
Engineering 27 (2023) 209–221
Contents lists available at ScienceDirect

Engineering

journal homepage: www.elsevier .com/ locate/eng
Research
Watershed Ecology—Article
Dynamic Modeling Framework of Sediment Trapped by Check-Dam
Networks: A Case Study of a Typical Watershed on the Chinese Loess
Plateau
https://doi.org/10.1016/j.eng.2021.12.015
2095-8099/� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: rocky.ypwu@gmail.com (Y. Wu).
Pengcheng Sun a,b,c, Yiping Wu a,c,⇑
aKey Laboratory of Degraded and Unused Land Consolidation Engineering, the Ministry of Natural Resources, Shaanxi Provincial Land Engineering Construction Group Co. Ltd., Xi’an
710075, China
bKey Laboratory of Soil and Water Conservation on the Loess Plateau of Ministry of Water Resources, Yellow River Institute of Hydraulic Research, Zhengzhou 450003, China
c Technology Innovation Center for Land Engineering and Human Settlement, Shaanxi Provincial Land Engineering Construction Group Co. Ltd. & Xi’an Jiaotong University,
Xi’an 710115, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 24 February 2021
Revised 24 April 2021
Accepted 17 December 2021
Available online 25 February 2022

Keywords:
Check dams
Dynamic check dam (DCDam)
Loess Plateau
Sediment trapping
SWAT
Check-dam construction is an effective and widely used method for sediment trapping in the Yellow
River Basin and other places over the world that are prone to severe soil erosion. Quantitative estimations
of the dynamic sediment trapped by check dams are necessary for evaluating the effects of check dams
and planning the construction of new ones. In this study, we propose a new framework, named soil and
water assessment tool (SWAT)–dynamic check dam (DCDam), for modeling the sediment trapped by
check dams dynamically, by integrating the widely utilized SWAT model and a newly developed module
called DCDam. We then applied this framework to a typical loess watershed, the Yan River Basin, to
assess the time-varying effects of check-dam networks over the past 60 years (1957–2016). The
DCDam module generated a specific check-dam network to conceptualize the complex connections at
each time step (monthly). In addition, the streamflow and sediment load simulated by using the SWAT
model were employed to force the sediment routing in the check-dam network. The evaluation results
revealed that the SWAT-DCDam framework performed satisfactorily, with an overestimation of 11.50%,
in simulating sediment trapped by check dams, when compared with a field survey of the accumulated
sediment deposition. For the Yan River Basin, our results indicated that the designed structural parame-
ters of check dams have evolved over the past 60 years, with higher dams (37.14% and 9.22% increase for
large dams and medium dams, respectively) but smaller controlled areas (46.03% and 10.56% decrease for
large dams and medium dams, respectively) in recent years. Sediment retained by check dams
contributed to approximately 15.00% of the total sediment load reduction in the Yan River during
1970–2016. Thus, our developed framework can be a promising tool for evaluating check-dam effects,
and this study can provide valuable information and support to decision-making for soil and water
conservation and check-dam planning and management.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Soil erosion is recognized as a severe global hazard. Extreme soil
erosion is linked to several natural environmental and socio-
economic challenges worldwide (e.g., food shortage, water crisis,
and biodiversity loss); owing to both on-site (e.g., land degrada-
tion, loss of fertility, and damage to biotas) and off-site (e.g., sedi-
mentation, siltation, and eutrophication of water ways and
enhanced floods) effects [1,2]; and threatening the realization of
multiple targets in the Sustainable Development Goals (SDGs),
such as land degradation neutrality (SDG15.3) and water-related
ecosystem protection (SDG6.6) [3–5]. Several types of restoration
strategies and control measures have been implemented world-
wide to control soil erosion, including measures implemented on
slopes (e.g., afforestation, conservation tillage, and terraces) and
measures applied in channels (e.g., check dams, bed sills, and bank
protection structures).

Among all the soil conservation measures, check dams con-
structed along gullies and channels are one of the most effective
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and widely used methods for trapping sediment and alleviating
soil erosion [6]. They are usually defined as transverse structures
built across stream beds to control water flow and sediment trans-
fer [7,8]. These permanent or temporary channel structures were
built using various materials, such as stones, earths, wood logs,
and straw bales, and their construction history can be traced back
to approximately 100 years [7,9,10]. Numerous check dams have
been constructed worldwide, especially in erosion-prone regions
with high-density gullies, such as China, Spain, the United States,
Italy, and Ethiopia [6]. Approximately 269 check dams were
reported to have been built in an area of 2.39 km2 in southwestern
Spain [11]. In China, more than 58 000 check dams had been con-
structed on the Loess Plateau by the end of 2011, among which
5655 large check dams had been built with a total storage of more
than 5.70 � 109 m3 [12]. High-density check dams have been con-
structed along channels and linked with streams in multiple con-
nections, forming complex check-dam networks. These check
dams and dam networks have played an important role in water-
shed management with multiple functions, such as alleviating soil
loss and controlling sediment yield from watersheds [13,14],
reducing flood peak and storing water for irrigation and groundwa-
ter recharge [15,16], controlling riverbed scouring and consolidat-
ing slopes [8,17], trapping sediment and the attached nutrients for
cultivation [18,19], and providing scientific information for under-
standing the hydrological and erosional systems [20,21].

The evaluation of long-term sediment trapping and deposition
by check dams is important for estimating sediment yield, infer-
ring soil erosion and sediment sources [22,23], and examining
the trapping effectiveness [24]. Moreover, the regional estimation
of sediment trapped by check dams is critical for assessing the
effects of check dams on river sediment load reduction [25] and
evaluating the available storage to support the planning of new
check dams. Various methods have been developed to estimate
the amount of sediment trapped by check dams in recent decades,
including field-work-based methods (the section and topographic
methods) and the modeling method based on numerical simula-
tions. Field-work-based methods are usually used to calculate the
amount of sediment based on the estimated deposition volume
through field surveys [26], and it can be applied to only a limited
number of check dams because it is time-consuming and costly.
For example, the volume of sediment deposition is estimated based
on the trench profiles, boreholes, or drillings when the section
method is used [27,28], considerably limiting its application to a
large number of check dams. Geometric and topographic methods
can be employed at a regional scale [11], especially when com-
bined with unmanned aerial systems; however, they only provide
the accumulated sediment deposition instead of the dynamic
deposition history. Numerical models can be a promising alterna-
tive for simulating sediment yield from upper streams and esti-
mating the amount of sediment trapped by check dams. For
example, Li et al. [29] estimated the sediment trapped by 20 sepa-
rate check dams using the reservoir module in the soil and water
assessment tool (SWAT), without considering the check-dam net-
work and connections between dams. Pal et al. [30] proposed a
numerical framework based on the Sediment Delivery Model, to
simulate sediment deposition in check dams at the annual scale,
but did not consider the temporal changes in check-dam networks
caused by the construction of new dams.

Although some progress has been made in the estimation of
sediment deposition by check dams using different field observa-
tions or modeling methods, only a few studies have been con-
ducted to describe the dynamic sediment deposition in a
changing check-dam network, including the changes in the avail-
able storage and network structure. In addition, in a few studies,
the check-dam operation and tightly associated hydrological and
sediment transport in watershed modeling and/or management
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have been integrated. Therefore, the specific objectives of this
study were to ① establish a method to automatically generate a
temporally changing check-dam network, ② develop a new mod-
ule for describing the sediment routing in a check-dam network,
and ③ integrate the newly developed module with the hydrologi-
cal model, SWAT, to formulate a framework for simulating water-
shed hydrological processes and accompanying sediment transport
and dynamic sediment trapping by check-dam networks, by con-
ducting a case study of a typical watershed on the Chinese Loess
Plateau.

2. Materials and methods

2.1. Study area

We selected the Yan River Basin (YanRB) as the typical study
area, with the study period being from 1957 to 2016. The YanRB
is located at the center of the Chinese Loess Plateau (Fig. 1), cover-
ing an area of 7725 km2, with an elevation ranging from 480 to
1790 m (Fig. 1). It originates from the Zhou mountain in the north-
ern Shannxi Province, flows from the northwest to the southeast,
and discharges into the Yellow River, with a mainstream of
286.9 km. The YanRB is characterized by a temperate continental
semiarid climate with a mean temperature of 9.0 �C. The average
annual rainfall during the 60-year study period (1957–2016) was
516 mm, with more than 70% of the annual precipitation occurring
during the wet season (June to September). The YanRB is covered
by thick loess, which is an erosion-prone silty-loam soil. There
are three major land use types: grassland, cropland, and forestland,
and they accounted for 62.36%, 33.53%, and 4.02% of the total land
area, respectively, in 1975. Large-scale ecological restoration mea-
sures have been implemented in the YanRB to alleviate severe soil
erosion and reduce its high sediment load to the Yellow River since
the late 1960s and early 1970s [31,32]. The forestland in the YanRB
increased from 4.02% in 1975 to 26.20% in 2010, whereas the crop-
land decreased from 33.53% to 17.60%. Moreover, more than 800
check dams had been constructed by the end of 2008 (Fig. 2),
and the check-dam construction in this basin was rated as featured
projects by the Ministry of Water Resources of the People’s Repub-
lic of China in 2003 [33].

2.2. SWAT model

The SWAT model, a temporally continuous, physically based,
and hydrologically distributed model, was developed by the Agri-
cultural Research Services of the US Department of Agriculture
[34,35]. The model has been widely utilized to investigate the
effects of land use management and climate change on water,
sediment, and nutrient yields at the watershed scale [36–38].
The SWAT model was employed to divide the basin into sub-
basins connected with streams and further delineate the hydrolog-
ical response units (HRUs) within each sub-basin, considering the
combinations of land use, soil, and slopes. Water, sediment, and
nutrients computed from each HRU were routed to the outlet of
the corresponding sub-basin. SWAT provided most of the hydro-
logical components as model outputs, mainly including surface
runoff, lateral flow, baseflow, evapotranspiration, soil water con-
tent, water yield, sediment load, and nutrient loads. Details on
the mechanisms of SWAT can be found in the theoretical documen-
tation [35], and details about the input and output files of the
model can be found in the input/output documentation [39].

2.3. Data collection

Daily meteorological data, namely, precipitation, maximum and
minimum temperature, relative humidity, wind speed, and



Fig. 2. Check dams in the YanRB: (a) check dam distribution and (b) the construction history.

Fig. 1. Location of the YanRB and the monitoring stations used in the study.
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sunshine duration, for five weather stations were collected from
the Data Center of the China Meteorological Administrationy. Solar
radiation was estimated based on the duration of sunshine driving
the SWAT. In addition, daily precipitation data for three precipitation
stations, Ganguyi, Xinshihe, and Qingyangcha, were collected from
the Hydrological Yearbooks of China. Topographic data, a digital eleva-
tion model with a resolution of 30 m, were provided by the National
Geomatics Center of China�. The soil map (1:100000 scale) was
obtained from the National Earth System Science Data Centeryy.
The baseline land use data in 1975 (30 m � 30 m) were also obtained
from the National Earth System Science Data Center, representing
the land use conditions from 1957 to 1985. Land use maps for
1990, 2000, and 2010, with a resolution of 30 m, obtained from
the Institute of Remote Sensing and Digital Earth, Chinese Academy
of Sciences, were used to represent the land use conditions during
the periods of 1986–1995, 1996–2005, and 2006–2016. The land
was divided into six main land use types: grassland, forestland, crop-
land, water, residential land, and barren land. Hydrological observa-
y http://data.cma.cn.
� http://www.ngcc.cn/ngcc/.
yy http://loess.geodata.cn/data/.
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tions used for model calibration and validation were obtained from
the Yellow River Conservancy Commission, covering the period of
1957–1970. In addition, a field investigation of check dams in the
YanRB was conducted by the Water Department of Shaanxi Province,
with a project supervised by the Ministry of Water Resources of the
People’s Republic of China, providing the survey data for check dams,
including their position, construction year, dam height, controlled
area, designed storage, and filled storage. Based on the national stan-
dard for designed storage [40], check dams were categorized into
large (over 5 � 105 m3), medium (between 5 � 105 and 1 � 105

m3), and small dams (between 1 � 105 and 1 � 104 m3). In the sur-
vey, only large and medium dams were investigated because most of
the small dams were constructed by local farmers. Thus, the detailed
information on these small dams was not available.
2.4. Dynamic check dam (DCDam) module

2.4.1. Identification of check dams
As shown in Fig. 2, hundreds of check dams have been imple-

mented in the YanRB, and the connections between them are com-
plete. We divided all the check dams into independent clusters

http://data.cma.cn
http://www.ngcc.cn/ngcc/
http://loess.geodata.cn/data/
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based on the delineated sub-basins provided by the SWAT model.
We considered nine check dams in sub-basin 143 as an example
(Fig. 3). In this study, we defined all the check dams directly con-
nected to the outlet as first-class check dams. The identification
number (ID) of all nine check dams was determined by performing
following three steps: ① identify all the first-class check dams
(that is, check dams 6, 7, and 9 in Fig. 3(a)), and define their IDs
by pasting the dam number to the sub-basin number (that is,
14301, 14302, and 14303 in Fig. 3(b)); ② define all the check dams
directly connected to the first-class check dams (e.g., dams 2, 3,
and 5 connected to dam 14301) as the second-class dams, and
assign them IDs by pasting the dam number to the first-class
dam number (e.g., 1430101, 1430102, and 1430103); and③ assign
IDs for all the other check dams following the rules defined in step
②. Finally, all nine check dams in sub-basin 143 were divided into
three classes, and their IDs are displayed in Fig. 3(b). Check dams
with higher classes are situated in the upper stream of those with
lower classes, and the streamflow and sediment route move from
high-class dams to low-class dams in a check-dam network.
2.4.2. DCDam module
Fig. 4 illustrates the conceptual scheme that outlines the sedi-

ment routing in a check-dam network. At a specific time, t, the
module identifies all the available check dams based on their con-
struction year and tracks the available storage. Further, it generates
a new check-dam network with different classes to connect all the
available dams at this time point using the ID described in Sec-
tion 2.4.1. Dams that are not implemented or are already filled
completely are defined as unavailable and, thus, cannot be incor-
porated into a new network. Consequently, a new check-dam net-
work is generated for each sub-basin at each time step, and all the
check dams in this network can be labeled as class 1 to class n in a
sub-basin.

The dynamic storage of a single check dam is calculated based
on the sediment balance equations:

VD;t ¼ VD;t�1 � VSt;t ð1Þ
VSt;t ¼ VSi;t � VSo;t ð2Þ

where VD,t is the available storage at the end of time t, VSt,t is the
volume of sediment trapped by the check dam at time t,
VSi,t is the volume of sediment entering the check dam at time t,
Fig. 3. Identification and conceptualization of check-dam network in a typical sub-basin
dam network.
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and VSo,t is the volume of sediment released from the check dam
at time t.

As soon as a new network is defined by the dynamic network
sub-module (Fig. 4), all the directly connected dams of a specific
dam, either upstream or downstream, can be identified, and the
VD,t of the highest-class dams can be calculated based on the afore-
mentioned sediment balance equations (Eqs. (1) and (2)). In this
study, we assumed that check dams can store all the runoff
received from the upper catchment and trap the sediment if the
incoming runoff (VRi,t) is less than or equal to the available storage,
as mathematically expressed in the following equations:

VRs;t ¼ VRi;t ð3Þ

VSi;t ¼ VRs;t � Ccon;t ð4Þ

VRo;t ¼ 0 ð5Þ
where VRs,t is the stored runoff at time t, Ccon,t is the sediment con-
centration of runoff from the corresponding sub-basin at time t, and
VRo,t is the volume of the released runoff at time t.

Accordingly, if the incoming runoff is larger than the available
storage, the amount of runoff exceeding the available storage
(VRo,t) and the corresponding sediment is released, and the volume
of runoff stored by the check dam equals the available storage, as
expressed by the following equations:

VRs;t ¼ VD;t�1 ð6Þ

VRo;t ¼ VRi;t � VD;t�1 ð7Þ

VSo;t ¼ VRo;t � Ccon;t ð8Þ
The incoming runoff can be calculated based on the runoff

depth derived from hydrological models, expressed as

VRi;t ¼ Aa;t � Ht ð9Þ
where Aa,t is the controlled area of the specific check dam at the end
of time t, and Ht is the runoff depth of the corresponding sub-basin
at time t.

As shown in Fig. 3, several check dams connected with stream
channels constitute a dam network. Sediment routes move from
high-class to low-class dams in a check-dam network. Thus, for
check dams with the highest class, the actually controlled area
: (a) spatial distribution of check dams and (b) the conceptual diagram of the check-



Fig. 4. Operational flowchart of sediment routing in the check-dam network.
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(Aa,t) equals the designed controlled area (Ad). For downstream
check dams (check dams with upper dams), runoff and sediment
load are first intercepted by the upper check dams implemented
in channels, and the actually controlled area (Aa,t) of the down-
stream check dams at time t can be described as

Aa;t ¼ Ad �
Xm

j¼1

Ad;j ð10Þ

where Ad,j is the designed controlled area of the check dam, Ad,j is
the designed controlled area of directly connected upper check
dam j and m is the number of directly connected upper-stream
check dams.

The downstream check dam receives runoff from both its actu-
ally controlled area and runoff released from the directly con-
nected upper dams. Thus, the VRi,t for a downstream dam can be
calculated as

VRi;a;t ¼ VRi;t þ
Xm

j¼1

VRo;j;t ð11Þ
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where VRi,a,t is the volume of runoff generated from the actually
controlled area during time t and VRo,j,t is the runoff released from
one directly connected upper check dam j at time t.

After the calculation for all the check dams at a specific time
(time step), the available storage of each check dam is updated,
and the module moves to the next time point, t + 1, until the com-
pletion of the entire study period.
2.4.3. Integration of DCDam and SWAT
The check dams can be simulated using the fully distributed

strategy, assigning HRUs for each check dam. This method is
employed to re-extract the drainage systems, define the HRUs,
and generate the dynamic check-dam networks at each time step;
thus, the simulation of more than 800 check dams at the watershed
scale is challenging. We designed a semi-distributed strategy by
assigning a dynamic check-dam network for each sub-basin,
assuming the same runoff generation and soil erosion intensity
for each check dam in a specific sub-basin. In this semi-
distributed strategy, we adopted the simulated runoff depth (Ht)
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and sediment yield (Ccon,t) for each sub-basin from SWAT as inputs
to drive the DCDam module (Fig. 5) at each time step.

Finally, the dynamic sediment deposition and sediment released
from each check dam were simulated based on the integration of
SWAT and DCDam modeling, and the outputs were saved in an
express sheet for easy post-processing using a common software.
The operating procedures and module availability of the SWAT-
DCDam framework are presented in Section S1 in Appendix A.

2.5. SWAT model setup and calibration/validation

In this study, the YanRB was subdivided into 202 sub-basins
with an average size of 38.25 km2, and 6053 HRUs were character-
ized based on the combination of land use, soil, and slope, with an
average size of 1.28 km2. To avoid the effects of check-dam opera-
tion on the hydrological modeling by SWAT, the model was cali-
brated and validated using streamflow and sediment discharge
observations that occurred prior to the large-scale construction
of check dams in the YanRB: a seven-year (1957–1963) calibration
and a seven-year (1964–1970) validation. Based on previous stud-
ies and our experiences with SWATmodeling in this region [36,41–
43], 13 parameters were selected for streamflow calibration, and
three other parameters were selected for sediment (Table 1).
Widely accepted statistical metrics were adopted to assess the
model performance: the coefficient of determination (R2), Nash–
Sutcliffe efficiency coefficient (NSE), and percent bias (Pbias).
Details of the statistical indexes used for model validation are pre-
sented in Section S2 in Appendix A.

3. Results

3.1. Check-dam characteristics in the YanRB

The construction history of the check dams in the YanRB is illus-
trated in Fig. 6. We observe that most of the check dams were con-
Fig. 5. Framework for integrating the SWAT a
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structed in the 1970s, and there were more than 800 check dams
by the end of 2008. The construction of check dams was slow dur-
ing the 1950s and 1960s, with only 63 check dams at the end of
1969, accounting for less than 10% of the total. The construction
of check dams in this region was mainly initiated by
government-dominant ecological restoration projects, resulting in
a boost in check-dam construction during the 1970s and 2000s.
For example, great enthusiasm was shown in building new check
dams in the 1970s because they can help increase food production
by cultivating highly productive farmland formed by check dams
[44], with more than 300 new dams being constructed in YanRB
during this period. Moreover, the dam construction project in the
YanRB was evaluated as featured projects by the Ministry of Water
Resources of the People’s Republic of China in 2003, resulting in a
boost in dam construction in the 2000s [33]. Both the total con-
trolled area and total storage of check dams increased with the
construction of these check dams. By 2008, more than 40% of the
basin area was regulated by check dams constructed in channels
or gullies. The total storage of check dams in the YanRB reached
3.5 � 1011 m3 by the end of 2008, bringing great sediment trapping
potential in this region. Check dams can exert immediate and sub-
stantial effects on sediment trapping, and intensive check dam
building in the 1970s has greatly contributed to sediment load
reduction in the YanRB during that period and the subsequent
1980s [45].

The spatial distributions of the large and medium dams are
shown in Fig. 2(a); both large and medium dams are distributed
uniformly throughout the YanRB. The median storage of large
dams is 7.01 � 105 m3, and that of medium dams is 2.55 � 105

m3. However, dams built in different time periods may be consid-
erably different, and the key structural parameters may have
evolved over time during the past six decades. As illustrated in
Fig. 7, the controlled areas of both large and medium dams
decrease gradually from the 1960s to 2000s. The median controlled
area for large dams decreased from 6.30 to 3.40 km2 (46.03%
nd DCDam. DEM: digital elevation model.



Table 1
Calibrated SWAT parameters for the YanRB.

Parameter Definition Range Fitted value

CN2 Soil conservation service curve number for moisture condition �10%–10%r 5.3%
SOL_K Soil saturated hydraulic conductivity (mm∙h�1) �10%–10%r 5.2%
SOL_AWC Soil available water capacity �10%–10%r 2.9%
SLSUBBSN Average slope length (m) 35–50v 33.97
HRU_SLP Average slope steepness (m∙m�1) 10%–10%r �1.6%
SOL_BD Bulk density (t∙m�3) �10%–10%r �2.7%
ESCO Soil evaporation compensation coefficient 0.2–0.8v 0.366
SFTMP Mean air temperature at which precipitation is equally likely to be snow/freezing

rain (�C)
0–20v 19.619

SMTMP Threshold temperature for snowmelt (�C) 0–20v 13.528
SMFMX Melt factor on December 21 (mm H2O∙day�1∙�C�1) 0–5v 1.233
USLE_C Minimum value of the universal soil loss equation (USLE) land cover factor applicable

to the land cover/plants
0–0.5v 0.48/0.03/0.001 for cropland/grassland/forestland

USLE_K Soil erodibility factor (0.013 t∙m2∙h∙m�3∙t�1∙cm�1) �10%–10%r �4.9%
USLE_P USLE equation support parameter 0–1v 1
CH_K2 Effective hydraulic conductivity of channel (mm∙h�1) 0–5v 2.3
CANMX Maximum canopy storage (mm) 0–5v 0.65/2/5 for cropland/grassland/forestland
ALPHA_BF Baseflow recession constant 0–0.1v 0.015

v means that the existing parameter value is to be replaced by the given value, and r means that the existing parameter value is multiplied by (1 + a given value).

Fig. 6. (a) Number, (b) controlled drainage area, and (c) storage of check dams constructed over the past 60 years in the YanRB.
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reduction), and that for medium dams decreased from 1.80 to
1.61 km2 (10.56% decrease). Furthermore, the dam height has
increased slowly over the past 60 years. The median height of large
dams increased from 17.50 to 24.00 m (37.14% increase), and that
for medium dams increased from 14.65 to 16.00 m (9.22%
increase). The designed storage is also a vital structural parameter,
but there has been no significant trend in the designed storage for
the past 60 years. Overall, check dams in the YanRB tend to be
higher but have a smaller controlled area. Thus, newly constructed
dams seem to be safer because less runoff will be collected from
the upper catchment with a decreasing controlled area.

3.2. Performances of the SWAT model and SWAT-DCDam framework

The SWAT model has proven to be useful for simulating sedi-
ment yield on the Loess Plateau. In our study, SWAT was calibrated
and validated using streamflow and sediment load data observed
before the intensive construction of check dams (i.e., 1970s).
Fig. 8 illustrates a graphical comparison of simulated streamflow
and sediment load against the observations during the seven-
year calibration (1957–1963) and seven-year validation (1964–
1970) periods. From this figure, the simulated streamflow could
capture the variation pattern of observations well. Overall, the
streamflow simulation can be rated as ‘‘good,” with |Pbias| �
11.00%, R2 � 0.83, and NSE � 0.79 (Table 2) using the widely used
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criteria proposed by Moriasi et al. [46]. The sediment yield evalu-
ation results revealed that the simulated sediment yield also
matched well with the observations, with a 15.40% overestimation
and a 14.50% underestimation in the calibration and validation
periods, respectively. The simulation of sediment load can be rated
as ‘‘good,” with |Pbias| � 15.40%, R2 � 0.80, and NSE � 0.79
(Table 2). As shown in Fig. S1 in Appendix A, both the simulated
annual streamflow and sediment yield matched the observed val-
ues well during the entire modeling 60 simulation years (1957–
2016), in spite of some overestimations after 2000. In summary,
SWAT performed well in both streamflow and sediment simula-
tions and supported the investigation in this study.

Dynamic sediment deposition data are very important; how-
ever, they are not directly available. Nonetheless, an investigation
on check dams was conducted by the local government at the end
of 2008, and the accumulated sediment deposition for each dam
was measured. Thus, we validated the SWAT-DCDam framework
by comparing the simulated accumulated sediment deposition
with the observations from this investigation, as displayed in the
scatter plot in Fig. 9. The upper and lower error lines, which indi-
cate the error bounds, were derived by adding or subtracting the
percentage of error from the simulated values. The mean values
of the observed and simulated accumulated sediment deposition
were 2.40 � 105 and 2.67 � 105 m3, respectively, with an overall
overestimation of 11.50%. As shown in Fig. 9, there are some



Fig. 7. Designed characteristic parameters of check dams in different time periods: (a) controlled area (the y-axis is log-transformed), (b) dam height, and (c) initial storage.

Fig. 8. Monthly comparison of SWAT-simulated versus observed (a) streamflow and (b) sediment during the seven-year calibration (1957–1963) and seven-year validation
(1964–1970) periods.
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outliers beyond the error range, especially for the simulation of
medium check dams. Overall, the statistical metrics indicated that
the module can be judged as ‘‘satisfactory,” with the |Pbias| �
11.50%, R2 � 0.71, and NSE � 0.53, based on the sediment evalua-
tion criteria by Moriasi et al. [46], indicating the acceptable perfor-
mance of DCDam in simulating the dynamic sediment deposition
by check dams.

3.3. Dynamic sediment deposition and storage of check dams

Fig. 10 shows the simulated soil erosion intensity in the YanRB
during the past 60 years, and no significant trend is observed in
this region, with a Z-value of �0.35 using the Mann–Kenddall
(M–K) trend test [47,48]. The mean annual soil erosion intensity
is 101.39 t�hm�2�a�1, making the YanRB one of the most severe soil
erosion regions on the Loess Plateau. As illustrated in Fig. 10(a), the
annual amount of sediment trapped by check dams exhibits a sig-
nificant increasing trend (p < 0.05), with a Z-value of 2.26 using the
M–K trend test, although it was not monotonous. The amount of
sediment trapped by check dams increased moderately for approx-
imately 15 years since the 1950s, increased substantially since
1970, and reached its peak value in 1977; further, the amount of
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trapped sediment decreased slowly until 2016, except for the
extremely high value in 2013 with a record high precipitation.

The construction of new check dams could increase the total
available storage, and continuous sediment deposition could fill
check dams and decrease the available storage, resulting in the
complex evolution of the available storage at the watershed scale.
As illustrated in Fig. 10(b), the available storage increases rapidly
from 1957 to 1977, when the available storage reaches the peak
value; this is consistent with the rapid construction of new check
dams during this period (Fig. 6). Further, the available storage
decreases slowly until 1999; however, the total storage continues
to increase. During the 2000s, the construction of new dams
increases, resulting in a substantial increase in the available stor-
age. However, the available storage has decreased rapidly in recent
years because few new dams have been built since 2008 [33].

3.4. Contributions of sediment trapped by check dams to sediment load
reduction in the YanRB

During the past decades, the sediment load in the Yan River has
decreased significantly (Fig. S2 in Appendix A), and check dams
have played an important role in sediment load reduction in the



Table 2
Model performance for streamflow and sediment load simulations.

Index Calibration (1957–1963) Validation (1964–1970)

Runoff Sediment load Runoff Sediment load

R2 0.83 0.80 0.92 0.93
NSE 0.81 0.79 0.71 0.92
Pbias 7.70% 15.40% 11.00% �14.50%

Fig. 10. Amount of (a) sediment yield and sediment trapped by check dams and
(b) the dynamic storages of check dams.

Fig. 9. Scatter plot of simulated and observed accumulated sediment deposition.

Table 3
Contributions of the trapped sediment to sediment load reduction in the Yan River
(regions above the Ganguyi station).

Period Mean annual
sediment load
reduction (� 107 t)

Mean annual sediment
retained by check dams
(� 106 t)

Contributions

1970–1985 2.66 5.84 21.97%
1986–1995 1.66 7.27 43.69%
1996–2005 3.35 3.68 10.98%
2006–2016 5.94 5.02 8.46%
1970–2016 3.38 5.07 15.00%
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Yan River. The contributions of the sediment trapped by check
dams to sediment load reduction were evaluated by considering
the period with few check dams (i.e., from 1957 to 1969) as the
baseline period. As presented in Table 3, the mean annual sediment
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load reduction is 3.38 � 107 t during 1970–2016 when compared
with the baseline sediment load; among this, 5.07 � 106 t of sedi-
ment was trapped by check dams, accounting for approximately
15.00% of the total sediment load reduction. The sediment load
in rivers was influenced by a few time-varying environmental fac-
tors, including climate variation, revegetation, terrace-building,
and check-dam construction; thus, sediment load reduction varied
considerably during different periods. The mean annual sediment
load reduction generally increased from 2.66 � 107 t during
1970–1985 to 5.94 � 107 t during 2006–2016, with relatively
low values during 1986–1995. The contributions of the trapped
sediment to sediment load reduction first increased from 21.97%
(1970–1985) to 43.69% (1986–1995), but then gradually decreased
to less than 10.00% during 2006–2016 (Table 3).
4. Discussion

4.1. Changing environment affected the amount of sediment trapped
by check dams

Intensive environmental changes might affect the contributions
of trapped sediment to sediment load reduction, complicating the
planning and management of check dams. For example, an increase
in vegetation cover would decrease the water and sediment supply
to check dams [49,50]. Some studies [45,51,52] reported that large-
scale greening on the Loess Plateau reduced the sediment yield
from slope croplands and altered the following sediment trapping
processes before check dams. In the past 40 years, land use pat-
terns in the YanRB have evolved over time, dominated by an
increase in forestland and a decrease in cropland, especially since
the implementation of the ‘‘Grain for Green Project” in the late
1990s (Fig. S3 in Appendix A). In the YanRB, the area of cropland
increased slightly from 33.53% in 1975 to 40.20% in 1990 and then
decreased to 29.62% in 2000 and further to 17.59% in 2010. Our
results revealed that soil erosion changed with the evolution of
land use patterns (Fig. S4 in Appendix A). The mean annual sedi-
ment load for the four land use scenarios during 1957–2016 was
5.45 � 107, 5.63 � 107, 5.05 � 107, and 3.41 � 107 t, with a
37.43% decrease for the 2010 land use scenario. Fig. 11 presents
the mean annual soil erosion intensity during the four time periods
(i.e., 1957–1985, 1986–1995, 1996–2005, and 2006–2016 (exclud-
ing the extreme wet year, 2013)) varying with the combinations of
different land use patterns and climate conditions. The mean soil
erosion intensity during 2006–2016 is 70.15 t�hm�2, approxi-
mately 28.29% less than that during 1957–1985.

The annual amount of sediment trapped by check dams was
influenced by both the dynamic available storage and soil erosion
intensity, which determined the amount of sediment in the check
dams, whereas the volume of the trapped sediment was influenced
by the available storage. Thus, we listed the trapped sediment and
their influencing factors (i.e., soil erosion intensity and available
storage) for different time periods in Table 4. The soil erosion
intensity during the 1957–1969 period was similar to that in the



Fig. 11. Simulated soil erosion intensity from 1957 to 2016. The dotted lines are the
average value of soil erosion intensity in different time periods.

Table 4
Comparison of the available storage, mean annual soil erosion intensity, and trapped
sediment during different time periods.

Period Available
storage
(� 106 m3)

Soil erosion
intensity
(t∙hm�2�a�1)

Trapped
sediment
(� 106 t�a�1)

1957–1969 11.96 98.17 1.48
1970–1985 109.41 97.47 8.30
1986–1995 100.14 128.73 9.04
1996–2005 90.31 87.65 4.72
2006–2016 (exclude 2013) 126.33 70.16 3.57
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next period (1970–1985), but the amount of trapped sediment was
relatively small because the small available storage limited the
sediment trapping of check dams. Further, the combination of large
available storage and intensive soil erosion intensity caused a large
amount of trapped sediment (more than 8.00 � 106 t�a�1) during
the 1970–1985 and 1986–1995 time periods. Moreover, the rela-
tively smaller available storage and less intensive soil erosion dur-
ing 1996–2005 caused less trapped sediment. However, the
amount of trapped sediment was much lower, even if the available
storage was the largest in the recent period (2006–2016). Thus, we
can deduce that the lower soil erosion intensity in the 2010 land
use scenario, instead of the available storage, resulted in a lower
level of sediment trapping by check dams. Check dams played a
greater role in wet years, with substantially more sediment
trapped during those years (Fig. 10(a)). For example, approxi-
mately 2.08 � 107 t of sediment were trapped by check dams in
2013, an extreme wet year, accounting for approximately 7.36%
of the total sediment yield. Some field investigations have also pro-
ven the critical role of check dams during extreme flood events. For
example, approximately 40.00% of the eroded soil (almost
4.89 � 107 t) were reported to have been trapped in check dams
during a single extreme flood event in 2017 in the Dali River Basin
[53], which is near the YanRB.
4.2. Check-dam planning toward sustainable watershed management

Check-dam construction has been an important ecological
restoration measure for sustainable watershed management glob-
ally, and it has multiple functions (e.g., water supply enhancement,
agricultural land development, and sediment control) [54]. The
effects of check dams on supporting sustainable watershed man-
agement are becoming more important under changing environ-
ments. For example, check dams could decrease the peak runoff
218
discharge and alleviate downstream floods [55]; moreover, intensi-
fied droughts due to climate change require the full use of water
resources stored in check dams [56]. In the YanRB, more than
3192 hm2 of plain farmlands had been created by sediment
trapped before check dams by the end of 2006 [57], significantly
contributing to food security in this region because the productiv-
ity of check-dam farmland was approximately 6–10 times higher
than that of slope cropland [18]. However, our simulation revealed
that more than 75% of dams were approximately full in the YanRB,
indicating the potential loss of the effects of check dams and the
demand for new check-dam constructions. In addition, our study
revealed that more than 40 check dams, approximately 5% of the
total check dams, trapped sediment slowly, with less than 30% of
the designed storage filled after working for more than 15 years,
indicating the necessity and importance of the position chosen
for check-dam planning and construction in a watershed. The com-
prehensive management of check dams requires the prediction of
the dynamic storage of check dams. The SWAT-DCDam framework
could be a promising tool for simulating the hydrological processes
and dynamics of the storage of check dams in a changing environ-
ment. Thus, the framework developed in this study can be applied
to evaluate the multiple functions of check dams and support the
scientific planning and management of new check dams. In addi-
tion, this framework can be further developed to extend its func-
tions, such as ecosystem services, a potentially good subject for
future studies.
4.3. Limitations and future research

Model integration is a promising method for investigating com-
plex environmental challenges [58]. In this study, the newly devel-
oped DCDam module was integrated with the widely used SWAT
model to simulate the dynamic sediment trapping by check dams
at the watershed scale. However, the SWAT-DCDam was subject to
various uncertainties, including modeling and data uncertainties,
as more processes were included when integrating both models
[59].

The model structures for both SWAT and DCDam were not per-
fect and could be improved in the future, especially when consid-
ering the changing land surface conditions caused by intense
environmental changes. For most hydrological models, the real
hydrological processes are depicted by functions and parameters,
and these parameters are calibrated to minimize model biases
[60]. The effects of land use change are simulated by utilizing
time-varying land use inputs, but constant optimal model param-
eters for the same land use type. However, hydrological processes
might change after intense land use change. For example, the run-
off generation mechanism might have changed after the extensive
revegetation on the Loess Plateau [61], and the percentage of
Hortonian overland flow has been decreasing [62]. Thus, the model
structures can be improved further to better describe the hydrolog-
ical processes in regions with extensive human disturbances.

The complex operating systems made it difficult to fully
describe the operational effects of check dams on runoff and sedi-
ment processes. On the one hand, runoff exceeding the available
storage would be spilled over dam embankment or through spill-
ways. On the other hand, clean water after sediment deposition
would be drained out through the tunnels. In this study, we
assumed that the sediment concentration for the spilled runoff
was the same as that for the incoming runoff. However, the sedi-
ment concentration might be smaller than the incoming runoff
because the flood velocity and sediment concentration for runoff
flow through the deposition area would significantly decrease
[63]. For large reservoirs, Brune [64] collected the operation data
and proposed a function by correlating the trapping capacity with
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the available storage–inflow ratio, which is widely used globally.
However, more than 60% of the sediment was trapped even though
the available storage–inflow ratio was smaller than 0.01 (much
higher for check dams on the Loess Plateau), based on the sediment
regulation function proposed by Brune (Fig. S5 in Appendix A). Our
hypothesis (sediment in the released runoff was the same as that
for inflow) in this study might underestimate the percentage of
sediment deposited before check dams. Thus, more field investiga-
tions (e.g., the sediment trapping efficiency for check dams with
different available storages) should be performed to better concep-
tualize sediment deposition and drainage processes, particularly
the sediment trapping ratio. In this study, the DCDam module
was integrated into the SWAT model using a semi-distributed
strategy, by assuming that the runoff generation and sediment
yield intensity were homogeneous for a specific sub-basin, and
uncertainties were introduced by ignoring the spatial heterogene-
ity of runoff generation and sediment yield.

The availability and reliability of data, especially field measure-
ment data, could cause large uncertainties in the use of the SWAT-
DCDam framework, and there may be limitations in the study.
Numerous small check dams were constructed by local farmers
from 1950 to 1980 [65], and these dams were mostly filled when
the investigation was conducted in 2009. Thus, the small dams
were not included in this study. Moreover, the total deposited sed-
iment before check dams was measured by different teams using
different surveying methods, indicating potential uncertainties
for the validation results in this study. Furthermore, some crucial
structural parameters of check dams (e.g., the size and position
of the spillways and tunnels) were not surveyed in this investiga-
tion, limiting the improvements of the DCDam module. New tech-
nologies would be valuable in obtaining more information for
further improvements of DCDam. For example, remote sensing
technologies, especially the widely used unmanned aerial systems,
can be used to detect the positions and controlled areas of check
dams, as well as the accumulated deposition storages when com-
bined with the digital elevation models in different periods [66],
providing data to improve the conceptualization and validation
of the SWAT-DCDam model in the future.

5. Conclusions

In this study, we proposed the SWAT-DCDam framework for
modeling the dynamic sediment trapped in check-dam networks,
by integrating a newly developed module, DCDam, and the widely
used watershed hydrological model (SWAT). This framework was
tested and applied by conducting a case study of a typical loess
watershed in the Yellow River Basin, the YanRB. Our evaluation
results revealed that the developed SWAT-DCDam can simulate
the available check-dam storage and sediment trapped by check
dams dynamically in the check-dam networks in a watershed. As
indicated in the case study of the YanRB, the designed structure
of check dams has evolved over the past 60 years, with higher
dams but less controlled areas in recent years. Check dams have
been an important soil conservation measure in the YanRB, con-
tributing 15.00% of the sediment load reduction in the Yan River.
However, the contribution of the trapped sediment to sediment
load reduction has decreased, and the contribution of check dams
has decreased to approximately 10.00% in the last decade. More-
over, our simulation results revealed that more than 75.00% of
check dams in the YanRB are almost full, indicating a potential
demand for the construction of new check dams in this watershed.
Overall, the developed SWAT-DCDam framework could be a
promising tool for investigating the dynamic sediment trapping
in check-dam networks in a changing environment. The assess-
ment results of the check-dam networks in the YanRB could pro-
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vide useful information to support decision-making when
planning and constructing a check dam for sustainable watershed
management.
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