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ARTICLE INFO ABSTRACT

Understanding the changes in runoff-sediment relationships is a great help for implementing soil and water
conservation measures, particularly in regions with severe erosion. We selected a typical coarse sandy catchment
on the Loess Plateau to investigate the changes of the runoff-sediment relationships with a data set of 62 years. A
change point occurred in 1979, dividing the runoff and sediment load series into a baseline period (1954-1979)
and a changing period (1980-2015). A total of 342 flood events were classified into three regimes using hier-
archical clustering method. Regime A (162 events) was characterized by the shortest duration, lowest flood crest,
and the least flow depth. Regime B (165 events) was characterized by a medium runoff depth, medium flow
variability, and medium duration. Regime C merely include fifteen events with longest flood duration, the
highest runoff depth, and the largest peak discharge. The sediment yield of flood regime A, B, and C accounted
14.2 % (1.09 x 10%1), 51.8 % (3.99 x 1081t), and 34.0 % (2.62 X 108 t) of the total sediment yield, respectively.
The Support vector machines method was applied to established models to predict event sediment yield. It is
demonstrated that the performance of models are good for different flood regimes.
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1. Introduction processes of soil erosion and the subsequent sediment delivery

(Verstraeten, Prosser, & Fogarty, 2007; Zheng, Qin, Yang, & Cai, 2013).

Soil erosion is widespread and a major environmental threat to
ecological and social economic systems in different parts of the world. It
has direct impact such as the degradation of soil physical, chemical and
biological properties as well as soil nutrient loss (Lal, 2003), land
productivity decline (Pimentel, 2006). Soil erosion also brings about
indirect influences, such as reservoir sedimentation, riverbed rise,
channel silting and exacerbate risks of floods and droughts (Mullan,
2013). For example, the flood of 1987 arose from soil erosion on the
South Downs in East Sussex, UK, resulting in an economic loss of about
€957,000 (Robinson & Blackman, 1990). Therefore, the direct and in-
direct impacts will pose a major threat to sustainable socio-economic
development and water security.

Factors such as climate, topography, vegetation, natural dis-
turbances and artificial disturbances all have influence on both

Extensive research has been conducted centered on the trend change of
runoff and sediment load in many basins (Buendia et al., 2016; Wang
et al.,, 2007). Besides the change of runoff and sediment load, the
runoff-sediment relationship is also a key element to determine sedi-
ment dynamics. In recent decades, changes in the relationship between
runoff and sediment yield have received increasing attention (Gao, Ma,
& Fu, 2016; Zheng, Yang, Qi, Sun, & Cai, 2012). Understanding the
mechanisms of the runoff-sediment relationship change is crucial to
determining the influencing factors of erosion and sediment delivery
processes and developing strategic plans for soil erosion control mea-
sures.

Sediment yield describes the amount of eroded soil delivered by
water to specified sites in a landscape or river system at a certain
timescale (Lu, Moran, & Sivapalan, 2005; Verstraeten & Poesen, 2001;
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Fig. 1. Location of the study area.

Wasson, 1994). Surface runoff is the basic driving force of soil erosion
and the transport medium of sediment. Sediment yield is the end result
of erosion and deposition processes and is thus dependent on all factors
that influence runoff and erosion processes, including climate, vegeta-
tion, topography, land use, and soil physical properties (Buendia et al.,
2016; El Kateb, Zhang, Zhang, & Mosandl, 2013; Gain & Wada, 2014;
Simonneaux et al., 2015; Walling, 2006). Human activities such as af-
forestation/deforestation, terraces and check dams have altered the
underlying surface condition therein, leading to considerable changes
in soil erosion, as well as the relationship between runoff and sediment
(Lorup, Refsgaard, & Mazvimavi, 1998). Therefore, identifying the
change of runoff-sediment relationships will elucidate the mechanisms
of runoff and sediment generation more clearly. This might be helpful
to improve the accuracy of soil erosion predictions and optimize the
design and layout of soil and water conservation measures (Fang, Cai,
Chen, & Li, 2008; Parsons & Stone, 2006; Ran, Su, Li, & He, 2012).
Most previous investigations have been conducted at plot and hill-
slope scale by measuring the impact of different treatments on runoff
and erosion to evaluate the effectiveness of water and soil conservation
measures (Bautista, Mayor, Bourakhouadar, & Bellot, 2007; Boix-Fayos
et al., 2006; Zheng, Cai, & Chen, 2007). Results obtained from plot and
hillslope scale may increase the understanding of the impact of soil
conservation measures on erosion and sediment yield (Walling, 1999).
However, in most cases, it rarely reflects how a catchment responds to
management measures. Only a small fraction of the detached and
transported soil material reaches the catchment outlet (Chaplot &
Poesen, 2012). Thus, the sediment yield from a catchment is actually
much lower than that estimated based on plot and hillslope experi-
ments. That is, plot and hillslope scale studies only take on-site soil
detachment into account, while ignoring the off-site effect of sediment
transport. Thus, these results are difficult to apply at the catchment and
region scale. Additionally, recent research has investigated the influ-
ence of different rainfall regimes and underlying surfaces variation on
erosion and runoff-sediment relationships (Fang et al., 2012; Peng &
Wang, 2012). The analysis of runoff-sediment relationships under dif-
ferent rainfall patterns can improve the reliability of soil erosion pre-
dictions and soil erosion control techniques (Parsons & Stone, 2006;
Ran et al., 2012). However, few studies pay attention to the changes in

runoff-sediment relationships of different runoff regimes under the
impact of water and soil conservation measures. Therefore, further
event-based investigation toward a comprehensive assessment of
runoff-sediment relationships must be performed under different hy-
drologic regimes as well as different water and soil conservation mea-
sures.

The Loess Plateau suffered from severe soil erosion caused by highly
erodible loess soils, intensive rainstorms, steep landscape and poor
vegetation cover (Zhang & Liu, 2005). Severe soil erosion harms re-
gional ecosystems and social economy seriously, resulting in land de-
gradation and socioeconomic problems (Mu, Zhang, McVicar, Chille, &
Gao, 2007). Therefore, soil and water conservation measures have been
enhanced and ecological projects have been implemented during the
past decades (Li et al., 2017; Wang et al., 2007). These measures have
greatly altered the soil surface properties of the catchment, resulting in
significant changes of runoff and sediment load. Consequently, ana-
lyzing the dynamics of the runoff-sediment relationship before and after
the watershed management is essential to understand the process of
runoff and sediment regulation and to develop effective soil erosion
control strategies (Zhao et al., 2017). Therefore, the main objectives of
this study are: (1) to identify the dominant runoff variables that have a
major impact on sediment yield; (2) to explore the effects of soil and
water conservation measures on runoff-sediment relationships; (3) to
describe the relationship between the sediment yield and effective
runoff-related variables.

2. Study area

The Gushanchuan catchment (N 39°00°007-39°27’36”, E
110°3224-111°05724"") covers an area of 1,272 km? and is located in
the middle reaches of the Yellow River. The soil types in this catchment
include loess soil and chestnut soil, with loess soil as the main type. It is
one of the first-order tributaries of the Yellow River with a main river
length of 79.4km and average channel gradient of 5.4%o. The river
originates from Inner Mongolia and eventually flows into the Yellow
River. The drainage area gauged at the Gaoshiya hydrological station is
1263 km? (Fig. 1). The catchment is characterized by a typical arid and
semi-arid continental monsoon climate. The annual average
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precipitation is calculated as approximately 410 mm based on Thiessen
polygon method. Precipitation has significant intra-annual and inter-
annual variability and most of the annual precipitation is concentrated
between June and September, mainly as short-duration, high-intensity
rainstorms. The hyper-concentrated sediment flow occurred frequently
in the rainy season, with a maximum suspended sediment concentra-
tion higher than 1000 kg/m3 (Yang et al., 2010; Yellow River
Conservancy Committee, 1954). The average annual runoff and sedi-
ment load at the gauging station is 6.47 x 10’ m® (51 mm/a) and
1.62 x 107 t (12,711 t/km?/a), respectively (Yellow River Conservancy
Committee, 1954).

3. Material and methods
3.1. Data

The Gaoshiya gauging station was established in 1954 to collect the
runoff and suspended sediment concentration data. The maintainance
of the gauging station as well as data collection was conducted by the
Yellow River Conservancy Commission (YRCC) of the Ministry of Water
Resources of People's Republic of China (PRC). The all measured runoff
and suspended sediment concentration data were recorded in the
Hydrological Yearbook of the Yellow River (Yellow River Conservancy
Committee, 1954). A total of 342 flood events were observed at the
Gaoshiya hydrological station within 1954-2015. The water level was
measured by an automatic recorder and the discharge was calculated
with a calibrated water stage/discharge curve. A bottle type sediment
sampler was used to collect the sediment flow during each flood event.
The suspended sediment concentration was measured with the gravi-
metric method in the laboratory (Fang et al., 2012; Tian, Zhai, Zhao, &
Mu, 2016). During flood events, the sampling interval of sediment flow
was shortened to periods between 6 and 12 min during flood peaks and
extended to 4—6 h after the flood release. The sediment yield of single
flood events was calculated using runoff, suspended sediment con-
centration, and the sampling interval.

3.2. Methodologies

3.2.1. Flood events indices

The runoff-related variables were used to generalize the individual
flood hydrographs, whereas the sediment-relevant variables were se-
lected to characterize the event-based sediment delivery. For a specific
flood event, the time interval for the hydrological observations is as-
sumed as At, instantaneous discharge and mean suspended sediment
concentration (SSC) are Q, and S, respectively, and the controlled area
of the gauging station is A. According to the definition presented in
previous studies (Zhang, Li, Wang, & Xiao, 2016; Zhao et al., 2017), the
runoff and sediment factors of flood event were expressed as follows.

The runoff depth (H) of the flood event is calculated as follows:

JiQd ¥ Quar
A A @™

H(t, b) =

The sediment yield (SY) for a flood event within the interval (¢, t5)
can be calculated as:

L
‘/[‘12 S5 Qpdt _ Z S Q: At

SY (6, 6) = =— A ()

The flow variability is defined as the ratio of flood peak discharge
(Qy) to mean discharge (Qy), which can be estimated as:

FV=—%
Qn 3

The SSC variability is defined as the ratio of maximum SSC (Smax)
to SSC, which can be estimated as:
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S
Scy = 2max
ssc G
We assessed the event-based runoff and sediment yield character-

istics by using above defined hydrological variables.

3.2.2. Identification of baseline and changing periods

To investigate the impact of human activities on hydrological
variables, the whole study period would be divided into two or more
stages in most studies (Shi & Wang, 2015; Zhao et al., 2018). The first
period is the baseline period, when relatively limited or even no human
activities occurred. And the second period represents the changing
period, when the catchment experienced intensive human activities.
The abrupt change point method is often employed to identify the
baseline period and changing period. Numerous methods available for
identifying the abrupt change point, including the sequential cluster
analysis, Pettitt test, the sequential Mann-Kendall test, double mass
curve and accumulative anomaly method et al. (Wu, Miao, Zhang,
Yang, & Duan, 2017). Yue, Mu, Zhao, Shao, and Gao (2014) have de-
tected the hydrological sequence change point in Gushanchuan catch-
ment using the sequential cluster analysis method. Thus, we used the
results directly in present study. According to the abrupt breakpoint
detected, the whole time series could be divided into two periods: the
baseline period (1971-1979) and the changing period (1980-2015).

3.2.3. Clustering analysis

A clustering approach was applied to classify numerous flood events
into different groups for further investigation. Clustering analysis has
been widely used to classify objects based on their resemblance in
scientific fields (Fang et al., 2012; Peng & Wang, 2012). In this study,
the hierarchical clustering method was employed to classify the cor-
responding flood events by trial and error. The number of clusters are
calculated by means of statistical analysis. Discriminant analysis was
applied to determine the optimal clusters by Fisher’s discriminant
function. The Fisher’s discriminant functions were as follows:

Gi = —0.021H + 0.02T + 0.014Q, — 45.515 )
G, = —0.381H + 0.009T + 0.004Q, — 5.13 )
G; = —0.542H + 0.016T + 0.007Q, — 14.768 )

Where Gy (k = 1, 2, 3) is the classification score for group k.

In the current study, Tukey’s test was applied for multiple com-
parisons in order to compare the various hydrological variables in the
baseline period and changing period under different flood regimes.

3.2.4. Support vector machines

Support Vector Machines (SVM) are a widely used machine learning
methods developed in recent years on the basis of the foundations of
Statistical Learning Theory. Libsvm is one of the most frequently used
libraries in various research field (Chang & Lin, 2011). Thus, in current
study, the Libsvm program was selected to establish SVM models. The
whole dataset is randomly split into the training set and test set. Then
the training set is used to build models using the support vector ma-
chine (SVM), the test set is used to test the corresponding models. In the
current study, 75 % of the flood events is used for training and the
remaining 25 % for testing.

Root Mean Squared Error (RMSE) is the square root of the mean of
the squared errors:

1 n
RMSE = |— (SY, — SY,)?
\/" ; ’ ®

Where SY, denotes the observed sediment yield, SY, is the predicted
sediment yield.
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Fig. 2. Correlation analysis among runoff and
sediment variables. (Note: H, event flood runoff

4. Results

4.1. Flood events classification

Fig. 2 showed the correlation matrix between hydrologic and sedi-
ment variables as well as the correlation coefficients. The SY had sig-
nificant correlations (p < 0.01) with runoff variables (H, Q,, and FV). It
is obvious that the correlation between H and SY was the strongest.
Thus, the runoff depth could be considered as the most important
variable influencing SY. Meanwhile, Q, represented the potential of
sediment detachment and delivery, and the variable was also well
correlated with SSC and SY. Hence, the sediment yield was not only
determined by the total amount of runoff, but also related to other
variables. As well, flood duration (T) showed strong relationship with
SY. It characterized the duration of runoff erosivity effects and sediment
delivery process at the event scale. Consequently, three variables in-
cluding the runoff depth, flood duration and peak discharge were em-
ployed as basic indicators to classify the flood events.

Based on the three basic indicators selected above, the hierarchical
clustering method was used to classify the flood events. The flood
events were then classified into three regimes with significance level at
P < 0.01 (Table 1). Flood events in Regime A occurred 162 times, and
flood Regime B has the highest frequency among these three regimes

Table 1
Statistical features of runoff-related variables under different flood regimes.

Flood Variable Statistical Description
regime
Frequency Mean Standard Variation of
deviation coefficient

A H/ mm 162 1.32 1.20 0.91

T/ min 913 242 0.26

Qy/ m*s™* 145.6 143.1 0.98
B H/ mm 165 4.56 4.63 1.02

T/ min 1695 396 0.23

Qy/ ms™! 423.2 447.8 1.06
C H/ mm 15 27.53 7.82 0.28

T/ min 2193 644 0.29

Qy/ m>s™? 2894 882 0.30

14* -0.17*

0 0.17 depth; T, event flood duration; Qp, event peak
discharge; FV, flow variability, defined as the ratio
of peak discharge to mean discharge; SY, event

0.18%* -0.00 sediment yield; SSC, event average suspended se-
diment concentration; Smax, event maximum
suspended sediment concentration; [] significance

0.16* -0.18% at the 0.05 level. The same as below.).

0.33* -0.20*

0.21%* -0.18%*

0.88* -0.33*

Smax 0.11

N4

with a total of 165 flood events, whereas flood Regime C has 16 events.
The mean runoff depth, flood duration, peak discharge, and flood
variability increased in the following order: Regime A < Regime
B < Regime C. Individually, Regime A was composed of flood events
with the least flow depth (1.32 mm), the shortest duration (913 min),
the lowest peak discharge (145.6 m3s™1), and the lowest flood varia-
bility (4.6). Regime B was characterized by a moderate runoff depth
(4.56 mm), moderate duration (1695 min), moderate peak discharge
(423.2 m®s™1), and moderate flow variability (7.1). Flood events in
Regime C have the highest runoff depth (27.53 mm), the longest
duration (2193 min), maximum peak discharge (2894 m®s™1), and
highest flow variability (10.9). The summed runoff depths from flood
Regimes A, B, and C accounted for 16 % (214.31mm), 54 %
(752.25 mm), and 30 % (412.98 mm) of the total amount, respectively,
suggesting that the primary low-frequency runoff-producing events are
mainly from Regimes C.

4.2. Changes in hydrological and sediment characteristics

Fig. 3 showed six main indices representing the change of event-
scale hydrological variables with different flood regimes in both base-
line period and changing period. The runoff and sediment variables (H,
Qp, SY, Spmax, and SSC) decreased for all flood regimes during the
baseline period compared with those in the changing period. Specially,
for Regime A (minor flood events), the S, and SSC were much lower
in changing period than those in baseline period. In addition, the all
indices except T had significant reduction during the changing period
compared to the baseline period for Regime B. With respect to the large
flood events (Regime C), the SY reduced dramatically during the
changing period. For example, the sediment yield ranged from 9848 to
25364 t/km” between 1971 and 1979 and from 5215 to 20292 t/km?
between 1980 and 2015 for Regime C. This suggested that soil and
water conservation measures had an influence on the mechanism of
runoff and sediment delivery for various flood regimes.

Fig. 3f showed that the average sediment yield for flood events of
Regime C is the largest, whereas the average sediment yield of Regime
A is the least. The average sediment yield produce by flood events of
Regime C is significantly higher than that by flood events of Regimes A
and B. The contribution of gross sediment yield by each flood regime to
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Fig. 3. Main Characteristics of the flood events in different period for different flood regimes (Note: The different letters at the top of each sub-figure indicate the
differences are significant at p <0.01 level; Red box plots represent the characteristics of hydrological variables in baseline period, and the blue box plot represents the

characteristics of hydrological variables in changing period).

the summed sediment yield was 14.2 % (1.09 x 10% t), 51.8 %
(3.99 x 108 t), and 34.0 % (2.62 x 10® t) for Regimes A, B, and C,
respectively. In general, the flood events from Regime C contribute
more than 30 % to total sediment yield with only ten flood events. This
indicated that the major sediment-producing events mainly from Re-
gime C. The runoff related variables (H and Q,) presented large varia-
bility among different regimes. This may infer that the differences of
different flood regimes in sediment yield were mainly runoff depen-
dent.

4.3. Changes in runoff-sediment relationship

Fig. 4 shows the linear regression analysis between sediment yield
and runoff depth for the all flood events in three regimes during the
baseline period and changing period. The determination coefficients
(R?) were 0.89 and 0.87 for Regime B during the baseline period and
changing period, respectively, and reached up to 0.96 for the Regime C
during the two phases. However, it was relatively worse for the Regime

A which was dominated by small and medium flood runoff events. The
result suggested that the variability of the runoff-sediment relationship
remains relatively small. However, relatively lower coefficients
(R? = 0.83 and R? = 0.74) were found for Regime A, which indicated
that the relationship of SY-H had great variability, and that the sedi-
ment yield by this regime could be regulated through the alteration of
runoff-sediment relationships. In addition, the slope of regression
equations could be considered to be representative of the sediment
transport capacity per unit runoff depth. As shown in the Fig. 4, com-
pared with the changing period, sediment transport capacity per unit
runoff depth of the medium and small flood events (Regimes A and B)
were obviously decreased during the changing period. However, the
sediment transport capacity has changed little for the flood events of
Regime C in the two phases.

4.4. Changes in hydrological variables influencing sediment yield

Stepwise multiple regressions were used to determine the major
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Fig. 4. Linear regression analysis between runoff depth (H) and sediment yield (SY) during the baseline period and changing period.

hydrological variables affecting suspended sediment yield for different
flood regimes during the baseline period and changing period. Egs.
(9)-(11) showed the fundamental relationship formula between the
dominant controlling variables and sediment yield for each flood re-
gime during the baseline period:

SY = e30H0%Q)?, R? = 0.882, P < 0.01(Regime_A) 9)
SY = e*2H07Q0%7, R? = 0.911, P < 0.01(Regime_B) (10)
SY = el 09H137T051 R2 = 0.945, P < 0.01(Regime_C) an

The Egs. (12)—(14) are obtained for each flood regime during the
changing period:

SY = e36SHO65Q)*, R? = 0.787, P < 0.01(Regime_A) 12)
SY = e 0M03Q08 T0M R2 = 0.925, P < 0.01(Regime_B) 13)
SY = el86H106T0S1 R2 — 0,994, P < 0.01(Regime_C) a4)

According to Egs. (8)-(13), the predominant hydrological variables
(runoff depth, peak discharge, and flood duration) influencing sus-
pended sediment yield varied with different flood regimes. The

sediment yield of small flood events (Regime A) were all mainly posi-
tively determined by runoff depth and peak discharge for the two
period. However, the influence of peak discharge on sediment yield in
the changing period was minor compared with that in the baseline
period. No statistically significant correlation between flood duration
and sediment yield was observed for this flood regime. In terms of
medium flood events (Regime B), and the sediment yield had positive
correlations with runoff depth and peak discharge in the baseline
period, whereas the three runoff variables (H, Qp, and T) all play key
roles in the sediment yield during the changing period. As for the large
flood events (Regime C), sediment yield had a positive relationship with
runoff depth and flood duration. Nevertheless, the sediment yield was
immune to the impact of peak discharge for this regime in the two
phases.

4.5. Event-based sediment yield prediction

The models were built using the support vector machine method.
Fig. 5a, b, and c showed the comparison between observed and mod-
eled sediment yield for the training set and test set. For Regime A, 120
flood events in training set were applied to train an SVM model, with a
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Fig. 5. Observed versus simulated sediment yield for different flood regime based on the SVM.

Table 2
The prediction performances of Support Vector Machine (SVM) Models.

Flood regime Training process Testing process

n R? RMSE n R? RMSE
A 120 0.837 225.8 42 0.819 356.0
B 123 0.875 759.3 42 0.920 697.2
C 10 0.921 2613.0 5 0.595 4434.2

n: Number of flood events.

determination coefficient (R?) of 0.837 and an RMSE of 225.8 t/km?
(Table 2). The remaining 42 events in the test set were used for testing
the sediment yield model, whose R? and RMSE were 0.819 and 356.0 t/
km?. The relative high R? in both training process (R* = 0.875) and
testing process (R* = 0.920) were detected for the Regime B. In terms
of Regime C, the model performed well for the training set, with an R®
of 0.921 and an RMSE of 166.65 t/km?. Nevertheless, for the test set,
the prediction result of the model was relatively poor (R = 0.595). In
addition, the relationships between observed and simulated sediment
yield showed that the points mostly distributed around the 1:1 line
(Fig. 5d, e, and f), indicating a good agreement between observed and
simulated sediment load. Overall, according to the relationships be-
tween observed and simulated sediment yield (Fig. 5) and the predic-
tion performances shown in Table 2, it is obvious that the performance
of the models were relatively well for the various flood regimes. This
indicated that the established models were capable of simulating the
sediment yield of different flood regimes.

The residual error diagrams were used to further evaluate the per-
formance of established models for different flood regimes (Fig. 6). The
residual error is defined as observed sediment yield minus predicted
sediment yield. As shown in Fig. 6, the overestimates (negative error)
and underestimates (positive error) of sediment yield for events with
different magnitudes many points could be identified in this plot. For
the residuals of different flood regimes, a greater number of points were
distributed around the line of y = 0, suggesting a relatively good pre-
diction of sediment yield. However, for the Regime C, underestimates
were made for most points of the high sediment yield events, whereas
overestimated were observed for the low-magnitude sediment yield

events.

5. Discussion
5.1. Regime-based runoff and sediment characteristics

The present study categorizes a total of 342 flood events into three
regimes. Flood regime A and B are characterized by a high frequency of
flood events. However, the two flood regimes have only slight erosive
effects on the soil and fail to cause the largest sediment yield. Only a
small portion of the flood events belong to Flood Regime C, but yielding
nearly the same amount of sediment load as those from flood Regime B,
and three times that of flood Regime A. It indicated that a large pro-
portion of sediment load resulted from a small number of flood events.
This is consistent with previous studies in other agricultural watersheds
(Estrany, Garcia, & Batalla, 2009; Lana-Renault & Regiiés, 2009; Mano,
Nemery, Belleudy, & Poirel, 2009). Generally, many relatively minor
floods contributed very limited sediment to the total sediment yield
because of the low SY though the high occurrence frequency (Fig. 3).
However, the contribution of these small-sediment-producing events to
sediment delivery should not be ignored (Zheng, Cai, Chen, & Q.J.,
2008). Large amounts of coarse sediment derived from splash erosion
and scoured erosion might temporarily deposit in channel due to the
low-magnitude flow transport capacity. The stored sediment would
provide abundant sediment during the subsequent large-magnitude
events.

Surface runoff acts as the primary medium for sediment transport.
The correlation analysis indicates that the runoff depth displays a
highest correlation with sediment yield (Fig. 2). And the runoff depth
varies considerably across three flood regimes (Fig. 3). This finding
confirms that sediment yield to a large extent is influenced by the runoff
depth. Many previous studies also verified that runoff depth is a key
factor in sediment detaching and delivering (Zheng & Chen, 2015;
Zheng et al., 2012). However, relatively low correlation is observed
between SSC and corresponding runoff variables (Fig. 2). This is mainly
due to the frequently hyper-concentrated flow in the Loess plateau
(Steegen & Govers, 2010; Xu, 1999a), even when flow discharge was
quite low. The sediment supply of Loess Plateau is generally abundant
without limit and rainfall usually occurs as high-intensity storm of short
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Fig. 6. The residual error between predicted and observed sediment yield.

duration, which is prone to produce hyper-concentrated flow (Xu,
2004; Zheng et al., 2012). Especially in the Gushanchuan catchment, a
typical coarse sand source catchment, the SSC depended largely on the
transport capacity of surface runoff instead of runoff volume (i.e. small
flood events could generate hyper-concentrated flow). This can be
further verified in the current study, where the difference between the
SSC of three flood regimes is not significant though the differences are
significant in runoff depth (Fig. 3). The poor SSC-Q statistical re-
lationship was consistent with other researches of event-related sus-
pended sediment dynamics (Estrany et al., 2009; Pierson, 2005). As
Zheng et al. (2012) confirmed, SSC had no correlation with H at various
spatial scales from hillslope to river channel for a single event. There-
fore, the differences in SSC have limited effects on the variation of the
sediment yield for three flood regimes.

Numerous previous studies have focused on investigating the re-
lationships between the runoff and event sediment yield using corre-
lation analyses (Cai, Liu, & Liu, 2004; Lane, Hernandez, & Nichols,
1997). In the loess areas, a good agreement between event sediment
yield and event runoff volume has been detected for linear regression
models (Wang & Zhang, 1990) and power regression models (Mou &
Meng, 1981), and the determination coefficients were usually more
than 0.9. Additionally, Zheng et al. (2008) found that linear equations
(y = ax + b) could explain the observed variance better than power
equations (y = ax®) for 12 small watersheds in hilly areas of the Loess
Plateau. Especially for high-magnitude events, the linear equation offer
far greater performance. However, just as the result in this study, the
linear equations have the disadvantage for low runoff depth. The ne-
gative sediment yield will be obtained for low flow and zero flow from
these equations (Fig. 4). Nevertheless, for the large flood event (Regime
C), the negative intercept values do not have an influence on the pre-
dicted sediment yield because the runoff depth of these flood events
exceed 15 mm (Fig. 4e and f).

5.2. Influence of sediment control measures on runoff-sediment
relationships of different flood regimes

The runoff-sediment relationship is critical to understand soil ero-
sion and sediment yield in severe eroded areas. Previous research has
identified a dramatic effect of soil and water conservation measures on
this relationship (Braud, Vich, Zuluaga, Fornero, & Pedrani, 2001;
Zheng et al., 2012). As Liang et al. (2015) reported, the soil and water
conservation measures in the Loess Plateau mainly include biological
and engineering measures, which could change local microtopography,
intercept precipitation, increase flow infiltration rate, delay or retain
runoff, and can reduce rainfall energy on soil erosion and sediment
transport capacity. These different measures thus may greatly impact
the temporal and spatial distribution of runoff and sediment flow.

In the past several decades, a series of soil and water conservation
measures (including terraces, check-dams, and vegetation measures)
have been implemented to control the soil erosion. Vegetation measures
focus on controlling soil erosion on hillslopes, while they fail to reduce

the gravity erosion and gully erosion effectively. However, the gully
density is extremely large in the highly erodible catchments of the Loess
Plateau. The sediment of these catchments was mainly supplied by
gully, bank, and channel erosion (the sediment deposited in the river
bed and channel prior to flood event). Since the vegetation can change
the topographic characteristics of gullies and channels, thus, for meso-
scale and large scale catchments in the Loess Plateau, the impact of
vegetation and other soil and water conservation measures of hillslopes
on sediment reduction is mainly realized by decreasing runoff volume.
Zheng et al. (2007) assessed the vegetation effects on runoff-sediment
yield relationship at various spatial scales, and confirmed that it is
much more difficult to change the relationship between runoff and
sediment at the watershed scale. By contrast, the check-dams con-
structed in gullies or channels are expected to trap most of the incoming
sediment from the upstream (Boix-Fayos, Barbera, Lopez-Bermudez, &
Castillo, 2007; Cerda, 1998). The check-dams could uplift the base-level
and decrease the gradient of gullies, which then completely alters
surface hydrology as well as sediment deposition and reduces runoff
erosivity and sediment-carrying capacity of runoff (Xu, 1999b).

Numerous studies have confirmed that soil and water conservation
measures played an indispensable role in the reduction of runoff and
sediment load (Rustomji, Zhang, Hairsine, Zhang, & Zhao, 2008; Zhao
et al., 2016). However, there might be differences in the mechanism of
sediment reduction for different flood regimes. Zheng et al. (2008) and
Zheng et al. (2013) found out that the runoff-sediment relationship
almost does not change with the implementation of human-dominated
vegetation restoration measures for large runoff events, which is con-
sistent with the results of this study (Fig. 4e and f). Consequently, for
Regime C, the variations of sediment yield primary result from the
differences in flood runoff amount before and after the implementation
of soil and water conservation measures. Nevertheless, for the minor
flood events (Regimes A and B), the runoff-sediment relationship might
be unsteady. The runoff-sediment relationships will be inevitably
changed due to the implementation of soil and water conservation
measures. Accordingly, the changes in sediment yield for Regimes A
and B is partly regulated by altering of runoff-sediment relationships.
Therefore, figuring out the mechanism of sediment reduction will be
beneficial to assess the effectiveness of soil and water conservation
measures.

6. Conclusion

A total of 342 events from 1954 to 2015 were selected to assess the
effects of conservation measures on runoff-sediment relationships under
different flood regimes in the Gushanchuan catchment from the Loess
Plateau. Three flood regimes were classified using hierarchical clus-
tering method based on runoff depth, flood duration, and peak dis-
charge. The following conclusions can be drawn from our study.

The main characteristics (H, Qp, SY, Smax, and SSC) of flood events
experienced reductions for all flood regimes during the baseline period
compared with those in changing period the of the flood events. For the
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three flood regimes, Regime C was characterized by its low frequency
and the highest sediment yield amount at a single event scale. Linear
regression analysis between runoff depth and suspended sediment yield
showed that the runoff-sediment relationship remains relatively con-
stant for large flood regimes (Regime C), while the relationship was
variable for relatively minor flood events (Regimes A and B).
Additionally, the performance of fitting equations for runoff indices and
sediment yield was rather poor for the flood events in the changing
period. Event sediment yield of Regime C was positively correlated with
runoff depth and peak discharge. For Regime A, sediment yield were all
mainly positively determined by runoff depth and peak discharge for
the two period. As for Regime B, sediment yield has strong positive
correlations with runoff depth and peak discharge in the baseline
period, whereas the three runoff variables (H, Qp, and T) all play key
roles in the sediment yield during the changing period. The models
established by SVM were used to simulate the event-based sediment
yield, and the correspondence between the observed and simulated
sediment yield was examined. The simulation results indicated that
these models are capable of predicting the sediment yield of different
flood regimes with relatively high precision.
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