the Zhijin and Weining areas are shown in Fig. 6-1 and Fig.

6-2, respectively.
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Figure 6-1. Land-use map of the Zhijin area. AL: arable land; BL: bare land; CL: construction
land; FL: forest land; GL: grass land; ML: mining land; OP: orchard and perennial plantation;
PL: paddy land; SL: shrub land; TF: tidal flat; WA: water area.
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Figure 6-2. Land-use map of the Weining area. Codes in the legend are the same as in Fig.
6-1.

As shown in Fig. 6-3, the Zhijin area was highly cultivated, with dominance of farm land
(arable land and paddy land) that reaches nearly 50%. Because of the complex landforms and
difficulties in irrigation, arable land (dry field) was the main type of farm land. Vegetated areas
(shrub land and forest land) take ~43% of the total area, and, with shrub land being 32.2% and
forest land being 11.78%. The bare land covers 2.22%, indicating that rocky desertification
occurred. Mining land and water area cover very small areas of 0.03% and 0.06%, respectively.
Orchard and perennial plantation land takes 0.13%. Construction land and grass land cover
2.21% and 2.66%, respectively.
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Figure 6-3. Area percentage for each land-use type in the Zhijin area

Arable land occupies ~55% of the Weining area (Fig. 6-4). There is no paddy land because
of insufficient water resources. The vegetation area (forest land and shrub land) also take large
area (~39%). Construction land and grass land cover 2.21% and 2.66%, respectively. Other
land-use types occupy only small areas: bare land (0.99%), mining land (0.12%), orchard and
perennial plantation (0.04%), water area (0.36%), Compared to the Zhijin area, the Weining

area has a larger cultivated area, smaller bare land, smaller shrub land and larger forest land.
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Figure 6-4. Area percentage for each land-use type in the Werining area

For the Mawo basin, the overall accuracy of the land-use map derived from the ALOS data
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using the supervised classification is 89.42%. The resulted land-use map of 2009 is shown in
Fig. 6-5. The area percentage for each land-use class is shown in Fig. 6-6. As a typical karst
basin located in the Weining area, the Mawo basin is dominated by arable land (51.43%). The
vegetation in the study area are forest land (1.14%), perennial plantation (17.16%), shrub land
(24.56%) and grass land (1.37%). Field work revealed that forest land had been degraded into
perennial plantation area. Bare land covers 2.76%, reflecting serious soil erosion there.
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Figure 6-5. Land-use map of the Mawo basin in 2009. AL: arable land; BL: bare land; CL:
construction land; FL: forest land; GL: grass land; ML: mining land; OP: orchard and
perennial plantation; SL: shrub land; WA: water area.
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Figure 6-6. Area percentage for each land-use class in the Mawo basin

6.2.

The distribution of land-use classes in different landform types in the Zhijin and Weining
areas are shown in Figs. 6-7 and 6-8, respectively. The result indicates that the study areas are
highly cultivated even in the hilly areas. In the Zhijin area, agriculture in the lower areas takes
higher percentages than that in the hilly areas. The sinkhole and depression areas are

dominated by agricultural land-use with ratios of 51% and 45%, respectively. In the tower

Relationships between land-use and landforms

and cockpit karst hills, the agricultural area percentages are 44% and 38%, respectively.
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Figure 6-7. Area percentages of land-use types in the Zhijin area for different landform types: a)
sinkhole; b) tower karst hill; c) cockpit karst hill; d) depression.

The agriculture area covers higher percentage in the Weining area than in the Zhijin area.
As shown in Figs. 6-8, the agriculture in the sinkhole area takes a high percentage of 83%, and
that in the depression area is 56%. However, not only in the lower areas but also the tower karst
hills are dominated by the agriculture land with a ratio of 59%.
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Figure 6-8. Area percentages of land-use types in the Weining area for different landform
types: a) sinkhole; b) tower karst hill; c) cockpit karst hill; d) depression.
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6.3. Development of rocky desertification

In order to examine the impact of human-induced landscape degradation, changes in the
distribution of rocky land from 1977 to 2010 were analyzed. The rocky land is the result of
rocky desertification and reflects the sever soil erosion in karst terrain. The agricultural and
residential areas were significantly involved in the human activity; therefore, they can be
regarded as human activity areas. Because of the low resolution of the remote sensing data in
1977, we defined the forest land and sparse forest as one class of forest. The land-use changes
from 1977 to 2010 are shown in Fig. 6-9. The land-use maps for 1977, 2002 and 2010 are
shown in Fig. 6-10.
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Figure 6-9. The areal change of land-use type

As shown in Fig. 6-9, the rocky land expended dramatically from 1977 to 2002. In 2002,
the sparse forest and forest land were 2.88 km?, which is 2.51 km? less than those of 1977.
However, the area of rocky land increased by 0.42 km?, which is > 4 times more than the
rocky area in 1977. During 1977-2002, the area of shrub land and the human activity area
expanded by 0.22 km? and 1.87 km?, respectively. Compared with the land-use distribution in
1977 (Fig. 6-10a), that in 2002 (Fig. 6-10b) was more fragile. In 2002, the rocky land occurs
around the boundary of the depositional area (A to D in Fig. 6-10b) and the southern part of
the study area (E in Fig. 6-10Db).

Human disturbance also increased during 2002—2010. The rocky land expanded with a
mean rate of 0.015 km*/year. The highest value of rocky land area is 0.66 km” in 2009 (Fig.
6-9). Fig. 6-10b and c indicates that 1) rocky land enlarged at areas with strong human
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activity (C and D in Fig. 6-10b); and 2) shrub/grass land degraded to rocky land (A, B and F
in Fig. 6-10c). The decrease of forest land and the increase of shrub/grass land (G in Fig.

6-10c and Fig. 6-9) also suggest that the landscape degraded with the development of rocky
desertification.
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Figure 6-10. Land-use maps for different periods: a) 1977; b) 2002; c) 2010
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CHAPTER 7 SOIL EROSION IN KARST LANDFROMS

7.1. Soil erosion rate estimation

7.1.1. RUSLE factor values

The distribution of values of the RUSLE factors in the Mawo basin is shown in Fig. 7-1.
In Fig 7-1a, K-factor values are 0.025 Mg h MJ* mm™ for brown calcareous soil, 0.038 Mg h
MJ™ mm™ for brown soil. The K-factor value for calcaric cambisols falls in the range 0.030—
0.036 with a mean of 0.036 Mg h MJ™* mm™, and that for yellow brown soil is in the range
0.036-0.045 Mg h MJ* mm™, with a mean of 0.041 Mg h MJ™* mm™. The LS-factor is low in
flat areas and high in steep areas, taking values between 0.02 and 16.43 (Fig. 7-1b). The
C-factor values derived from the empirical formula range from 0.01 to 0.62 (Fig. 7-1c).
P-factor values are explained in Section 3.6 and their distribution is shown in Fig. 7-1d. As

written in Section 3.6, the R-factor value in the basin is 2865.5 MJ mm hah™y™.
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Figure 7-1. Spatial distribution of the calculated values of a) K-factor; b) LS-factor; ¢)
C-factor; d) P-factor

7.1.2. Estimated annual soil loss

The map of soil erosion rate produced by the RUSLE model is shown in Fig. 7-4. The
estimated soil erosion rate ranges from 0 to 549.17 Mg ha™ y™* with a mean of 30.24 Mg ha™
y™. In this karst basin, Xie et al. (2010) assumed the depression in the center as a perfect
collector of eroded materials from surrounding hillslopes. According to their sedimentary
analysis, the sedimentation there began in 1980 in response to accelerated erosion due to
human activities mainly agriculture. From sediment volume in the depression, they computed
the mean annual erosion rate for the period 1980—2009. The result (29.01 Mg ha™* y?) is very
close to the mean annual soil loss estimated by the RUSLE (30.24 Mg ha™ y*). These values
are also close to those in the literatures for the red soil region in the Jinsha River Basin of
northeast Yunnan Province (Yang, 2002) and a karst catchment in middle Guizhou Province
(Xu et al., 2008). The deviation of the predicted soil loss from the RUSLE falls in the range of
average magnitude of error (0.2-37.6 Mg ha™ y™*) obtained by Tiwari et al. (2000). Therefore,
the RUSLE model and the sub-models used seem to work well for the basin.

Based on the Chinese Standard for Classification and Gradation of Soil Erosion
(P.R.China, 1997), six classes of erosion rate were distinguished (Fig. 7-4 and Table 7-1:
minimal (< 5 Mg ha™ y*); low (5-25 Mg ha™ y™); medium (25-50 Mg ha™ y™); high (50-80
Mg ha™ y™*): very high (80-150 Mg ha™ y™) and extremely high (> 150 Mg ha™ y*). The area
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and the mean soil loss rate in the studied basin for each erosion class are presented in Table
7-1. It is obvious that classes with large areas account for small quantities of soil loss, and
vice versa. The erosion classes of minimal, low and medium are widely distributed (~81%)
but account for only 41.74% of the total erosion. On the contrary, only ~19% of the
catchment area has erosion loss > 50 Mg ha™ y™, but contribute to 58.26% of the total soil

loss.
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Figure 7-2. The sedimentation records based on Xie et al. (2010): a) location and number of soil
profile; b) sediment thickness from 1980.

Figure 7-3. The field photographs of the Mawo basin: a) overview; b) exposed tree roots after
soil erosion

115



Table 7-1. Classes of annual soil erosion rate

Erosion class Class range Area Soil loss rate Soil loss rate
(Mg ha'yh)  (ha) (% of (*10°Mg y?) (% of total)
total)
Minimal 0-5 363.52 23.38 6.74 1.42
Low 5-25 599.02 38.52 81.96 17.26
Medium 25-50 303.16 19.50 109.46 23.06
High 50-80 151.18 9.72 95.62 20.14
Very high 80-150 105.86 6.81 112.25 23.64
Extremely > 150 32.25 2.07 68.70 14.47
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Figure 7-4. Spatial distribution of the mean annual soil loss estimated by the RUSLE model

7.1.3. Soil loss per land-use type

Soil loss estimates for different land-use types were obtained by superimposing the soil
erosion maps and the land-use map (Tables 7-2 and 7-3). The results show that soil loss from
the dense forest and grass land is low with 1.69% and 1.51% of the total erosion amount,
respectively, because 1) their areas are small, and 2) over 30% of the dense forest and grass
land areas fall on the category of the low erosion zone. Sparse forest land has an average

annual soil loss rate close to that of forest land; 66.73% of sparse forest land has the minimal
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to medium erosion classes, while 64.76% of the soil loss amount from sparse forest land
comes from areas with the high to extremely high classes. Shrub land has the largest soil loss
of approximately 50% of the gross amount of the catchment, as well as the highest annual
erosion rate. Although 63.12% of shrub area falls in the zones of minimal to medium erosion,
the larger erosion amount (73.41%) is from areas with the high to extremely high erosion
classes. The lowest rate of average annual soil loss occurs in farm land which covers ~50%
territory of the erosion area. Most of the cultivated areas do not have serious erosion that
95.19% of the area and 75.56% of the amount result from the zones of minimal to medium
erosion. Based on the mean soil less rates shown in Table 7-2, the order of mean soil erosion
rates for different land-use types is: shrub land > sparse forest land > forest land > grass land >
farm land. In the study area, farm land occurs in relatively flat areas, resulting in the smallest
erosion. Except for this, the erosion rate is negatively correlated with vegetation density, which
is high in forest and grass land but low in shrub land. The negative correlation agrees with
observations in the other areas (e.g., Nearing et al. (1989); Gyssels et al. (2005)): the more
plant root and canopy density, the less water flow and less erosion, because of physical and

biological protection of soil.
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Table 7-2. RUSLE related values according to land-use type

Land-use type Area Area Mean Mean Mean Mean rate Total annual soil loss
percentage NDVI C LS A
(ha) (%) ) ) Q) (Mg ha™ y™) (Mg y™) (% of total)
Forest land 18.61 1.20 0.49 0.16 2.63 44.30 7.95 1.69
Sparse forest land 279.61 17.98 0.54 0.11 4.37 44.84 125.64 26.70
Shrub land 400.16 25.73 0.52 0.12 4.27 52.20 209.94 44.62
Grass land 22.32 1.44 0.51 0.14 2.38 32.07 7.12 1.51
Farm land 763.93 49.13 0.49 0.16 2.08 15.48 119.92 25.48
Rocky land 44.98 2.89 0.41 0.26 4.52 - - -
Mining land 2.58 0.17 0.32 0.40 3.07 - - -
Building land 22.81 1.47 0.53 0.12 1.05 - - -

Table 7-3. Area and soil loss amount for each land-use type

Soil loss area and amount Minimal Low Medium High Very high Extremely high
(% of each land-use type) Area  Amount Area Amount Area Amount Area Amount Area Amount  Area  Amount
Forest land 11.50 0.57 30.66 9.45 25.78 20.25 1429  20.50 1429  35.96 3.48 13.26
Sparse forest 714  0.34 28.67 9.48 30.92 25.42 18.61 26.06 12.85  29.94 1.81 8.76
Shrub land 7.07 0.27 30.89 8.80 25.16 17.52 16.77 20.32 14.00 28.31 6.11 24.78
Grass land 1296 0.71 46.48 20.47 18.03 20.33 1352  26.69 8.45 27.66 0.56 4.14
Farm land 32.21 4.56 4950 41.27 13.48 29.73 3.30 12.94 1.31 8.79 0.20 2.71
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7.1.4. Soil loss per landform type

In the Mawo basin, the areas of the depressions, tower and cockpit karst hills are
88.31%, 7.97% and 3.71% respectively. The mean soil erosion of the depressions ranges
from 0.03 to 655.46 Mg ha™ y* with a mean of 29.35 Mg ha™* y™. The erosion rate range of
the tower karst hills is 0.41 to 382.60 Mg ha* y™* with a mean of 34.39 Mg ha™ y*. The
erosion range of the cockpit Karst hills ranges from 0.03 to 315.44 Mg ha™ y* with a mean
of 35.52 Mg ha* y*.

The t-test was applied to evaluate the soil erosion difference among the depressions,
tower and cockpit karst hills (Fig. 7-5). These results were obtained: 1) The erosion rate
difference among the landforms is statistically significant (p < 0.05); 2) The order of soil
erosion rate is cockpit karst hills > tower karst hills > depressions; and 3). The erosion
rate of the cockpit karst hills shows the most apparent difference among the three. The
tower karst hills erosion rates show relatively small variance than the depression and

cockpit karst hills erosion rates.
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Figure 7-5. Box plots of erosion rates for the three major landform types in the Mawo basin.

The difference among the landform types is significant based on the t-test (p < 0.05).
The order of soil erosion rate according to the karst landform type reflects topographic
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characteristics. For example, the cockpit karst hills tend to have steeper slopes than the
tower karst hills, and the depressions are gentler. The higher relief and ruggedness of
cockpit karst hills than those of the tower karst hills could also contribute to the observed
difference. Elsewhere in the world, soil erosion in hilly lands is also significantly affected
by terrain slope, relief and ruggedness (Tamene et al., 2006; Sarangi et al., 2007; Asadi et
al., 2012; Ziadat and Taimeh, 2013).

7.2. Effect of factors in the RUSLE

In order to analyze the source of the error of the RUSLE model, we specify the effect
of the sub-models in the RUSLE on erosion scenario. Fig. 7-6 was created to summarize
the relationship between the annual soil loss and factors in the RUSLE model except for the
R-factor that the precipitation data for the study area were limited. Elevation was
additionally taken into account to explore the relationships between soil loss and
environmental factors. We divided the values of each factors into classes. The intervals of
C-, L-factor, slope and elevation are 0.05, 0.2, 5° and 50 m, respectively. The K- and
P-factor use the previous values based on soil and land-use type in Section 3.6. The
average values and standard deviation values of annual soil loss for classes of these
parameters, and the average values and standard deviation values in each classes, are also
showed in the figure. The slope class with values > 45° in Fig. 7-6a, elevation classes of
2200-2250 and 2800-2850 m in Fig. 7-6b, and the C-classes > 0.3 in Fig. 7-6c¢, are
excluded because they occupy only < 1.5% in a total pixel of 25118 attributed with values.
In Fig. 7-6, the mean and standard deviation of soil loss tend to increase with the slope, C-
and P-factors. These positive relationships between soil erosion and slope, C- or P-factor
are expected. Because the vegetation and the slope steepness are positively related with the
overland flow and flow velocity (Haan et al., 1994), and values for the conservation
practice factor are the most uncertain but significantly influence the results (Renard et al.,
1997). On the other hand, with a generally large standard deviation, the mean values of soil
loss for elevation classes fluctuate slightly around the mean annual soil loss value of the
catchment. Additionally, the L-factor shows a high concentration in the low slope length
range and relatively stable L-value. All these results infer that: firstly, high rates of soil loss
are recorded not only in the high mountains but also in low regions of the catchment;

secondly, the S-, C- and P-factors play more important roles than K- and L-factor in the soil
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erosion. This agrees with the findings by Ldpez-Vicente et al. (2009) that the LS-factor
largely depends on slope steepness. The strong influence of the slope steepness also can
be found as mentioned in Sections 5.4 and 7.1. In, Section 5.4, we demonstrated that
cockpit hills have higher slope steepness than that of tower karst hills. Therefore, the
cockpit karst hills have a higher erosion rate than the tower karst hills (Section 7.1).
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Figure 7-6. Relationships between the annual soil loss and each of the model factors except
the R-factor. The average and standard deviation of values in each class are shown. a)
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7.3. Effect of grid size in the RUSLE

Cell dimension influences the magnitude and variability of the soil erosion
reconstructed by the RUSLE. This fact also reflects that higher resolution of data does not
assure better model prediction. Fig. 7-7 shows the sensitivity of the K-, L-, S-, C- and
P-factors normalized by the maximum value at different spatial resolution in the study area.
It shows that, unlike the stability of K- and P-factors, the L- and S-factors are very sensitive
to the grid size. The high fluctuation of the L-factor curve implies that the L-factor is more
sensitive than the S-factor in the study area. In particular, the C-factor presents slight

sensitivity at grid size > 50 m.
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Figure 7-7. Sensitivity graph of the RUSLE factors (except for R-factor) to grid size

In order to analyze the significant influence of the LS-factor in detail, the output of the
RUSLE model and sensitivity of the LS-factor at the spatial resolution of 5-200 m were
evaluated. The methods described by Moore and Burch (1986) and McCool et al. (1987,
1989) were used to simulated the LS-factor. The results of the two methods are generally
four times as large as those derived from the adopted methods. Fig. 7-8 shows the mean
values of soil loss and LS-factor and the mean LS-values divided by 4 based on the method
of Moore and Burch (1986) and McCool et al. (1987; 1989). In Fig. 7-8, it is obvious that
the coarser grid sizes lead to higher average values of the LS-factor and mean soil loss.
Likewise, the mean LS-values calculated by the method of Moore and Burch (1986)

generally increase with increasing grid size, except for the grid size of 70 and 150 m. For
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the approach of McCool et al. (1987; 1989), the change in the mean LS-values with grid
size can be divided into two parts. One is the grid size range of 5-60 m. In the scenario of
the resolution higher than 60 m, fine grid size values correspond to high values of the
LS-factor. The other is the grid size of 60—200 m, and the curve of mean LS values shows
fluctuations, with a maximum LS value in grid size of 90 m. The positive correlation of the
LS values and grid size agrees that high resolution does not assure better model prediction
(Van Rompaey et al., 1999).

However, previous studies has found that soil loss is more sensitive with slope
steepness than slope length (McCool et al., 1987) and coarse resolution inputs generally
lead to low LS-values and corresponding soil loss values (Wu et al., 2005; Lee and Lee,
2006). The difference between the present and previous studies may be due to the scale and
topographic features of different study areas. In a large study area with remarkable terrain
difference and large drainage area such as the Bosung basin (Lee and Lee, 2006), the
sensitivity of the S-factor is higher than that of the L-factor. On the contrary, the L-factor
computed from the grid size may be more sensitive than the S-factor in the study area with
relatively small catchment and drainage area (though high relief). Therefore, as no rules
has been clearly proposed, discretion of the S- and L-factor’s sensitivity based on basin
characteristics and modeling complexity is needed for quantitative estimation of soil loss,

for selecting the best grid size for analysis.
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LS-factor calculated with the methods adopted in the present study; 2) annual soil loss
based on factors calculated by methods adopted in this study; and 3) mean LS-factor
values divided by 4 calculated by the methods suggested by Moore and Burch (1986) and
McCool et al. (1987, 1989).

7.4. Comparisons with other areas

The serious soil erosion in the study area is common to arable land in karst regions of
southwest China (Wang et al., 2004). However, the estimated soil loss of 30.24 Mg ha* y*
for the Mawo basin is lower than that in the hilly catchment of Northeastern India (51 Mg
ha y!; Dabral et al., 2008), where more abundant rainfall occurs. On the other hand, the
soil erosion rates for the land-use types obtained in this study also differ from those in the
Chinese Loess Plateau. In the Mawo basin, soil loss for each land-use is ranked as: shrub
land > sparse forest land > forest land > grass land > farm land. In the middle and eastern
Loess Plateau, Wei et al. (2007) and Feng et al. (2010) measured the soil erosion rate using
the 137Cs method. The results show that the soil loss rate is ranked as: farm land > grass
land > forest land > shrub land. This difference is due to two factors. First, small-scale
stone-framed terracing and contour tillage effectively reduce soil erosion in farm land in
the Mawo basin (Yang, 2002; Xu et al., 2008a), whereas the area investigated by Wei et al.
(2007) in the Loess Plateau lacks effective soil protection measures. Second, shrub land in
the Mawo basin mainly occurs in areas with high SL values (Fig. 7-1b). However, in the
study area of the Loess Plateau, slope is relatively low and the existence of shrub can
regulate surface runoff (Xu, 2005; Wei et al., 2007).
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CHAPTER 8 INSIGHTS INTO ENVIRONMENTAL
PROBLEMS

The results mentioned in the previous sections indicate that the environment problems
in the study areas, especially soil erosion and rocky desertification, are affected by both
natural topography and human land-use (Chapters 6 and 7). This has often been
demonstrated in karst areas, where new settlement and agricultural activities increase
landscape fragmentation and trigger rocky desertification (Wang et al., 2004). Rocky
desertification is serious not only in the study area but also the surrounding areas in
Southwest China (Guo et al. (2013). Especially Guizhou Province is suffered from the most
serious rocky desertification in China, and the rocky area greatly increased during the
1970s to 1990s (Guo et al., 2013). The present study has also shown that rocky areas
dramatically increased from the late 1970s to the early 2000s (Section 6.3).

Some studies indicated that land-use changes in karst areas may degrade epikarst
which is a significant function of karst ecosystems (Pipan and Culver, 2013) controlling
water infiltration (Gutiérrez et al., 2014). Furthermore, a typical human activity in karst
areas is landform modifications due mainly to quarrying of carbonate rocks (Gunn, 1993;
Parise and Pascali, 2003; Delle Rose et al., 2007; Canora et al., 2008). With the increasing
impact of various human activities, protection of karst environment becomes challenging
(Gutiérrez et al., 2014).

Based on the analyses of landforms (Chapters 4 and 5), land-use (Chapter 6), and soil
erosion (Chapter 7), the following five suggestions are made for environmental
conservation and sustainable development in the study areas of Guizhou Province.

First, land-use regulations need to be applied and they should be different according to
the landform types. i) Cultivation within sinkholes should be limited, although arable land
widely occurs not only flat areas and hills but also in sinkholes. Knowledge about the
structure of sinkholes is insufficient in the study areas. For example, some shallow
sinkholes may be connected to deep sinkholes but it is unknown because of filled soils.
Such filled sinkholes may cause subsidence because of reactivation or soil compaction
under the lack of basal support (Gutierrez et al., 2008). Cultivation in the sinkhole area,
particularly those with irrigation, can be risky. ii) Paddy land with intensive irrigation
should be sufficiently away from the geologic joints and faults to avoid sinkhole hazards.
Even if present or buried sinkholes do not exist, the geologic structure facilitate

underground water movement if irrigation is active, leading to faster solution of carbonate
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rocks and generation of sinkholes.

Second, agricultural areas in hilly areas especially the cockpit karst hills need more
systematic soil conservation practice. The study areas have relatively high population
density, which can be an obstacle in reducing arable land. However, high population
density or more available labor force may facilitate the installation of practical
conservation measures such as terracing, contouring, strip cropping and covering
cultivation.

Third, human activities other than agriculture also need to be reduced or regulated. For
example, construction processes such as raveling and drilling may affect hydrological
systems and generate various problems including faster erosion and sinkhole generation.
Deforestation for any purposes decreases vegetation coverage and hence weakens soil
protection. This study has indicated that deforestation is the major reason for land-use
degradation and resultant rocky desertification.

Fourth, a comprehensive geospatial database including various geographical data for
different periods is required. Although this research has utilized different geospatial data
such as DEMs and land-use maps from satellite images, more thematic data such as
population distribution and bedrock lithology are necessary for effective environmental
analyses and planning. Data for past periods are also useful. For example, if the distribution
of pre-existing sinkholes before recent burial is available, it is valuable for predicting
sinkhole regeneration. Detailed temporal land-use data are also essential. For example, this
research has suggested that grass land is prone to rocky desertification. The spatial
distribution of the grass land is a key information for the future rocky desertification.
Temporal changes in the distribution of grass land and progress of deforestation are basic
and important information to deal with rocky desertification.

Fifth, after the construction of the geospatial database, advanced statistical modeling
should be applied to the data for mapping susceptibility of sinkhole formation, rocky
desertification and soil erosion. Factors including landform types, morphometric parameter
values, geological structure, lithology, vegetation, land-use, level of land management, and
other human activities such as construction will be considered for the susceptible modeling.
The resultant susceptibility maps will be useful for cost-effective environmental

management and future development in the study areas.
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CHAPTER 9 CONCLUSIONS

The results of this study suggest that the semi-automatic sinkhole identification
approach using various DEMs provides an effective way to analyze sinkholes, depressions,
tower karst hills and cockpit karst hills in broad and/or inaccessible areas. It reduces
manual errors and processing time. The comparison of results from different datasets can
be realized through the application of fast data acquisition at low cost. Although the
ASTER GDEM is not suitable for research in the study area, it is not a general criticism of
the data and it might perform better in other areas or for different objectives.

We resampled the DEMs and set thresholds for sinkhole identification. It is to 1)
remove the artificial sinkholes caused by data characteristics; 2) match various
morphometric characteristics of sinkholes with distinct landscapes; and 3) improve the
efficiency of the model. Although DEM coarsening was found to be effective in reducing
the effects of local data errors, excessive coarsening should be avoided because all the
DEMs with grid sizes > 30 m could not capture small real sinkholes. The thresholds we set
are: area = 60 m?, ellipticity = 0.2 and TPI = 0. With these thresholds, the best performance
of the model was generated by using the DEMs derived from the topographic maps, those
not from satellite remote sensing. The accuracy of the semi-automatic model ranges from
0.78 to 0.95 for the DEM resolutions of 3 to 90 m. In summary, good model performance
can be achieved if DEM resampling and the setting of thresholds are appropriately
combined.

The application of semi-automatic approach on the classification of tower and cockpit
karst hills indicated high productivity. They could be distinguished base on DEM analysis
that follows their definition. It avoids 1) the misclassification on the boundary of these two
types of karst hills; 2) the error on selecting training samples of the supervised
classification; and 3) time- and labor-consuming visual interpretation and field work.
According to the comparison with the geomorphological maps from field work and aerial
photo interpretation, the accuracy of karst hill classification ranges from 85.02% to 94.65%.
The proposed semi-automatic approach for landform classification is useful for establishing
a basis of environmental research because field-based approaches often have limitations in
areal coverage, objectiveness, and efficiency.

This study demonstrated the sinkhole morphometry derived from different approaches.
Some conclusions are made: 1) The morphometric characteristics of sinkholes derived from

the semi-automatic approach agree with those from the field-based approach. The sinkhole
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morphometric values (area, perimeter, long-axis length, orientation, ellipticity and volume)
in the study area show large value ranges. 2) Sinkhole plan shapes are skewed with
irregular or elliptical shape. This indicates that the sinkholes in the region are relatively old.
3) Sinkhole long-axis length and sinkhole alignments are generally parallel with that that of
the faults. Tensional faults provided the necessary conduits and structural conditions for the
formation of sinkholes. 4) The area-to-volume ratio argues about solution-only origin for
the sinkholes in the region.

This study also demonstrated the morphometry and morphometric differences among
the tower and cockpit karst hills in central and western Guizhou Province. Fourteen
morphometric parameters were measured in terms of horizontal, vertical and overall shapes.
As a result, compared with the tower karst hills, the cockpit karst hills have larger areas but
less circular foots, higher relief with steeper mean slope values and lower curvature values
but higher complexity. These differences between the tower and cockpit karst hills are
clearer in central Guizhou Province concerning the vertical and shape measures but not the
horizontal parameters.

The land-use shortage and soil erosion issues were also analyzed with the landform
types generated by the semi-automatic approaches. The result indicated that the study areas
were highly cultivated even in the karst hill areas. Over 50% of the tower and cockpit karst
hills area have been developed for agriculture, although agriculture in the flatter areas is
more intensive. For the differences between the central and western regions of Guizhou
Province, the cultivation area takes higher percentage in the western region and the
difference of agriculture ration between sinkhole and depression is clearer in the western
region.

Human disturbance including agricultural land-use has led to serious problems of soil
erosion in the study areas. This study evaluated erosion rates of a selected area (Mawo
basin) using the RUSLE model supported by a field sedimentary record. The RUSLE gave
a mean annual erosion rate of 30.24 Mg ha™ y™ for the period from the 1980s to the 2000s.
The mean annual erosion rate obtained using the RUSLE is consistent with the result of
previous research based on the record of accumulated sediment in a closed depression
during 1980 to 2009. The order of soil erosion rate, cockpit karst hills > tower karst hills >
depressions, reflects differences in topographic characteristics especially slope, relief and
ruggedness.

Human activity significantly affected the land-use degradation and resultant rocky

desertification. Analysis of satellite images has indicated that during 1977-2010, rocky
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desertification enlarged by 1.08 km?. Such rocky desertification started from landscape
degradation associate with shifts from dense vegetation to sparse vegetation. The
enlargement of rocky desertification clustered around the boundaries of human activity
areas, indicating that the rocky desertification was triggered by human disturbance. This
also been inferred by the order of annual soil loss in relatively natural areas: shrub land >
sparse forest land > forest land. The negative correlation between soil loss and vegetation
density implies the important of controlling human activity for the migration of soil erosion
and rocky desertification.

Based on the results and discussion concerning analyses on landforms, land-use and
soil erosion, four suggestions have been made for environmental management and
sustainable development: 1) application of land-use regulations, especially in sinkholes and
areas close to geological structure; 2) application of soil conservation practice to hilly areas
especially the cockpit karst hills; 3) reduction or regulation of human activities other than
agriculture such as construction and deforestation; 4) construction of a comprehensive
geospatial database including data for both natural and human environments at different
periods; and 5) statistical modeling to construct maps showing susceptibility to sinkhole
formation, rocky desertification, and soil erosion. The present research will serve as a

prototype or basic information for such future advanced statistical modeling.
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