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A B S T R A C T   

Assessment of river sediment sources, transport, and controlling factors in karst regions is critical to the 
development of effective soil erosion and sediment management strategies. This 2-year study used a hysteresis 
index of discharge and suspended sediment data, combined with the basin’s inherent geological characteristics, 
to assess sediment sources and hydrological connectivity at six sites in an agricultural karst watershed of 
southwest China. Principal component analysis was further used to describe sediment control by rainfall 
(antecedent precipitation, precipitation duration, amount, and intensity) and stream hydrology (maximum and 
total discharge, flood intensity, and runoff coefficient). Results indicate that the annual sediment yield (0.8–6.6 
Mg km2 a− 1) is low and sediment transport in karst areas is dependent on continuous rainfall. Ground substance 
component (GSC) and geomorphology characteristics determine the hydrology connectivity and sediment 
availability. In a sub-basin (CQ) marked by a peak cluster depression with good vegetation, sediment mainly 
comes from the paddy land, and the surface stream shows clockwise hysteresis. During storms, surface water 
enters the underground system from sinkholes, resulting in Figure-8 hysteresis with multiple sediment peaks. In 
another predominantly agricultural sub-basin (HTP), the thick layers of paddy and loess soil surrounding the 
river channel provide an accessible sediment source, resulting in clockwise hysteresis. The surface outlet of the 
watershed (HZ) is affected by an upstream reservoir, but bank erosion and sediment activation are evident during 
storms. The subsurface outlet (MSK) of the watershed shows more anti-clockwise hysteresis due to the activation 
of the conduit network in the wet season, surface water draining into the underground river and the distant 
sediment sources. This study shows that discharge-suspended sediment concentration hysteresis analysis can 
provide a reference for soil and water conservation decision-making in karst areas.   

1. Introduction 

Soil erosion and river sediment transport have become serious social 
and environmental problems all over the world. Excessive sediment 
entering a river will reduce its ecological function, and sediment-related 
substances, such as phosphorus, can also have a negative impact on 
water quality (Krueger et al., 2009). River suspended-sediment con
centration (SSC) can reflect the regional soil erosion. Therefore, it is very 

important to evaluate the source, transport and controlling factors of 
river SSC for implementing effective soil erosion and sediment man
agement strategies (Li et al., 2017). 

Karst areas in southwest China are likely to suffer from soil erosion 
due to their special geological background (vast soluble carbonate 
rocks), humid climate and dense agricultural population (Wang et al., 
2003). Compared to non-karst areas, this area has large surface fluctu
ation, low surface runoff coefficient, shallow and discontinuous soil. In 
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addition to soil erosion on the surface, the development of solution- 
enhanced conduits leads to underground soil leakage (Zhang et al., 
2007). Due to the close relationship between karst soil erosion and rocky 
desertification, scientific research has been carried out on soil erosion 
and land degradation, environment factors, characteristics and its 
occurrence law in the process of karst rocky desertification (He et al., 
2009). The surface soil erosion in the carbonate rock area significantly 
changes with seasonal precipitation (Bai and Wan, 1998). On macro- 
scale, geological structure affects the distribution of surface material 
and surface runoff by controlling the characteristics of landforms, thus 
affecting soil erosion (Huaduan and Rui, 2006). The forest vegetation 
coverage rate in karst areas is usually lower than that in non-karst areas, 
which also reduces the functions of vegetation on soil water conserva
tion, soil consolidation and fixation (Cao et al., 2003). What is more, 
modern erosion is a comprehensive process of natural erosion and man- 
made accelerated erosion. Based on the previous studies, Zhang put 
forward the view that soil erosion on karst slopes is a mixture of surface 
water erosion, gravity erosion, chemical dissolution, underground 
erosion, creep, and man-made accelerated erosion (Zhang et al., 2007). 

At present, some methods have been used to study the sediment 
sources and transport in karst areas (Chen et al., 2017; Li et al., 2016; 
Saleh, 2008; Vigiak et al., 2017; Gao et al., 2013). Cheng et al. (2020) 
used fingerprint tracing to investigate sediment sources in a karst 
landscape, and pointed that subsurface and clastic rock sources repre
sent a significant component of the catchment sediment budget, tar
geting hillslope surface soils alone may have limited impact on 
suspended sediment export at landscape scale. Li et al. (2020) used a 
composite fingerprinting to investigate sediment sources and their 
relative contributions in a karst depression, they pointed out that soil 
conservation measures are required to control soil erosion for cropland 
due to its high sediment contribution, and great attention should be paid 
when using only a single core to quantify sediment provenance. Li et al. 
(2016) used a revised universal soil loss equation (RUSLE) for estimating 
the spatial and temporal distribution of soil erosion, and result shows 
that the intensity level of soil erosion changes across space. The most 
active area is mainly concentrated in the upstream peak cluster 
depression. However, the application of these methods is limited by 
their high requirements of sample representativeness and sample 
quantity. 

With the development of monitoring technology, the acquisition of 
high resolution discharge and sediment monitoring data has become 
simple, and the explanation of discharge-suspended sediment concen
tration (Q-SSC) hysteresis can provide another way to understand the 
changes of sediment sources, sediment reserves and flow pathways 
(Sherriff et al., 2016; Vercruysse et al., 2017). Many versions of the 
hysteresis index (HI) have been developed to describe the types of 
hysteresis, which is helpful for quantitative description and comparative 
analysis of time-varying storm events in multiple basins (Langlois et al., 
2005; Lloyd et al., 2016). This method (Q-SSC hysteresis analysis) had 
proven reliable in many areas (Langlois et al., 2005; Sherriff et al., 
2016), but which had not yet been used for sediment management 
studies of karstic water systems in China. 

In order to develop a targeted sediment management plan, it is 
necessary to develop a comprehensive understanding of water and 
sediment control factors in karst agricultural basins. The objectives of 
this study were to: (1) determine the main sediment transport channels 
and their source areas based on the analysis of Q-SSC hysteresis and data 
on hydrogeology, soil and land use; (2) deduce the potential factors 
controlling sediment transport based on the mathematical analysis of 
the characteristics of sediment transport and rainfall, runoff and ante
cedent rainfall; (3) provide advice on sediment management for 
different basins. 

2. Materials and methods 

2.1. Study area 

The study area is located in the Houzhai River catchment in Guizhou 
province China, in the center of the Southeast Asian karst region (Fig. 1). 
As of 2010, about 32,400 people lived in the Houzhai catchment, and 
more than 95 percent of the population worked in agriculture. The 
catchment is therefore thought to be experiencing land-use disturbance 
(Li et al., 2010). 

The Houzhai catchment is classified as a typical mountain karst river 
basin (Wang and Zhang, 2001). The elevation is between 1210 and 
1565 m above sea level, with a decreasing trend from southeast to 
northwest (Fig. 2 (A)). The change trend of landform from upstream to 
downstream is peak-cluster depression, peak-cluster valley, peak-forest 
basin and peak-forest plain. The lithology consists of the Middle 
Triassic Guanling Formation, with limestone, dolomite, pelitic dolomite 
and thin marl (Fig. 2 (B)). The upper reaches of the basin are mainly 
composed of depressions and peak forests (Fig. 2 (D)), with few surface 
water systems and developed underground water systems. The potential 
energy of groundwater is large, the flow velocity is fast, and the water 
transformations (precipitation, surface water and ground water) are 
rapid. Due to the lack of residual materials or deposits transported by 
external forces, the soil is generally composed of black and yellow lime 
soil formed by in-situ weathering. The middle reaches of the basin can be 
divided into two sub regions of different geomorphology and landscape 
(Fig. 2 (D)). The northern part is a dolomite marl area with undeveloped 
underground structure. The landform combination of this area is peak- 
forest karst plain, and the residual peak forest with tens of meters 
high is distributed in island cluster. The hydraulic gradient is small 
(4.2‰ to 7.8‰), the surface water system flow direction is not 
concentrated. There are some ancient river channels and dry valleys. 
Influenced by lithology (dolomite and calcareous dolomite), the red 
weathering crust platform is formed, and the gently ground covered by 
thick loose laterite soil layer. The southern part of the middle reaches of 
the basin is peak-forest valley area. The peak forest is distributed in the 
form of clan or island. The vertical seepage zone is small, the ground
water depth is shallow (3 to 12 m), and the surface river alternates with 
the underground river. The surface is flat (7‰ average hydraulic 
gradient) with many springs. Black and yellow limestone soil is 
distributed on the slopes, paddy soil is distributed on the dam lands. The 
residual red clay (7 to 8 m thick) accounts for 20% of the area. The lower 
reach of the basin is peak-cluster and hilly combination type landform 
(Maokeng to MSK) (Fig. 2 (D)). Due to the decrease of the base level of 
surface erosion, some areas are reactivated and many depressions and 
sinkholes are formed. 

Houzhai River, which originates from Muzhu cave, is the main sur
face river in Houzhai basin (Fig. 2 (D)). Zhongba River and Dengzhan 
river flow into Houzhai River near HTP (Abbreviation of Huangtupo, 
place name), and flow out from northwest of basin after passing Qing
shan Reservoir. Houzhai underground river originated in the East (Fig. 2 
(D)). After the groundwater converges to the Muzhu reservoir, part of 
the groundwater continues to flow in the ground-system, passing 
through the LHT (Abbreviation of Laoheitan, place name) in the 
southwest, and finally flows out of the surface at MSK (Abbreviation of 
Maoshuikeng, place name); the rest of the groundwater flows into the 
northwest of the basin after converging with the surface tributaries from 
the northeast, and finally flows out of the basin from HZ (Abbreviation 
of Houzhai, place name) (Yue et al., 2015). The runoff at the outlet (HZ 
and MSK) accounts for more than 95% of the total runoff of the basin, 
and only a part of groundwater flows out of the basin at the southwest 
boundary. The surface river and underground river in Houzhai basin 
formed a unique “double layer” structure system through hydraulic 
connection. The basins were divided into sub-basins according to 
geomorphic types or landforms and hydrological stations were set up at 
the outlet of each basin. Table 1 shows the basic information of Houzhai 
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and its sub-watershed hydrology stations. 

2.2. Data collection 

Suspended sediment data were collected at each hydrology station 
using high-resolution (10-min) turbidity (VisoTurb@700IQ, WTW, 
Xylem Analytics) and Q measurements. Turbidity was calibrated to SSC 
using a rating curve (Eder et al., 2010; Gippel, 1995). During storms, 
river water was collected in a 300-mL plastic bottle at 2-hour intervals. 
The suspended sediment concentration was measured by filtering the 
river water with a 0.45-μm filter membrane. This approach for SS esti
mation was validated by direct depth-integrated and cross-sectional 
samples and no differences in turbidity-SSC relationship occurred be
tween event and nonevent samples (Sherriff et al., 2015; Yan et al., 
2021). A total of 243 valid samples were collected during the storm 
events, and the turbidity-SSC relationship for each hydrological station 
is shown in Fig. 3 (CQDB, n = 41, R2 = 0.93; CQDX, n = 36, R2 = 0.71; 
HTP, n = 33, R2 = 0.98; LHT, n = 33, R2 = 0.72; HZ, n = 42, R2 = 0.98; 
MSK, n = 42, R2 = 0.94). Triangular rafts were installed at hydrological 
stations using HOBO U20 (Onset Computer) pressure transducers with a 
resolution of 0.02 kPa and a monitoring interval of 10 min. Measured 
water pressures were corrected for barometric pressure fluctuations and 
converted to water levels, from which flow rates were calculated using a 
rating curve. Meteorological data were collected from three weather 
stations (HOBO U30) measuring 10-min resolution rainfall, air tem
perature, relative air humidity, radiation and wind speed. 

2.3. Data analysis 

The individual storm events from January 2017 to December 2018 
were extracted according to the suspended sediment characteristics of 
each hydrological station. In this study, a storm event is usually defined 
as having total precipitation (P) >10 mm and significant changes in Q 
and SSC. However, the parameters defining storms differ between wa
tersheds (or hydrological stations). For CQDB, the start of a storm event 
is defined as the rate of change for 10 consecutive minutes >0.35 m3 s− 1 

for Q and 1.0 g m− 3 for SSC measurements, and the end of the storm 

event is defined as a change in Q < 0.06 m3 s− 1 in a continuous 6-hour 
measurement and SSC < 3 g m− 3. Table 2 shows the storm definition 
parameters for all hydrological stations and the number of storm events 
counted for each hydrological station. 

Storm events are finally classified by hysteresis categories and HI. 
The hyperbolas of Q and SSC indicate the direction and qualitative type 
of hysteresis: clockwise, where SSC peaks before Q; anti-clockwise, 
where Q peaks before SSC; figure-8, with both clockwise and anti- 
clockwise characteristics; and indeterminate, in which the relationship 
between SSC and Q is difficult to define. Hysteresis index is a numerical 
indicator for each storm event calculated with Q and SSC data. HInew is 
used in this study because it is more stable than other indicators and can 
provide a comparison between different watersheds (Lloyd et al., 2016). 
HInew uses the difference between the SSC values on the rising limb (RL) 
and falling limb (FL) of a storm, rather than a ratio, and effectively 
normalizes RL and FL at every measurement point, thereby resulting in 
an index between − 1 and 1: 

NormalizedQi =
Qi − Qmin

Qmax − Qmin
(1)  

NormalizedSSCi =
SSCi − SSCmin

SSCmax − SSCmin
(2)  

HInew = SSCRL norm − SSCFL norm (3)  

where the i subscript refers to timestep i, and min and max refer to the 
minimum and maximum storm parameter values, respectively. The 
analysis is carried out using 10% intervals of Q and the average value is 
used as the final HInew value of the storm. A higher HInew indicates a 
greater asynchronous behavior between SSC and Q. A positive HInew 
indicates more clockwise hysteresis and a negative HInew indicates more 
anti-clockwise hysteresis. 

The data are classified according to hysteresis types (clockwise, anti- 
clockwise, figure-8, indeterminate) to facilitate the investigation of the 
control factors at each hydrological station. Sixteen potential control 
factors were collated for each sub-basin in individual storm events 
(Belmont et al., 2014; Sherriff et al., 2015). Discharge parameters 

Fig. 1. Context map of China with karst outcrop in yellow and the Houzhai catchment indicated by the green circle.  
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include maximum discharge (m3 s− 1), total event discharge (Qtotal, m3), 
event duration (T, h), flood intensity ((Qmax − Qmin) / time of rise), and 
rainfall-runoff ratio (%). Precipitation parameters include total event 
precipitation (P, mm), duration of rainfall event (Train, h), maximum 
precipitation intensity at 10- and 30-min resolutions (I10 and I30, mm 
h− 1), and average precipitation intensity (Imean, mm h− 1). Antecedent 
parameters include rainfall at 1, 3, 5, 7, and 10 days before event 
initiation (mm). SSCmean (total event SS load divided by total event flow 
volume, g m− 3) was selected as the sediment response variable. This 
flow-weighted concentration index can better indicate the availability of 
the source by reducing the impact of basin hydrology, and it also 

eliminates any potential autocorrelation with the discharge parameters 
used to calculate SSC. Principal component analysis (PCA) is carried out 
for each main hysteresis type of each hydrological station, and the po
tential controls are defined as those that occupy similar areas of SSCmean 
on the PCA loading map (Dominic et al., 2015; Sherriff et al., 2015; Tena 
et al., 2014). 

Fig. 2. Houzhai river basin and sub-basins (CQ, HTP, LHT): (A) Digital elevation model; (B) Soil and lithologic distribution; (C) Land usage; (D) Geomorphology 
and hydrology. 

Table 1 
Summary of study hydrological stations.  

Hydrological 
stations 

CQDB CQDX HTP LHT HZ MSK 

Catchment area 
(km2) 

1.26 1.26 10.97 16.15 73.39 73.39 

River type Surface Underground Surface Underground Surface Underground 
Soil type: 

dominant 
Limestone soil (77%) Limestone soil (77%) Limestone soil (66%), 

paddy soil (28%) 
Limestone soil (74%), 
paddy soil (22%) 

Limestone soil (44% 
%), paddy soil (35%) 

Limestone soil (44%%), 
paddy Soil (35%) 

minor Paddy soil (14%) Paddy soil (14%) Loess (6%) Mud soil (4%) Loess (17%) Loess (17%) 
Land use Slope land 34%, forest 

28%, shrubland 25% 
Slope land 34%, forest 
28%, shrubland 25% 

Paddy field 31%, 
forest 26%, slope land 
20% 

Paddy field 30%, 
shrubland 28%, forest 
16% 

Paddy field 47%, 
shrubland 17%, forest 
16% 

Paddy field 47%, 
shrubland 17%, forest 
16% 

Annual rainfall 
(mm) 

869–1702 mm, average 1339 mm (1961–2005)  
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3. Results 

3.1. SS load at each station 

Fig. 4 shows the daily SS load sequence of each hydrological station 
and the weekly rainfall distribution in Houzhai basin for 2017 and 2018 
(HTP is only in 2018). There is a strong correlation between sediment 
transport volume and rainfall at each hydrological station, which also 
indicates that rainfall is the main external driving factor of soil erosion 
and sediment transport. The distribution of SS load is uneven: the wet 
season (May – September) accounts for more than 90% of the SS load, 
and SS load is mainly controlled by individual storm events (<10 per 
year). From CQ to HTP to HZ, the daily sediment transport gradually 
increases with the catchment area.Table 3 

Table 4 shows the sediment and runoff information in each 

Fig. 3. Relationship between suspended sediment concentration (SSC) and 
turbidity at six stations. 

Table 2 
Definition of storm event initiation and termination in each station.  

Station (number 
of storms) 

Parameters defining storm event 
initiation 

Parameters defining 
storm event termination 

Q increase in 
10 min 

SSC increase in 
10 min 

Q reduction in 
6 h 

SSC <

CQDB (15) 0.10 m3 s− 1 2.0 g m− 3 0.06 m3 s− 1 3 g 
m− 3 

CQDX (22) 0.02 m3 s− 1 1.0 g m− 3 0.01 m3 s− 1 2 g 
m− 3 

HTP (8) 0.12 m3 s− 1 20.0 g m− 3 0.10 m3 s− 1 10 g 
m− 3 

LHT (18) 0.03 m3 s− 1 1.8 g m− 3 0.02 m3 s− 1 2 g 
m− 3 

HZ (13) 0.15 m3 s− 1 9.0 g m− 3 0.10 m3 s− 1 5 g 
m− 3 

MSK (11) 0.24 m3 s− 1 2.0 g m− 3 0.15 m3 s− 1 4 g 
m− 3  

Fig. 4. Daily suspended sediment load (SS load) sequence of each hydrological station and the weekly rainfall distribution in Houzhai basin, 2017–2018.  

Table 3 
Inferring catchment hydro-geomorphic processes regulating sediment erosion 
and transport using Q-SSC hysteresis type (Belmont et al., 2014; Sherriff et al., 
2015).  

Hysteresis 
type 

Proximal hydro-geomorphic 
processes (close to monitoring 
point or connected by rapid 
hydrological pathway) 

Distal hydro-geomorphic 
processes (far from monitoring 
point or connected by delayed 
hydrological pathway) 

Clockwise High sediment quantity 
Re-suspension of bed sediment 
storage 
Eroding banks near monitoring 
point 
Surface erosion 

Low sediment quantity 
Sources exhausted due to 
previous events 
High ground cover in fields 
Low connection between 
sources and outlet 

Anti- 
clockwise 

Low sediment quantity 
Proximal bed sediment sources 
exhausted due to previous 
events 
High channel bank vegetation 
High ground cover in proximal 
fields 
Limited channel bed scour 

High sediment quantity 
Low ground cover in fields 
High compaction in fields 
High connectivity between 
distal sources and outlet 
High antecedent wetness 

Figure-8 Mixed with clockwise and anti-clockwise 
Indeterminate Dependent upon magnitude of sediment response 

High proximal and distal 
Moderate proximal and distal 
Low proximal and distal  
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hydrological station. 2018 was wetter than 2017 (1170 mm vs. 960 
mm). Underground river flow in the Houzhai basin accounted for more 
than 70% of total runoff. CQ and Houzhai basins are closed, as reflected 
by runoff coefficients between 0.3 and 0.4. In the HTP basin, the runoff 
coefficient was <0.1, which indicates that there may be underground 
rivers or other outlets besides the monitored surface stream. The annual 
sediment transport modulus of Houzhai and its sub-basins ranged from 
0.8 to 6.6 Mg km− 2 a− 1. 

3.2. Storm event hysteresis 

Fig. 5 shows the distribution of HInew in all storm events at six hy
drological stations (four basins) over a 2-year period. From upstream to 
downstream within the Houzhai basin, HInew has a trend from large to 
small and from more clockwise to more anti-clockwise. The average 
HInew value of CQ, LHT, and HTP basins in the middle and upper reaches 
is between 0.27 and 0.39, but the average value of HZ and MSK in the 
lower reaches is 0.02 and − 0.06, respectively. CQDB and CQDX have 
mainly clockwise hysteresis, in which CQDX shows the maximum value 
of HInew in all basins (0.85). The SSC range of CQDB (average 129 g m− 3) 
is larger than that of CQDX (average 22 g m− 3). HTP is clockwise except 
for one anti-clockwise event, and the SSC of HTP is the largest of all 
drainage basins, reaching a maximum of 820 g m− 3. The HInew values of 
LHT are all >0 and tend to be clockwise, but the SSC range at LHT is the 
smallest of all stations (average 18 g m− 3). MSK and HZ HInew values are 
basically distributed around 0, which indicates that their hysteresis 
types are relatively complex. Their average SSC values (83 and 81 g m− 3, 
respectively) ranged in the middle of all hydrology stations. The SSC 
range of all underground rivers (CQDX, LHT, MSK) is significantly 
smaller than that of surface rivers (CQDB, HTP, HZ). The wet season 

(May–September) accounted for more than 90% of hysteresis loops in all 
basins, and the wet-season SSC value was significantly higher than that 
in the dry season. 

Fig. 6 shows all hysteresis types and their SS load ratios for the six 
hydrological stations. The SS load proportion does not strongly depend 
on the proportion of the loop type. For CQDB, the clockwise loops 
accounted for 60% of events and contributed 72% of the SS load, while 
figure-8 loops accounted for 7% of events but contributed <1% of the SS 
load. CQDX and LHT are similar in that the proportion of SS load de
pends on the quantity, and both had only anti-clockwise and figure-8 
hysteresis types. The proportion of CQDX clockwise SS events was 
64%, while that of LHT was 56%, whereas figure-8 represented 46% of 
SS load for CQDX and 44% of SS load for LHT. In contrast, at HTP, the 
clockwise type accounted for 76% of events and 92% of SS load, with the 
figure-8 type accounting for 24% of events and only 8% of the total SS 
load. The distribution of the hysteresis types in HZ was relatively 
balanced: event proportions were 38% anti-clockwise, 31% clockwise, 
and 31% figure-8, whereas the SS load was 51% anti-clockwise, 30% 
clockwise, and 19% figure-8. MSK was different from other stations: 
figure-8 accounted for 64% of the total number of events and 75% of the 
total SS load, with the remainder being anti-clockwise. 

3.3. Storm event SS controls 

Fig. 7 shows the PCA (principal component analysis) loading map for 
each hysteresis types in each sub-basin. In this study, the potential 
influencing factors of storm events were divided into three principal 
components (Loading Principal 1, 2 and 3), which accounted for at least 
78.6% of the variation. 

Table 5 shows the absolute distance between potential control var
iables and SSCmean in Fig. 7. The closer the distance, the stronger the 
control (Dominic et al., 2015; Tena et al., 2014). In CQDB, clockwise is 
the main hysteresis type, which is strongly controlled by rainfall in
tensity index (I10, I30, Imean). Anti-clockwise was mainly affected by the 
antecedent precipitation (3, 5, 7, 10-day antecedent rainfall). CQDX, 
still predominantly clockwise, is mainly related to the antecedent pre
cipitation and maximum discharge (Qmax), while figure-8 is mainly 
related to rainfall intensity index (I10, I30, Imean) and flood intensity. PCA 
analysis showed that hysteresis in HTP seemed to be independent of any 
potential controls. For LHT, both the clockwise and figure-8 types are 
influenced by rainfall intensity and total event precipitation, but 
clockwise is more dependent on rainfall duration, whereas figure-8 is 
more dependent on flood intensity. Due to the existence of the Qingshan 
reservoir, the hysteresis type in HZ is greatly disturbed by human ac
tivities (Reservoir drainage and storage). For MSK, figure-8 is positively 
related to rainfall intensity, flood intensity and maximum discharge, 
whereas anti-clockwise is mainly controlled by flood intensity. 

4. Discussion 

4.1. Characteristics of annual sediment transport in karst basins 

Due to the special geological conditions, soil erosion and sediment 
transport in karst areas are more dependent on continuous rainfall than 
that in non-karst areas. From 2017 to 2018, storms during the wet 
season (May–September) accounted for 89% of events and 98% of total 
SS load, but they were not linearly dependent on rainfall (total rainfall 
during the two rainy wet seasons accounted for 67%). Under the action 
of differential karst dissolution, the topography of the epikarst zone is 
highly variable. Surface runoff only occurs under the condition of high 
rainfall, which is manifested as the mechanism of saturation-excess 
runoff (Peng and Wang, 2012). The epikarst zone plays a dominant 
role in the regulation and storage of rainfall and water (33–63%). Its 
hydrological regulation and storage function has a great range of vari
ation, and is mainly controlled by the water content in the early stage, 
but less affected by rainfall intensity (Fu et al., 2016). As a result, a 

Table 4 
Statistical information of sediment runoff in each hydrological station.   

Total discharge, 
106 m3 (2017/ 
2018) 

Runoff 
coefficient 
(2017/2018) 

Total SS 
load, Mg 
(2017/ 
2018) 

Sediment transport 
modulus, Mg km− 2 

a− 1 (2017/2018) 

CQDB 0.12/0.21 0.14/0.16 5.3/6.75 4.0/5.4 
CQDX 0.14/0.26 0.15/0.16 1.3/1.35 1.1/1.2 
HTP 0.53/0.65 0.05/0.06 –/32 –/2.9 
LHT 7.32/7.55 0.41/0.35 14.6/24.4 0.8/1.3 
HZ 8.74/8.88 0.08/0.10 134/117 1.8/1.6 
MSK 22.2/33.9 0.28/0.26 335/485 4.5/6.6  

Fig. 5. maximum suspended sediment concentrations (circle size: magnitude of 
sediment response) and hysteresis index (HInew) for storm events during wet 
season (May to September) in red circles and dry season in blue circles in six 
hydrological stations from 2017 to 2018. 
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single rainfall event does not threaten soil erosion in this area, while 
continuous rainfall has a disproportionate effect on soil erosion or 
sediment transport. 

It is worth noting that the suspended sediment transport modulus of 
the basins in this study (0.8–6.6 Mg km− 2 a− 1; Table 4) is far lower than 
that of non-karst areas. For example, the average annual sediment yield 
of a watershed in the north of the Loess Plateau is 1061–1736 Mg km− 2 

a− 1 (Zhao et al., 2017). The annual soil erosion modulus of a basin in the 
black soil area of northeast China is about 800 Mg km− 2 a− 1 (Fang et al., 
2013). Nonetheless, the risk of soil erosion in karst basins is not low. It 
takes 2000–8000 years to dissolve 25 m of pure carbonate rock and form 
1 cm of soil (Jiang et al., 2014). If the soil formation rate is taken as the 
tolerance of soil loss, many research results show that the allowable loss 
rate in karst area is 0.2 to 55 Mg km− 2 a− 1, with an average of 4.3 Mg 
km− 2 a− 1 (Cao et al., 2020; Jiang et al., 2014). This means that attention 
must be paid to the prevention and control of soil erosion in karst basins. 

4.2. Hydrology connectivity and sediment availability 

Q-SSC hysteresis type is fundamentally determined by geo
morphology and ground substance component (GSC). The geomorphic 
characteristics determine the water source connectivity, while ground 
substance component determines the sediment availability. Table 3 
shows the possible causes of each hysteresis category. In general, the 
clockwise hysteresis pattern is attributed to a rapid response where the 
distance between the sediment source and outlet is short. This pattern 
reflects rapid erosion and depletion of sediment in the stream network, 
because of a limited supply of readily available sediment for transport. 
Conversely, the anti-clockwise hysteresis pattern is often interpreted as 
sediment from more distant sources (related to extended travel time) (De 
Girolamo et al., 2015; Sun et al., 2016; Tena et al., 2014). 

The geomorphology of a watershed affects the energy fluxes, mass 
movement, and water and sediment dispersion within the watershed 
(Zhang et al., 2015). Drainage density is an important index of geo
morphology, which has a positive correlation with annual sediment 
yield (Li et al., 2019, Lane et al., 1997). Topographic relief influences the 
distribution of rivers and erosion characteristics of the basin. Generally 
speaking, the greater the topographic relief, the greater the potential 
energy of water and the stronger erosion capacity, thus the higher the 
suspended sediment concentration (Zhang et al., 2015, De Vente et al., 
2011). 

Ground substance component (GSC) is the material basis of sedi
ment, including lithology, soil and vegetation, etc. In the karst area of 
southwest China, the sediment yield is closely related to the character
istics of lithology (Jiang et al., 2014). Fissures, conduits, and channels 
were extensively developed on limestone hillsides, resulting in high 
surface water leakage and low runoff coefficient (Peng and Wang 2012). 

Therefore, the wider the limestone coverage, the less runoff and less 
sediment transported by the surface river. However, the epikarst zone is 
not developed in the dolomite slope, with thin and uniform soil, and 
poor water holding capacity (Jiang et al., 2014). Hence, the sediment 
loss in the area dominated by dolomite is low. Good vegetation cover 
can conserve water and consolidate soil, so there is a negative correla
tion between vegetation cover and sediment transport (Braud et al., 
2001; Ouyang et al., 2010). It should be noted that gully activity is not 
correlated with the percentage of total vegetation cover, but with the 
percentage of cover of low vegetation in the gully floor (Rey, 2003). This 
highlights the importance of spatial distribution of forest vegetation in 
reducing sediment yield at the gully outlet. 

In this study, CQ belongs to the peak-cluster depression landform. 
The SS load at CQDB was dominated by positive HInew (clockwise hys
teresis), suggesting sediments were scour-derived. The project of 
returning farmland to forest greatly increased vegetation coverage in CQ 
basin, reduced the artificial disturbance of limestone slope land, and 
effectively controlled the soil erosion on the slopes (Cao et al., 2020). 
The sediment of CQDB should mainly come from low-lying paddy field. 
Peak-cluster valley occupies a large area of HTP sub-basin. Although 
92% of the SS load in HTP basin is controlled by clockwise hysteresis, 
the event indicators (SSCmean) are independent of other variables in PCA 
loading diagrams (Fig. 7). This shows that the Q-SSC relationship of HTP 
do not change significantly due to external conditions such as rainfall. 
Vegetation in upstream of HTP is mainly forest shrubs and grassland, 
which reduces the hydrological connectivity of the upstream surface 
(Mellander et al., 2015). The lower reaches are peak-forest plain (ac
counting for 24% of the total area of HTP), with flat terrain. A large 
amount of paddy soil and thick layer of loess are distributed around the 
river course, and the vegetation is dominated by crops (Fig. 2 (C)). It can 
be inferred that the source area of HTP sediment is mainly in the low
lands downstream. HTP was also marked by storm events with two SSC 
peaks (Fig. 6). The first peak was very early and short, which may be 
related to the lack of river power in the early stage, resulting in a small 
amount of coarse sediment deposited on the riverbed (Oeurng et al., 
2010). In HZ, the total SS load is mainly controlled by anti-clockwise 
type flood (51% of the total SS load), which is related to Qingshan 
Reservoir. Reservoirs can store water, reduce the flood peak discharge 
and change the annual runoff distribution (Oeurng et al., 2010). The 
second major type of hysteresis in HZ is clockwise, where sediment is 
mainly proximally derived. In contrast to HTP and CQ, the lithology is 
dolomite from Qingshan Reservoir to HZ (Fig. 2B). Although loess and 
paddy soil are distributed around the river channel, large areas of 
grassland and artificial forest land are exposed. These conditions suggest 
that the proximal source of HZ sediment is bank erosion. 

Fig. 6. Proportion of events categorized by hysteresis type (above), and the contribution of hysteresis type to total event load over monitoring period (below) in six 
hydrological stations. 
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Fig. 7. Determination of controls on SSCmean using PCA loading diagrams. 1 (the red ball): SSCmean, 2: duration of rainfall event (hour), 3: total event precipitation 
(mm), 4: maximum precipitation intensity at 10 min, 5: maximum precipitation intensity at 30 min, 6: mean precipitation intensity, 7: maximum discharge (m3/s), 8: 
total event discharge (m3), 9: event duration, 10: flood intensity ((Qmax − Qmin)/ time of rise), 11: runoff coefficient, from 12 to 16: antecedent rainfall at 1, 3, 5, 7 
and 10 days before event initiation (mm). 
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4.3. Effects of storm event characteristics on suspended sediment yield 

In areas dominated by hydraulic erosion, rainfall and runoff are the 
main natural driving factors of soil erosion. Soil erosion in karst areas 
must be different from that in non-karst areas because of the “dual 
structure”. To obtain the main driving factors of sediment transport 
among basins with different landforms and ground substance compo
nent, a total of 16 hydrological and rainfall indicators were taken into 
consideration (Table 5). 

The main external factors affecting sediment transport in CQ are 
rainfall intensity (I30) and antecedent precipitation. CQ are mainly 
composed of peak-cluster depression, with seasonal surface river, and 
developed epikarst zone (Fig. 2 (D)). The potential energy of ground
water is large, and the water (precipitation, surface and ground water) 
transformation are rapid. The epikarst zone absorbs a considerable part 
of precipitation via solution-enhanced rock joints, fissures and pipes 
(Williams, 2008). However, the antecedent precipitation will make part 
of epikarst be filled with rainwater, which may cause erosion with less 
precipitation in the later stage. For example, In the case of antecedent 
precipitation, a single rainfall greater than 10 mm may cause significant 
water stage changes in underground rivers. However, in the absence of 
antecedent precipitation situation, 23 mm precipitation is needed to 
achieve the same effect (Cao et al., 2020). The surface sediment trans
port is controlled by rainfall intensity, and the surface water can enter 
the underground system through sinkholes, which makes the sediment 
transport in underground river also under the control of rainfall in
tensity. Fingerprint tracing shows that surface sediment accounts for 
38% of the sediment in underground rivers, which supports this view 
(Cheng et al., 2020). 

PCA analysis cannot give the main control factors of HTP sediment 
transport, this also shows that the Q-SSC of HTP is determined by the 
internal characteristics of the basin: ground substance component (GSC) 
and geomorphology. LHT is similar to CQDX, in which, intense floods 
connect surface water with the underground river through sinkholes, 
thus providing another important sediment source. The distribution of 
landforms and soils in LHT watershed is similar to that of HTP, but 
surface rivers in the upper and middle reaches of the LHT exit the basin 
in the northwest, which may explain the low annual sediment transport 
modulus (0.8–1.3 Mg km2 a− 1) of the LHT station. 

MSK is the total outlet of groundwater in Houzhai basin, which has 
complex geomorphology, soil and land use units. Therefore, the sedi
ment transport characteristics of MSK represent the general sediment 
transport characteristics of underground rivers in southwest karst area. 
The main external controlling factors of MSK sediment transport are 
precipitation, event duration and total event discharge. The average 
value of HInew for MSK is − 0.06, so the peak of the SSC tends to lag the 
peak of Q. The contribution of figure-8 to SS load (75%) is positively 
correlated with precipitation intensity, flood intensity and maximum 
discharge. There is a large amount of paddy soil exposed at the proximal 

end, and high-intensity rainfall can easily divert proximal sediment into 
the subsurface through sinkholes (Fig. 2). During the wet season 
(May–September), the elevated water level of Qingshan Reservoir 
caused surface water that should have flowed into the reservoir to be 
diverted into the subsurface conduit network. That water instead flowed 
to MSK via Maokeng (Fig. 2D), which is another important distal sedi
ment source of MSK. Similarly, Barna et al. (2020) observed temporary 
flow reversals within the conduit network between LHT and MSK. Anti- 
clockwise hysteresis at MSK (25%) is mainly controlled by event dura
tion. Barna et al. (2020) found that the groundwater velocity within the 
conduit network was 2–3 km/d in summer and 0.4–2 km/day in winter. 
Because the maximum conduit length in the basin is 16 km, the travel 
time from the upstream end of the basin to MSK is 5–8 days. Therefore, 
the longer the flood duration, the higher the proportion of distal sedi
ment, which shows as anti-clockwise hysteresis. 

4.4. Watershed management based on sediment sources and connections 

Reducing soil loss and sediment transport requires management 
strategies based on catchment characteristics, that is, availability and 
regional connectivity of sediment sources. It is important to note that the 
contribution of the sediment rather than the frequency of the hysteresis 
type must be used to prioritize the management strategy. 

In the CQ river basin, surface soil erosion mainly comes from paddy 
fields, and the remote hillsides are not the focus of soil and water con
servation. Special attention should be paid to the influx of flood water 
into the valley during heavy rains, and to the accumulation of rainwater 
in the farmland itself. Therefore, building drainage facilities along the 
perimeter of farmland can effectively prevent soil erosion on the surface. 
CQDX has a large amount of sediment from surface water pouring into 
the sinkhole during the rainstorm, so walls and other protective works 
around the sinkhole should be considered. The geomorphology and 
other conditions in the HTP watershed effectively reduce the risk of soil 
loss from upstream. However, the thick layer of loess distributed around 
the river channel can output a large amount of sediment after the surface 
passage is activated by rainfall exceeding the infiltration capacity. 
Large-scale conversion of farmland to grass would be effective in 
reducing sediment transport, but in HTP, where agricultural produc
tivity is prioritized, this is impractical. Thus, planting shelterbelts along 
river channels, increasing surface roughness, and adding temporary 
sediment control measures, such as sediment fences, may be practical 
solutions in HTP. Hydraulic engineering can effectively change regional 
hydrological conditions, such as the Qingshan Reservoir, which reduces 
HZ SS load. However, the reservoir may be affected by siltation over 
time. Riverbank erosion is the main sediment source in HZ, and sedi
ment can be reduced by hardening the riverbank and increasing its 
stability. MSK and LHT are typical examples of underground sediment 
transport. Both show the characteristics of multiple sediment sources, 
which is related to the complexity of underground structure and the 

Table 5 
Absolute distance between potential control variables and SSCmean in the PCA loading map.   

Train P I10 I30 Imean Qmax Qtotal T flood intensity runoff coefficient Antecedent rainfall 

1-d 3-d 5-d 7-d 10-d 

CQDB anti-clockwise  0.55  1.68  1.68  1.65  1.73  1.55  1.71  1.76  1.68  1.76  1.66  0.85  0.60  0.49  0.98 
CQDB clockwise  1.68  1.16  0.61  0.48  0.27  1.18  1.31  1.51  1.13  1.02  1.30  1.47  1.52  1.56  1.15 
CQDX clockwise  1.18  1.07  1.05  1.12  1.06  0.65  1.37  1.51  1.05  1.56  0.73  0.58  0.68  0.54  0.47 
CQDX figure-8  1.30  1.08  0.35  0.39  0.58  0.91  1.19  0.92  0.42  1.02  1.22  1.27  1.31  1.28  1.28 
HTP clockwise  1.40  1.3  1.9  1.8  1.39  1.60  1.6  1.86  1.44  1.80  1.53  1.60  1.5  1.53  1.61 
LHT clockwise  0.92  0.47  0.24  0.60  0.86  1.31  1.70  1.45  1.01  1.78  1.10  1.17  1.29  1.40  0.83 
LHT figure-8  1.72  0.78  0.16  0.10  0.38  1.50  1.84  1.75  0.55  1.87  1.52  1.51  1.57  1.61  1.60 
HZ anti-clockwise  1.31  0.75  0.68  1.02  0.80  1.99  1.01  0.48  1.66  1.66  1.94  1.28  1.32  1.14  1.41 
HZ clockwise  0.69  1.86  1.88  1.88  1.76  1.47  1.61  1.82  1.39  1.60  0.19  0.46  0.21  0.14  0.01 
HZ figure-8  1.56  0.91  1.60  0.32  0.48  0.93  1.34  1.69  0.86  1.61  0.92  0.82  0.50  0.34  1.35 
MSK anti-clockwise  1.61  1.60  1.25  1.22  1.49  1.52  0.78  0.40  1.64  0.93  1.95  1.30  1.55  1.07  1.84 
MSK figure-8  1.13  0.26  0.56  0.71  1.00  0.88  1.35  1.35  0.32  1.59  1.12  1.56  1.58  1.54  1.56  
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seasonal connectivity, and they also exhibit connectivity to surface 
sediment. Subsurface soil leakage is a prominent feature in karst areas. 
Due to its concealment and complexity, more research is needed in the 
future. 

Climate change prediction shows that the increasing frequency of 
floods in southwest China will aggravate soil erosion and sediment 
transport (He et al., 2011). The karst mountainous area is large, the 
available land is scattered, the soil layer is thin, and there is a lack of 
available groundwater, which is not conducive to agricultural produc
tion. Changing the land-use structure and ecological development mode 
are important strategies to improve the environment in the future. 

5. Conclusions 

This 2-year study used a hysteresis index of discharge and suspended 
sediment data, combined with the basin’s inherent geological charac
teristics, to assess sediment sources and transport mechanisms at six 
sites in an agricultural karst watershed of southwest China, so that tar
geted sediment management measures can be developed. The conclu
sions can be summarized as follows: 

The sediment transport modulus of the river in this karst basin is very 
low (0.8–6.6 Mg km2 a-1). Due to the developed epikarst zone in this 
area, sediment transport depends on continuous rainfall, and the 
amount of sediment transport in rainy season accounts for more than 
90% of the total annual sediment transport. The proportion of sediment 
transport in underground rivers ranges from 17% to 81%, which also 
reflects the special phenomenon of soil leakage in karst area. Ground 
substance component (GSC) is the material basis of soil erosion, and 
geomorphology characteristics determine the hydrology connectivity in 
a basin. These two conditions regulate the discharge-suspended sedi
ment hysteresis type. External conditions such as rainfall and pre- 
watershed soil moisture will further characterize the river’s Q-SSC 
type. Discharge-suspended sediment concentration hysteresis analysis 
has proved to be a simple and efficient method to understand the sedi
ment sources and flow pathways in many other areas, and it also can 
provide a reference for soil and water conservation decision-making in 
karst areas. 
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HUallacháin, D.Ó., 2016, Storm event suspended sediment-discharge hysteresis and 
controls in agricultural watersheds: implications for watershed scale sediment 
management. Environ. Sci. Technol. 50, 1769–1778. 

Sun, L., Yan, M., Cai, Q., Fang, H., 2016. Suspended sediment dynamics at different time 
scales in the Loushui River, south-central China. CATENA 136, 152–161. 

Tena, A., Vericat, D., Batalla, R.J., 2014. Suspended sediment dynamics during flushing 
flows in a large impounded river (the lower River Ebro). J. Soils Sediments 14, 
2057–2069. 

Vercruysse, K., Grabowski, R.C., Rickson, R.J., 2017. Suspended sediment transport 
dynamics in rivers: Multi-scale drivers of temporal variation. Earth Sci. Rev. 166, 
38–52. 
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