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Reliable estimation of erosion in karst areas is difficult because of the heterogeneous nature of infiltration and sub-
surface drainage. Understanding the processes involved is a key requirement for managing against karst rock de-
sertification. This study used the revised Universal Soil Loss Equation (RUSLE) to estimate the annual soil erosion
rates on hillslopes and compared them with 137Cs budget in the depressions at two typical karst peak-cluster de-
pression basins in northwest Guangxi, southwestern China. Runoff plots data were used to calibrate the slope
length factor (L) of the RUSLEmodel by adjusting the accumulated area threshold. The RUSLEmodelwas sensitive
to the value of the threshold and required DEMswith 1m resolution, due to the discontinuous nature of the over-
land flow. The average annual soil erosion rates on hillslopes simulated by the RUSLE were 0.22 and 0.10Mg ha−-

1 y−1 during 2006 through 2011 in the partially cultivated GZ1 and the undisturbed GZ2 basins, respectively. The
corresponding deposition rates in the depressions agreedwell with the 137Cs records when recent changes in pre-
cipitation and land use were taken into consideration. The study suggests that attention should be given to the
RUSLE-L factor when applying the RUSLE on karst hillslopes because of the discontinuous nature of runoff and sig-
nificant underground seepage during storm events that effectively reduces the effects of slope length.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Karst landscapes are areas in which corrosion and dissolution of car-
bonate bedrock are dominant geomorphic processes. They occupy ap-
proximately 12% of continental terrains and have highly fragile
environments (Febles-Gonzalez et al., 2012). Soil erosion and progres-
sive degradation have been identified as severe geo-environmental haz-
ards in many karst areas (Parise et al., 2009). In southwestern China,
karst areas cover nearly 42.6 × 104 km2 with a population of about 100
million. Heavy population pressure has accelerated the rock desertifica-
tion and land degradation of karst environments (Wang et al., 2004). A
thorough understanding of the distributions of soil loss and sediment
yield is an urgent andbasic requirement for local landmanagers to assess
landscape changes and develop soil conservation policies for karst areas.

The Universal Soil Loss Equation (USLE) model is a widely used em-
pirical soil erosion model for computing annual unit-plot erosion in
riculture, Chinese Academy of
variousfield conditions. Themodel generates estimated erosion bymul-
tiplying the factors of rainfall erosivity (R), soil erodibility (K), slope
length and steepness (LS), cover management (C) and support practice
(P) (Wischmeier and Smith, 1978). RUSLE is the revised version of USLE,
which has been used at various spatial scales by subdividing an area of
applications into subareas with homogeneous factors and combined
with GIS methodology (Renard et al., 1991). This model has been used
in karst terrains of Cuba and southwestern China (Xu et al., 2009;
Febles-Gonzalez et al., 2012). These applications, however, did not con-
sider the details of hydrological and erosion processes controlled by the
conditions of karst development, and may have overestimated the ero-
sion rates. Carbonate bedrocks (limestone or dolomite) forming slopes
are characterized by high secondary porosity resulting in a well-
developed underground drainage system. They often will outcrop di-
rectly at or near the surface, which facilitate the rapid transport of sur-
face water to underground, even during a rainfall and runoff event
(Williams, 1983). Runoff plot observations have demonstrated that
the average runoff coefficient and sediment yield is very low on carbon-
ate hillslopes under the humid climate (Imeson et al., 1998; Calvo-Cases
et al., 2003; Chen et al., 2012a; Peng and Wang, 2012). Heterogeneous
karst surfaces with various densities of the epikarst zone also generate
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extremely complex runoff and erosion patterns. The discontinuous
overland flow and sediment deposition patterns along karst hillslopes
have beenwell documented (Calvo-Cases et al., 2003; Chang, 2011). Be-
cause of this discontinuity, the slope length factor (L) of the RUSLE in
karst areas must be smaller than in non-karst areas with similar topog-
raphy to effectively represent shorter flow lengths. Therefore, the L fac-
tor needs to be calibrated to accurately estimate soil erosion rates on
karst hillslopes.

This study investigated two typical karst peak-cluster depression ba-
sins in southwestern China. Soil erosion monitoring has been insuffi-
cient in these areas. Attention is paid to the potential of using the
137Cs tracer technique, which can provide retrospective soil redistribu-
tion information to evaluate the RUSLE model. The 137Cs tracer tech-
nique has been widely used throughout the world (e.g., Owens and
Walling, 1996; Navas et al., 2013). It is an artificial radionuclide with a
half-life of 30.17 years, produced by nuclear bomb tests, and primarily
deposited on the ground as fallout with precipitation from the 1950s
to the early 1970s (Campbell, 1983). The use of 137Cs as tracer is based
on the assumption of its spatially uniform distribution across the land-
scape. It relies on the fact that 137Cs binds immediately and strongly to
fine particles in the topsoil, particularly clay minerals and humic mate-
rials, and is resistant to downward leaching and plant uptake. This re-
sults in redistribution of 137Cs nearly exclusively in association with
soil particles (Ritchie and Mchenry, 1990; Zapata, 2002). The use of
this technique for soil erosion assessment may be generally grouped
into two categories. First, the rates of net medium-term (40–50 years)
soil loss or deposition are obtained by measuring spatial patterns of
137Cs in both vertical and horizontal planes across the landscape
(Walling and He, 1999). Second, sediment accumulation rates and
yields from catchment can be calculated by measuring the 137Cs inven-
tory of sediment cores in various depositional systems such as lakes or
reservoirs (He et al., 1996; Ritchie et al., 2009). In karst areas of south-
western China, previous studies (Li et al., 2009) on the characteristics
of 137Cs distribution indicated that the current 137Cs conversion models
may not be used for estimating soil redistribution rates at karst hillslopes
because of the thin soil covering and the dissolution of carbonate grain in
soils. However, there exists a unique landform type in southwestern
China, the peak-cluster depression, which is a closed and flat depression
surrounded by a series of hills. Depressions characterized by blocked or
waterlogged conditions could be regarded as depositional systems. The
mean soil erosion rates of the surrounding hillslopes and the deposition
rates in the depressions counterbalance each other in a peak-cluster de-
pression basin. A thick and uniform sediment layer in the depressions
Fig. 1. Locations, the digital elevation model and
meets the basic requirement of 137Cs method (Zapata, 2002). Some re-
searchers have successfully estimated the sediment accumulation rates
bymeasuring 137Cs of sediment profiles in several cultivated depressions
in southwestern China (Li et al., 2010; Bai, 2011).

The objectives of this researchwere to: (1) calibrate the RUSLEmodel
on karst hillslopes mainly by adjusting the RUSLE-L factor based on the
runoff plots data; (2) apply the calibrated RUSLE model to estimate the
annual soil erosion rates on hillslopes and detect the sediment deposition
characteristics by measuring 137Cs in the depressions of the study basins;
and (3) compare the RUSLE-simulated results with the 137Cs records.

2. Materials and methods

2.1. Study area

This study was conducted at Huanjiang County (24°44′–25°33′N,
107°51′–108°43′E), northwest Guangxi in southwestern China
(Fig. 1a). The area is underlain by limestone of the late Carboniferous
age and mainly characterized by peak-cluster depression systems. The
area has a warm subtropical monsoon climate where the rainy season
coincides with higher temperatures. The mean annual temperature is
18.5 °C and the mean annual rainfall is about 1390 mm, almost 75% of
which occurs from May to September (Chen et al., 2012a).

The runoff plots (Fig. 2a)were located in the lower part of a hillslope
in Mulian Village (24°44′N, 108°18′E) and belong to the Huanjiang Ob-
servation and Research Station for Karst Ecosystems under the Chinese
Academy of Sciences (CAS). The surface runoff and soil loss from these
plots have been collected since 2006 using standard methods for
RUSLE-type plots (Wischmeier and Smith, 1978). The three runoff
plots under natural scrubland, grassland and cropland, respectively,
were selected for calibration. They were all 20 m wide and had an
area of 0.14, 0.21 and 0.19 ha respectively (Chen et al., 2012a). The
slope of the plots varied from 4% to 97%.

The twopeak-cluster depression basins (Fig. 2b, c)with different land
uses are located near Guzhou Village (24°55′N, 107°56′E). One basin (re-
ferred to as GZ1) covers a drainage area of 31.1 hawith a depression area
of 0.4 ha. Part of the GZ1 basin, including the entire depression and the
lower part of all slopes, has been cultivated and subsequently serious
land degradation and rock desertification has taken place. The rest of
the GZ1 basin is covered by forests, shrubs and grassland. The grassland
was relatively sparse and changed from cropland in 2004 at the northern
hillslope in the GZ1 basin. The elevation ranges between 500 and 753 m
a.s.l. and no outcropped sinkhole was found in the depression. The other
137Cs sampling profiles of the study basins.



Fig. 2. Photos of the runoff plots (a) and the hillslopes of the GZ1 (b) and GZ2 (c) basins.
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basin (referred to as GZ2) has not been used for agriculture but for light
grazing and tree-cutting since the original forest was removed several
hundred years ago. It has a drainage area of 80.4 hawith elevations rang-
ing from395 to 785m a.s.l. The depressionwith an area of 2.7 ha is dom-
inated by grass, while the surrounding slopes are mainly covered with
secondary forestland and scrubland. In the entire GZ2 basin, the land
use has not changed significantly since the 1950s. In addition, four sink-
holes with the diameter all less than 1 m were located at points east,
northeast and slightly north from the center of the depression (Fig. 1b).
The sinkhole in the eastern part is near the toe of the slope and is enclosed
by stones. The depression is waterlogged during the rainy season, with
detention time of 2–3 days due to the high ground water levels and rela-
tively poor drainage capacity of the undergroundporosities and pipelines.

2.2. Application and calibration of the RUSLE

The two study basins were discretized into uniform morphological
units (i) and the following RUSLE model was applied to estimate the
spatial distribution of the annual soil erosion rates on the surrounding
hillslopes (EYi; Mg ha−1 y−1):

EYi ¼ Ri Ki Li Si Ci Pi ð1Þ

where Ri is the rainfall erosivity factor (MJ mm ha−1 h−1 y−1), Ki is the
soil erodibility factor (Mg ha−1 y−1 per unit R), Li is the slope length fac-
tor (dimensionless), Si is the slope steepness factor (dimensionless), Ci is
the cover management factor (dimensionless), and Pi is the support
practice factor (dimensionless).

Ri was computed as the sum of the storm erosivity index (E × I30) of
the total number of erosive storm events for the whole year, where E is
the energy of rainstorm (MJ ha−1 y−1) and I30 (mm h−1) is the maxi-
mum intensity in 30 minutes. E was estimated by rainfall intensity (I;
mm h−1) based on the following equation (Brown and Foster, 1987):

E ¼ 0:29 1� 0:72e �0:05Ið Þ
h i

: ð2Þ

Ki was estimated based on the decimal logarithm of the geometric
mean of the particle-size distribution (Dg), the logarithm of geometric
standard deviation of Dg (Sg) and the soil organic matter (SOM) accord-
ing to Borselli et al. (2012).

Li and Siwere computed through an interaction between topography
and flow accumulation (Moore and Bruch, 1986). The L-factor was gen-
erated from DEMs using LS-TOOL developed by Zhang et al. (2013),
which was based on the following expressions of McCool et al. (1989).
We chose to use high resolution 1-m DEMs as source data which were
created based on 1:2000 topographic datasets.

Li ¼ λi=22:13ð Þmi ð3Þ

mi ¼ βi= 1þ βið Þ ð4Þ
βi ¼ sinθ= 3∙ sin θð Þ0:8 þ 0:56
h i

ð5Þ

where λi is the length of the slope, mi is a variable length-slope expo-
nent, βi is a factor that varies with slope gradient, andθ is the slope
angle. LS-TOOL uses a unit contributing area algorithm to calculate λi

of slope segment and allows cutoffs for the accumulated slope length
at the location where deposition occurs or the cumulative area reaches
the user specified threshold. The minimum set of the accumulated area
threshold in LS-TOOL is equal to the area of one grid cell. The S-factor is
evaluated based on McCool et al. (1987):

Si ¼ 10:8 sin θþ 0:03 slope lengthN4:6 m; Sib9%ð Þ ð6Þ

Si ¼ 16:8 sin θ� 0:50 slope lengthN4:6 m; Si≥9%ð Þ ð7Þ

Si ¼ 3:0 sin θð Þ0:8 þ 0:56 slope lengthb4:6 mð Þ: ð8Þ

Ci and Pi were obtained from published values for southwestern
China (Xu et al., 2009). Ci was assigned values of 0.008, 0.01, 0.1 and
0.22 for forestland, scrubland, grassland and cropland, respectively. Pi
was set to 0.5 for cropland and 1 for other land uses due to the absence
of erosion control works.

If the area of the depression (Ad; ha), the area of the hillslopes (Ah;
ha) and the sediment trap efficiency (STE; %) are known, the mean de-
position rates of thedepressions (DYd;Mgha−1 y−1) can be determined
from the average annual soil erosion rates of the surrounding hillslopes
in the basins (EYh; Mg ha−1 y−1) as shown by (Li et al., 2010):

DYd ¼ EYh∙Ah∙STE=Ad: ð9Þ

Precipitation and the annual sediment yield data for 2006 to 2010
from the three runoff plots were collected for calibration. There were
15 sets of data (5 years × 3 plots). The RUSLE-L factor was adjusted by
reducing the accumulated area threshold to bring the model-
estimated soil erosion rates within the range of the observed sediment
yield. The minimum constraint of the accumulated area threshold in
LS-TOOL is the area of the cell size of DEM datasets. For identifying the
permissible coarsest resolution, the initial 1-m DEMs were thinned to
generate a set of DEMs with grid size of 2, 3 and 5 m. The calibration
started from setting the accumulated area threshold as the runoff plot
area using DEMs with a grid size of 5 m. The model performance was
evaluated using the root mean square error (RMSE) (Thomann, 1982)
and model efficiency (ME) (Nash and Sutcliffe, 1970), defined as:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ Oj � P j

� �2
=n

q
ð10Þ

ME ¼ 1�∑ Oj � P j
� �2

=∑ Oj � Om
� �2 ð11Þ



Table 1
Statistical analysis comparing the RUSLE-measured annual sediment yield (Mg ha−1 y−1)
with predictions for different accumulated area threshold in the runoff plots.

Accumulated area threshold (m2) Regression statistics MEa RMSEb

Slope Int.c R2

Runoff plots area 0.019 −0.01 0.92 −3631 14.50
500 0.02 −0.01 0.92 −3168 13.55
200 0.05 −0.01 0.92 −417.4 4.922
25 0.26 −0.01 0.92 −10.2 0.806
9 0.51 −0.03 0.92 −0.58 0.303
4 0.69 −0.02 0.92 0.57 0.158
1 0.82 −0.02 0.92 0.84 0.097

a Model efficiency.
b The root mean square error.
c The intercept of linear equation.
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where Oj and Pj are the observed sediment yield and predicted out-
put for the j-th pair, n is the total number of paired values, andOm is the
mean of n observed values. The smaller the RMSE, the closer the pre-
dicted values to the observed ones. The possible range for ME is −∝
to 1, and the closer the value to 1, the better the predictions. A value
less than zero indicates that themean value of the output is a better es-
timate than the model prediction. Once calibrated, the RUSLE model
was run for the two basins with the calibrated accumulated area
threshold.

Due to the limitation of the rain gauge in Guzhou Village having no
long-time continuous rainfall data, the precipitation information was
all collected from the Mulian automated observation station of the
Huanjiang Observation and Research Station for Karst Ecosystems
under CAS. The Mulian station established in 2006 is located nearly
40 km away from Guzhou Village (Fig. 1a). The hourly rainfall values
were used to characterize the precipitation of each rainfall event and
the rainfall intensity during 2006–2011. Soil loss in karst areas of south-
western China is mostly caused by heavy stormswith a rainfall depth of
N40 mm and a maximum 30 minutes rainfall intensity N 30 mm h−1

(Peng andWang, 2012). The average annual RUSLE-R value in the runoff
plots and the study basinswas calculated to be 2337.9 (MJmmha−1 h−-

1 y−1) during the period 2006–2011. In order to verify the reliability of
the precipitation data and conduct a better comparison with 137Cs re-
cords for the two study basins, the annual rainfall data obtained from
the eight national stations (Fig. 1a) were interpolated to characterize
precipitation during 1963–2011. The mean annual precipitation
(1446 mm) during 2006–2011 at the Mulian station was 0.5% higher
than the average interpolating rainfall (1439 mm) of the two study ba-
sins during 2006–2011, while it was 3.6% lower than the average inter-
polating value (1499 mm) of the study basins during 1963–2011.

In each runoff plot, eight soil samples were collected at the depth of
0–20 cm for the soil texture and SOM analysis. The data of soil texture
and SOM for different land uses were also obtained from the previous
work in Guzhou Village (Chen et al., 2012b). The initial land use map
of the study basins was made from September 2007 SPOT images with
the resolution of 5m using supervised classificationmethods controlled
by a field survey. Six land uses were identified including cropland,
grassland, forestland, scrubland, bare rock and land for traffic in the
basin, based on the Chinese national standard of land use classification
established by the Inspection andQuarantine of General Administration
of Quality Supervision and Standardization Administration of China
(2007). During each simulation, all the grid layers of the RUSLE factors
were adjusted into the same cell size.

2.3. 137Cs method

The basic principles of 137Cs measurement were adopted from
Zapata (2002) and Li et al. (2010). In a peak-cluster depression, it
could be assumed that the only sources of 137Cs in the depressions are
direct atmospheric fallout and deposition of sediment-associated 137Cs
from the surrounding hillslopes. To determine the deposition rates in
the depressions (DY; Mg ha−1 y−1) from 137Cs, the Simplified Mass-
Balance Model and the Profile Shape Model were used for cultivated
land and undisturbed land, respectively (Walling et al., 2002).

Soil sampling for 137Cs measurement was conducted in the depres-
sions of the two basins in September, 2011. Five sampling points were
identified at the center and four corners of the GZ1 depression and six
points at regular 40m intervals along the central axis of the GZ2 depres-
sion (Fig. 1b). In each depression, one detailed sectioned profile was
sampled by digging a pit and collecting soil samples at 2 cm depth inter-
val from aside of the pit within an horizontal area of 10 × 15 cm2. All the
other profiles were sampled at 10 cm depth interval using a 5.2 cm di-
ameter soil auger. In order to collect the entire 137Cs inventory the sam-
pling depth varied from 50 to 70 cm (down to the bedrock) in the GZ1
depression, andwas 100 cm in the GZ2 depression. In addition, the area
and topography of the depressions were measured using an electronic
total station. The depth of the plow layer was measured manually
when the local farmers plowed fields in the GZ1 basin. All the soil sam-
ples were air-dried, crushed, passed through a 2 mmmesh sieve to re-
move coarse material and sent to the Chengdu Institute of Mountain
Hazards and Environment, CAS. The 137Cs content of each sample was
measured by γ spectrometry system consisting of a hyper pure coaxial
germanium detector and a multichannel analyzer. The sample weights
used for analysis were 250 g or more, and were counted for a minimum
of 50,000 s and 137Cs activity was determined from 662 keV peak on the
spectrum. The results were reported with a precision of approximately
±5% at the 95% probability level. They were originally calculated on a
unit mass basis (Bq kg−1) and were then converted to the total inven-
tory (Bq m−2) using the total weight of bulked core soil sample and
the sampling area (Walling and Quine, 1990). Because it is difficult to
find an ideal flat reference site in the study basins, the local 137Cs inven-
torywas referenced as 998 Bqm−2 measured in 2006 in Luoyang Town
which was about 6 km away from the study area (Li et al., 2010). The
reference inventory for 2011 was 888 Bq m−2 corrected for radioactive
decay.

3. Results

3.1. RUSLE model

3.1.1. Model calibration
The results of regression and ME statistics between the simulated

sediment yield by the RUSLE and the observed data with a series of
the accumulated area threshold in the three runoff plots were shown
in Table 1. The RMSE decreased significantlywith the decrease of the ac-
cumulated area threshold, which indicated the effect of the slope or
flow length on the accuracy of the RUSLE model and, therefore, the
need to be calibrated on karst hillslopes. An accumulated area threshold
of 1m2 (i.e. the grid cell size as 1 m) resulted in the best estimate of soil
erosion rate as indicated by the smallest RMSE (0.097) andME closest to
one (0.84). As a result, the model was run with an accumulated area
threshold of 1 m2 using 1-m DEMs for both study basins. Nevertheless,
the slope of the regression equation comparing measured annual sedi-
ment yields with the predicted ones was 0.82 indicating that RUSLE
would overestimate the soil erosion rates by 18% even under the best
setting (Table 1).

3.1.2. Model simulation
Themaps of land use, the RUSLE-K factor and the slope inclination of

the GZ1 and GZ2 basins are shown in Fig. 3. The value of Ki ranged from
0.015 (Mg ha−1 y−1 per unit R) for forestland above 550 m to 0.027 for
cropland (Fig. 3b). Both basins are characterized by long and steep
slopes. Slopes in excess of 25° (46%) cover respectively 76% and 85% of
the two basins areas (Fig. 3c). The average length of hillslopes was
205 m in the GZ1 basin and 306 m in the GZ2 basin. The RUSLE-L and
S factors are shown in Fig. 4. The estimated maximum values of flow



Fig. 3. Maps of land use, RUSLE-K factor and the slope inclination of the GZ1 and GZ2 basins.
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length were much shorter than the length of hillslopes in both basins.
The RUSLE-L factor (Fig. 4a) varied from 0.057 to 1.0 with an average
of 0.086 in the GZ1 basin and from 0.057 to 0.99 with an average of
0.091 in the GZ2 basin. The highest L factor was found in flat areas.
The RUSLE-S factor (Fig. 4b) had mean values of 2.1 and 2.6 in the GZ1
and GZ2 basins, respectively.

The results of the estimated annual soil erosion rates on hillslopes
during the period of 2006 to 2011 are shown in Fig. 4c. The simulated
soil erosion rates ranged from 0 to 3.85 Mg ha−1 y−1 with an average
of 0.22 Mg ha−1 y−1 in the GZ1 basin, and from 0 to 0.70 Mg ha−1 y−1

with an average of 0.10Mgha−1 y−1 in theGZ2 basin. The depression in
the GZ1 basin has no sinkholes; therefore, all of the sediments from
hillslopes are trapped in thedepression (STE=1). In theGZ2 basin, con-
sidering that most of soil loss is caused by heavy rainfall storms during
which the depression was usually waterlogged with a detention time
reaching 2–3 days, 80% of the sediment eroded from hillslopes was es-
timated to be trapped in the depression (STE = 0.8; Li et al., 2010; Bai,
2011). Average annual deposition rates estimated using Eq. (2) were
14.40 and 2.29 Mg ha−1 y−1 in the depressions of the GZ1 and GZ2 ba-
sins, respectively.

The erosion risk categories for each land use type estimated by
RUSLEwere classified (Table 2), including low (b0.3Mg ha−1 y−1), me-
dium (0.3–1 Mg ha−1 y−1) and severe (N1 Mg ha−1 y−1). In the GZ1
basin, the annual soil erosion rates were low for 81% of the hillslopes,
covering all the forestland and scrubland. Medium erosion was found
on 13% of the area (79% of grassland and 47% of cropland). The remain-
ing 5% of the hillslopes under grassland and cropland was estimated to
be suffered from severe erosion. In the GZ2 basin, 98% of hillslopeswere
Fig. 4.Maps of RUSLE-L, S factor and the RUSLE-estimated annual s
estimated to have low erosion rates, including all the forestland, scrub-
land and 93%of the grassland. Only 1% of the areawas simulated to have
medium erosion rates.

3.2. 137Cs records

The vertical distribution and the total inventory of 137Cs in the five
sediment profiles at the depression of the GZ1 basin is shown in Fig. 5.
The detailed sectioned profile (Fig. 5a) shows that 137Cs concentration
tended to be evenly distributed within 0.28 m. 137Cs concentration
was the highest at 0.18–0.20 m depth (6.1 Bq kg−1), and decreased
slightly to 2.8 Bq kg−1 at 0.26–0.28 m depth. The plow layer depth
was measured to be 0.18 m in the depression. The 137Cs distribution
depthwas greater than the plow depthwhich showed a progressive ac-
cretion of soil at the surface. A very small amount of 137Cs below 0.28m
might have resulted from the downward diffusion and migration pro-
cess. In the other four sampling cores, 137Cs activity was primarily de-
tected in the upper three sampling layers (0–0.30 m). The 137Cs
inventories ranged from 1125 to 1904 Bqm−2, with a coefficient of var-
iation (CV) of 20.9%. Theywere all in excess of the local reference inven-
tory (888 Bq m−2), which indicated the presence of sediment
deposition in every profile. Less depositionwas observed at the four cor-
ners of the depression in the GZ1 basin. Using the simplified mass–
balancemodel, the annual deposition rates of the five sediment profiles
were calculated to be 6.81 to 29.35 Mg ha−1 y−1 with a mean of
15.80 Mg ha−1 y−1 during the period 1963–2011.

The 137Cs profiles and corresponding total inventory for the six sam-
pling points in the depression of the GZ2 basin are shown in Fig. 6. The
oil erosion rates during 2006–2011 in the GZ1 and GZ2 basins.



Table 2
Area for each erosion category and the average soil erosion rates estimated by the RUSLE
model for different land uses in the GZ1 and GZ2 basins.

Land uses Area (ha) for each erosion
categories (Mg ha−1 y−1)

Average erosion rate
(Mg ha−1 y−1)

No
erosion

b0.3 0.3–1 N1 Total

GZ1 basin Forestland – 12.7 – – 12.7 0.05
Scrubland – 12.0 – – 12.0 0.06
Grassland – – 3.4 0.9 4.3 0.91
Cropland – – 0.6 0.7 1.3 1.15
Others a 0.4 – – – 0.4 –

Total 0.4 24.7 4.0 1.6 30.7 0.22
GZ2 basin Forestland – 27.2 – – 27.2 0.06

Scrubland – 38.7 – – 38.7 0.09
Grassland – 10.2 0.8 – 11.0 0.26
Othersa 0.8 – – 0.8 –

Total 0.8 76.1 0.8 – 77.7 0.10

a Road and bare rock.
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137Cs concentration peak is located at the surface layer of 0–0.02 m in
the detailed sectioned profile (Fig. 6a). It declined exponentially with
increase in depth and dropped below 1 Bq kg−1 near 0.20 m. The
depth distribution shape of 137Cs in all the other five profileswas similar
to the profile in Fig. 6a, confirming that the site has not been cultivated
since the initial isotope fallout. The 137Cs inventories varied from 754 to
1743Bqm−2, with a CV value of 34.1%. Greater depositionwas observed
at profiles c and e, whichwere located near two groups of sinkholes. Ex-
cept for profile d, the 137Cs inventory of all profiles was in excess of the
local reference inventory (888 Bq m−2). This indicates that soil deposi-
tion occurred in profiles a, b, c, e and f, and soil erosion might have oc-
curred in profile d. According to the profile shape model (Walling
et al., 2002), the annual deposition rates of the six sampling profiles var-
ied from −1.40 to 8.48 Mg ha−1 y−1 with the mean value of
2.84 Mg ha−1 y−1 during the period 1963–2011.

4. Discussion

The depressions in the GZ1 and GZ2 basins are relatively small cov-
ering 1.5% and 3.4% of their respective watershed areas. They are well
defined and characterized by flat relief with elevation differences not
exceeding 2 m. The CV value of 137Cs inventories was 20.9% and 34.1%
for the depressions in the GZ1 and GZ2 basins, respectively. These
values agree well with CV values commonly reported in the literature
for homogeneous sites (Owens and Walling, 1996; Sutherland, 1996).
Fig. 5. Vertical distribution of 137Cs in sediment
137Cs is a moderately variable (CV = 15–35%) soil property
(Sutherland, 1996) where random spatial variability is the most influ-
ential factor affecting the overall uncertainty of its measurement
(Owens andWalling, 1996). Due to the nature of the accumulation pro-
cesses on the sites (closed depression with frequent prolonged
waterlogging) the observed CV might be associated with the sampling
position. Indeed, greater deposition (and greater 137Cs inventory) oc-
curred in the middle of the depression, near sinkholes, while lesser de-
positionwas found near its edges. Similar observationsweremade by Li
et al. (2010) and Bai (2011) who studied karst landscapes in the same
region.

The simulated results by the calibrated RUSLE model showed that
themeanannualdeposition rates in thedepressionswere14.40Mgha−-

1 y−1 in the partially cultivated (GZ1) basin and 2.29 Mg ha−1 y−1 in
the undisturbed (GZ2) basin during 2006–2011. They were slightly
lower than the mean deposition rates quantified by 137Cs profiles,
which was 15.80 and 2.84 Mg ha−1 y−1 in the depressions of the GZ1
and GZ2 basins, respectively, during 1963–2011. The annual precipita-
tion during 2006–2011 was 3.6% lower than that during 1963–2011.
The land use has not changed significantly since the 1950s except for
the northern hillslope in theGZ1 basin,whichwas converted from crop-
land to grassland in 2004. Hence, the annual deposition rates in the de-
pressions predicted by RUSLE should be slightly lower than those
measured by the 137Cs technique. The average annual soil erosion
rates of hillslopes simulated by RUSLE were 0.22 and 0.10Mg ha−1 y−1

in the GZ1 and GZ2 basins during 2006–2011. Several researchers ob-
served erosion processes on runoff plots in other karst areas. Kosmas
et al. (1997) reported the erosion rates of 0–1.42Mg ha−1 y−1 on lime-
stone landscape under different land uses in the Mediterranean region.
Peng and Wang (2012) reported the annual soil loss of less than
0.69 Mg ha−1 y−1 between 2008 and 2010 in Guizhou Province of
southwestern China. These results were all in good agreement with
our study. However, the estimated annual soil erosion rates were
smaller than those reported for other non-karst areas with similar lati-
tudes. For example, in the hilly Sichuan basin and the Three Gorges
area in southern China, the annual soil loss rates of purple soil measured
by the 137Cs technique were 7.6–98.5 Mg ha−1 y−1 on cultivated slopes
with gradients of 9%–60%, and 3.1–6.9 Mg ha−1 y−1 on uncultivated
slopes (Feng et al., 2004; Shi et al., 2012). Themain reason of suchdiffer-
ences is that the thin soil layer and the well-developed epikarst zone of
carbonate bedrock play a very important role in runoff and erosion pro-
cesses on karst hillslopes (Williams, 1983; Peng and Wang, 2012). Due
to the high permeability and storage capacity of the epikarst zone under
the humid climate, most rainfall water was transported underground
profiles at the depression of the GZ1 basin.



Fig. 6. Vertical distribution of 137Cs in sediment profiles at the depression of the GZ2 basin.
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and the runoff coefficient on karst hillslopes was negligible, generally
less than 10% (Calvo-Cases et al., 2003; Chen et al., 2012a; Peng and
Wang, 2012). The heterogeneous development and distribution of the
epikarst zone determines that the karst hillslopes behave as a
fragmented patchwork of runoff and run-on areas (Chang, 2011). As
shown in our study, the accumulated area threshold of the overland
flow on karst hillslopes can be small (1 m), whereas in non-karst
areas this valuemay reach asmuch as 120m (Fu et al., 2006). Therefore,
the proposed RUSLE methodology could be effective in estimating the
soil erosion rates on karst hillslopes, if particular attention is given to
the accumulated area threshold and calibration of the slope length fac-
tor. High resolution DEM datasets may be required. Moreover, there is
still much room to improve the spatial accuracy of the RUSLE-K and C
factors in this study.

Soil formation rate in karst areas of southwestern China has been es-
timated between 0.04 and 1.2 Mg ha−1 y−1 (Li et al., 2006; Cao et al.,
2008). According to our measurements, the mean annual soil erosion
rates of each land use ranged from 0.05 to 1.15 Mg ha−1 y−1 during
2006–2011. Soil layers on hillslopes especially for cropland could be
diminishing gradually. Moreover, soil creeping to the underground
through dissolution channels also has been observed on karst hillslopes
(Zhang et al., 2011). Therefore, the erosion hazard of the study basins is
still quite high and should not be ignored. Natural vegetation protection
with engineering measures on cropland was suggested to be the first
important approach to maintain the surface soil on karst hillslopes in
the study region.

5. Conclusion

The peak-cluster depression basins in a karst area of southwestern
China provided an opportunity to study soil erosion on the surrounding
karst hillslopes and compare it with the deposition records in the cen-
tral depressions. The application of the calibrated RUSLE model allows
detailed mapping of spatially distributed soil erosion rates on hillslopes
in the two peak-cluster depression basins (GZ1 and GZ2). The accuracy
of the RUSLEmodel was greatly affected by the slope or flow length be-
cause of the discontinuous nature of the overland flow due to rapid and
significant underground seepage on karst hillslopes. The slope length
factor (L) in the study basins is best estimated by setting the accumu-
lated area threshold as 1 m2 using a 1-m DEM. The predicted mean
soil erosion rates on hillslopes using the calibrated RUSLEmodel agreed
well with 137Csmeasurements in the depressions. Calibration of RUSLE-
L factor is necessary for an effective application of the RUSLE model on
karst hillslopes.

In theGZ1 andGZ2 basins, the average values of the L factorwere es-
timated to be 0.086 and 0.091, respectively, where the average hillslope
length was 205 and 306 m. The RUSLE estimated average annual soil
erosion rate on the surrounding hillslopes was 0.22 Mg ha−1 y−1 in
the partially cultivated GZ1 basin and 0.10 Mg ha−1 y−1 in the undis-
turbed GZ2 basin during 2006–2011. The mean annual soil erosion
rates for each land use in the two basins ranged from 0.05 to
1.15 Mg ha−1 y−1. The erosion hazard especially for cropland is high
and should not be ignored due to the shallow soil layer and the low
soil formation rates in the studied karst basins.
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