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Abstract Terrace and check dam construction has
substantially changed land surface morphology, which in
turn affects modern surface processes. Digital elevation
models (DEMs) provide an effective way to quantitatively
analyze surface morphology and processes. However,
existing DEMs lack sufficient ability to express artificial
terrain. Based on 1:10000 topographic maps of the
Zhifanggou watershed, a series of artificial terrain DEMs
for the study site were constructed by both field
investigation and remote sensing images from 1938 to
2010. Digital terrain analysis was used to quantitatively
assess the influence of terrace and check dam construction
on the watershed terrain. The results showed that the
artificial terrain DEM could capture the spatial distribution
patterns of terraces and dam lands and improved the ability
of DEM to express terrain. The construction of terraces and
check dams clearly changed the surface elevation. The
average elevation change of each terrace mainly ranged
between –1.5 and 1.5 m, while the annual average
deposition height of the dam lands was 9.16 cm. The
average slope, slope length, and slope length and steepness
factor of the watershed decreased with the effect of the
artificial terrain on the surface, and their averages
decreased by 0.65°, 6.75 m, and 0.83, respectively, from
1938 to 2010. Although the construction of terraces
reduced their surface slope to nearly 0°, the slope of terrace
embankments rapidly increased, to more than 45°, which
may lead to gravitational erosion and potential terrace
damage. Terracing reduced the slope length in both the
terrace distribution area and downslope of the terraces.
Check dam deposition reduced the slope and slope length

of the channel. This study contributes to a better under-
standing of the topographic change rules after terrace and
check dam construction, and aids in elucidating the
mechanisms of soil erosion process influenced by artificial
topography.

Keywords check dam, digital elevation model, Loess
Plateau, terrace, topography

1 Introduction

Soil erosion is one of the most serious ecological and
environmental problems worldwide (Renard et al., 1997),
which threatens the sustainable development of the
economies and societies (Feng et al., 2010). The Chinese
Loess Plateau is one of the most erosive regions in the
world due to its fragile natural ecosystem and unreasonable
human activities (Douglas, 1989; Hessel and Asch, 2003;
Liu and Liu, 2010). The twin problems of soil erosion and
environmental degradation affecting the Loess Plateau
have always been of great concern to the government as
well as academic institutions (Ritsema, 2003; Xu et al.,
2009). A suite of soil conservation practices has been
implemented in the Loess Plateau region to reduce severe
soil erosion, maintain land productivity, and improve
environmental quality since the late 1950s (Huang and
Zhang, 2004). These practices include changing the land
use structure, planting trees or grasses, improving tillage
practices, building terraces on slopes, and constructing
check dams in channels (Bullock and King, 2011);
collectively, these interventions have substantially changed
the underlying surface condition, while soil erosion has
been effectively controlled in the Loess Plateau region
(Tang, 2004). For example, the sediment yield of the
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Yellow River decreased from 1.5 to 1.6 Gt/yr in 1950–
1960 to 0.13 Gt/yr in 2000–2005, and 30% of the decrease
in sediment load has resulted from climate change (e.g.,
decrease in precipitation) and 70% from human activities
including soil and water conservation (e.g., terracing,
returning cultivated land to forest and grassland, and check
dam construction), agricultural irrigation, and hydraulic
engineering (Wang et al., 2007).
Terracing and check dam construction are the most

commonly engineering measures for soil and water
conservation in the Loess Plateau region. These measures
are efficient to control soil erosion and retain water, and
result in both sediment and runoff reductions (Mu et al.,
2007; Zhao et al., 2013; Li et al., 2019). Compared with
before 1980, the construction of terraces, check dams, and
reservoirs has reduced the sediment load on the Loess
Plateau by 29% and 13%, respectively, from 1980 to 2010
(Wang et al., 2016). Terrace and check dam construction
changes the mode, scale, and rate of surface material
migration and energy conversion by transforming the
topography, such as leveling ground surface, reducing
slope length, and raising the erosion base level (Leopold,
1992; Tang, 2004). But how is the topography specifically
changed after building terraces and constructing check
dams? Surprisingly, despite previous studies on the topic,
we still lack the means of a robust quantitative analysis and
explanation.
To date, the influence of terraces on soil erosion has been

expressed by the support practice factor (P factor) in
Universal Soil Loss Equation (USLE) and Revised
Universal Soil Loss Equation (RUSLE) (Wischmeier and
Smith, 1978; Renard et al., 1997). These P factors,
however, do not consider the major benefit associated
with the implementation of terracing practices by reducing
slope length, especially at the bottom of terraces. For check
dams, in addition trapping sediment, they can also control
upstream channels and channel side-slope stability, with
the stream channel topography becoming flatter (Hsieh
et al., 2013). Hence, it is necessary to quantitatively
analyze the influence of such engineering measures for soil
and water conservation on terrain, which is important to
better understand the erosion reduction mechanism of
these measures.
Due to their computational efficiency and widespread

availability, digital elevation models (DEMs) are poised to
become a valuable source of topographic data for
geomorphic analyses (Smith and Clark, 2005). The
methods of differencing two or more sequential DEMs
can be used to identify key locations of geomorphic
stability or change, as well as past trends, processes, and
the rates of change (James et al., 2012). Generally, most
DEMs simulate the continuous and smooth features of a
natural land surface (Hutchinson, 1989); however, they
ignore the representation of artificial discontinuous terrain,
such as terraces and check dams whose dimensions are

generally smaller than the resolution of conventional
DEMs. Given the limitation of the existing DEMs for
artificial terrain representation, Yang et al. (2009) con-
structed artificial flow diversion terraces with a relatively
coarse resolution DEM, while Lesschen et al. (2009)
adapted the DEM to include the topography of terraces.
Those studies provide useful references for representation
of artificial terrain via DEM and for the study of terrain
evolution under human activities.
The objectives of this study are to reconstruct sequential

DEMs so they included terraces and dam lands in a typical
watershed of the Loess Plateau, by using topographic
maps, historical land use maps, and high-resolution remote
sensing images, and to then compare the terrain attributes
(e.g., elevation, slope, and slope length) extracted from
different sequential DEMs. Finally, we expounded on the
influence of terraces and check dams on watershed
topography through a quantitative analysis of topographic
change.

2 Materials and methods

2.1 Study site

The study site is located at the Zhifanggou watershed
in Ansai County, Shaanxi province, China (36°42′42″–
36°46′28″N, 109°13′46″–109°16′03″E, Fig. 1). This site,
covering 8.27 km2, is a typical watershed in the hilly-gully
area of the Loess Plateau, with an elevation that
ranges from 1040 to 1425 m. The gully density reaching
8.06 km/km2 demonstrates that the terrain of the site is
quite rugged and with many ups and downs (Li, 1995).
Since 1974, comprehensive control of soil erosion has

been applied in the Zhifanggou watershed. Notably,
national scientific and technological projects for compre-
hensive control of soil and water loss were tested in the
watershed from 1986 to 2000. In the process of
implementing watershed management, slope control was
mainly achieved by measures that include adjusting the
land use structure, returning slope farmland to forest and
grass lands, and building terraces on slopes, whereas gully
control was mainly achieved by constructing check dams
(Fig. 2). Three check dams with an control area of 0.72,
0.18, and 3.51 km2 were respectively built in the watershed
in 1975 and 1987, which have effectively controlled soil
and water loss.

2.2 Data sources

A total of nine land use maps covering the period 1938–
2010 of the study site were obtained. The land use map for
1938 was derived from household surveys and fieldwork
investigations, and by comparing and summarizing the
available literature. The maps for 1975, 1978, 1987, and
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1990 were obtained from remote sensing images of
1:10 000 that were visually interpreted (Li, 1995), while
the remaining maps for 1992, 1998, 2008 and 2010 were
drawn by combining field measurements with ArcGIS
v10.0 (ESRI Inc., Redlands, USA). In addition, four
1:10000 topographic maps for 1976 obtained from the
Shaanxi Basic Geographic Information Center, Ministry of
Natural Resources, China. Google Earth images for 2010
covering the study site were obtained with a resolution
better than 0.5 m.

2.3 Construction of the artificial terrain DEM

The artificial terrain DEM was built based on topographic
maps and data of topographic features interpreted from
Google Earth images for 2010 using ANUDEM v5.1
(Hutchinson, 2004). The input data included (Fig. 3):
1) contour lines with 5-m elevation intervals, height points,
streams, and scarps digitized from the 1:10 000 topo-
graphic maps for 1976 in ArcGIS v10.0 (ESRI Inc.), and
2) terrace embankments and dam land boundaries

Fig. 1 Location of the Zhifanggou watershed.
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extracted from the Google Earth images for 2010 using
ArcGIS v10.0, land use maps for 1938–2010, and field
investigation.
The process of artificial terrain DEM construction went

as follows (Fig. 4): 1) Using the topographic data including
contours, height points, streams, scarps, terrace embank-

ments, and dam land boundaries, the hydrologically correct
DEMs (Hc-DEMs) for 1938–2010 were interpolated by
running ANUDEM v5.1. By referring to the previous
studies (Yang et al., 2006; Zhang et al., 2006; Shi et al.,
2007), the second roughness coefficient, the elevation
tolerance, and the number of iterations were set to 0.5, 5 m,
and 20, respectively. Due to the presence of numerous
narrow terraces within the study site, the grid size was set
to 1 m. 2) The mean elevation for each terrace was
calculated from Hc-DEMs using zonal statistics tool in
ArcGIS v10.0. This tool computes the value for each zone
defined by a zone data set (e.g., the terrace distribution
area) using values from another raster data set (e.g., Hc-
DEMs). 3) Mask operation was performed in the ArcInfo
Workstation (ESRI Inc.), and the mean elevation for each
terrace was embedded into the Hc-DEMs.

Fig. 2 Terrace (up) and dam land (down) landscapes in the
Zhifanggou watershed.

Fig. 3 Main input data for the artificial terrain DEM construc-
tion.

Fig. 4 The process of the artificial terrain DEM construction.
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2.4 Precision evaluation of the artificial terrain DEM

It is essential that a DEM can accurately represent the
fluctuation of the land surface. DEM is not only required to
represent the land surface and its structural features as
precise as possible, but also as a prerequisite for accurate
simulation of land surface processes. Usually, four
inspection methods, including visual inspection, interac-
tive inspection, automatic inspection, and image analysis
inspection, are used to inspect DEM quality (ISMS,
SBSM, 2010). Here, we evaluated the quality of our
artificial terrain DEM from the perspectives of terrain
representation ability and precision error analysis.
For terrain expression ability, hill-shade analysis was

performed on the established artificial terrain DEM and on
the original DEM without artificial discontinuous topo-
graphic information. To evaluate the precision of the
artificial terrain DEM, the elevations of 268 terraces were
measured at random points with a GPS unit (GARMIN
GPS60CSX, Olathe, USA). These elevations were then
compared with the extracted elevations of points from the
artificial terrain DEM. The mean relative error (MRE)
(Eq. 1), the mean absolute error (MAE) (Eq. 2), the root
mean square error (RMSE) (Eq. 3), and the correlation
coefficient (r) were used as the evaluation indices.
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where Zoi is the measured elevation of point i, and Zei is the
extracted elevation of point i from the artificial terrain
DEM.

2.5 Extraction of topographic factors

The slope, slope length, and slope length and steepness
factor (LS factor) of different years were extracted through
a LS factor calculation tool (Yang et al., 2010; Zhang et al.,
2010; Zhang et al., 2012; Zhang et al., 2013). Slope length
extraction was based on a multiple flow direction
algorithm, and slope and channel truncation were taken
into account. According to the topographic features of
the study site, the threshold of the river network was set
to 5000 m2, and the LS factor calculation tool used
the Chinese Soil Loss Equation (CSLE) algorithm (Eqs. 4
and 5) (Liu et al., 1994; Liu et al., 2000). Statistical
analysis of topographic change was performed using

Origin v8.5 (OriginLab Corp., Northampton, MA, USA).
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where L, and S are the slope length factor and slope
steepness factor, respectively; m is the slope length index;
l, and q are the slope length and slope steepness generated
from the DEM, respectively.

3 Results

3.1 Quality of the artificial terrain DEM

3.1.1 Ability to represent the terrain

The artificial terrain DEM (Fig. 5(a)) could better convey
the artificial discontinuous topographic features and spatial
distribution pattern of terraces and dam lands, and it truly
reflected the surface morphology. By contrast, the original
DEM (Fig. 5(b)) lacked this ability to represent the terrain
when compared with the actual land surface (Fig. 5(c)).

3.1.2 Precision and error analysis

The MRE, MAE, and RMSE can reflect the overall quality
of a DEM. These index values between the artificial terrain
DEM-extracted and the measured elevations were 0.008,
1.0343, and 1.1916, respectively. The correlation coeffi-
cient was 0.9996, indicating that the artificial terrain DEM-
extracted and measured elevations were linearly and
tightly correlated (Fig. 6). According to the 1:10 000
DEM precision standard of China (ISMS, SBSM, 2010),
the artificial terrain DEMwe established met the secondary
standard.

3.2 Elevation change in the watershed

The cross sections on the DEM, before and after
constructing terraces and check dams (Fig. 5), were
respectively extracted (Fig. 7). The results showed that
the surface morphology changed substantially under the
effect of artificial transformation. Before building terraces,
the slope height profile was relatively smooth, reflecting
the rolling surface morphology. However, after building
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the terraces, the slope height profile showed a ladder-like
distribution, indicating that the local land surface became
flat due to the digging-filling of the original surface. After
constructing the check dams, the surface was uplifted due
to subsequent sediment accumulation, generating a
significant change in the channel in that it gradually
evolved in shape from a “V” into a “U”.
For the quantitative analysis of elevation change, we

compared the original DEM and artificial terrain DEM for
2010 (Fig. 8). We found that the elevation change mainly
occurred in the middle-to-down streams of the Zhifanggou
watershed and the elevation value varied from –15.99 to
19.36 m. Surface elevation changes were due to the
construction of terraces and check dams. We analyzed the
respective influences of terraces and check dams on the
surface elevation in the following sections.

Fig. 6 Relationship between the artificial terrain DEM-extracted
and the measured elevations.

Fig. 5 Hill-shade maps based on the DEM.

Fig. 7 Elevation cross sections before and after constructing (a) the terraces and (b) check dams.
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3.2.1 Influence of terrace construction on the surface
elevation

Statistical analysis revealed that the frequency of elevation
changes influenced by terracing in the terraced area
followed a normal distribution (Fig. 9(a)). To further
explore and explain these surface changes, we calculated
the intervals of elevation change frequency according to
the normal distribution curve, i.e., (μ – σ, μ+σ), (μ – 1.96σ,
μ+ 1.96σ), and (μ – 2.58σ, μ+ 2.58σ). The percentage of
elevation changes occurring between – 2.08 and 1.61 m

was 63.12%; between – 3.85 and 3.38 m it was 89.38%,
while that between – 4.99 and 4.52 m accounted for
95.40% of all changes.
At the end of 2010, a total of 643 terraces had been built

in the Zhifanggou watershed, covering an area of 76.61
hm2 (Fig. 10). The construction of these terraces generally
followed the principle of using the original terrain and
landforms; thus, the average elevation change of each
terrace, when compared with the natural surface, was
random and ranged from –3.37 to 3.68 m. The average
elevation change was mainly concentrated between –1.5

Fig. 8 Difference between the original DEM and artificial terrain DEM for 2010.

Fig. 9 Frequency of elevation changes influenced by (a) terracing and (b) sediment deposition from dams in the Zhifanggou watershed.
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and 1.5 m, which accounted for more than 95% of all the
total changes (Fig. 11).

3.2.2 Influence of check dam deposition on the surface
elevation

Statistical results of the surface elevation changes
influenced by check dam deposition in the watershed are
shown in Fig. 9(b). Just 1.18% of the elevation in the check
dam deposition area had decreased, which may be related

to slope collapse during the deposition process and tillage.
By contrast, under the effect of deposition, 98.82% of the
elevation in the dam land deposition area increased.
Specifically, the percentage of deposition height within 3 m
was greatest (59.35%), followed by those in 3–5 m
(18.78%) and 5–10 m (19.18%) ranges; the percentage of
deposition height> 10 m accounted for just 1.51% of the
total dam land area.
Three check dams were built in the Zhifanggou

watershed from 1975 to 1987. With regard to their overall
deposition levels (Table 1), the annual average deposition
height of these individual check dams ranged from 5.17 cm
to 12.78 cm (mean = 9.16 cm).

3.3 Variation in watershed topography

Topography is an important factor affecting soil erosion
process (Zhu, 1981; Smith and Wischmeier, 1957). Slope,
slope length, but especially the LS factor, are important
parameters of the soil erosion prediction model (Zingg,
1940; Jiang et al., 1990; Renard et al., 1997). With changes
in surface morphology driven by human activities,
topographic factors are simultaneously changed. Our
spatial distribution analysis revealed that the slope, slope
length, and LS factor were all considerably decreased in
the middle and lower reaches of the watershed after the
construction of terraces and check dams (Fig. 12).

3.3.1 Slope change

With the continuous enhancement of the surface modifica-
tion caused by human activities, the slope composition of
the Zhifanggou watershed changed greatly over the past
70 years (Table 2). The percentage with a slope of 0°
increased markedly, from 0.03% in 1938 to 7.05% in 2010,
whereas percentage with a slope> 45° increased slightly.
The percentages of those with a slope 0°–45° decreased to
varying degrees, though a remarkable decreasing trend
occurred between 8° and 25°.
To explain the variation in slope composition of the

Zhifanggou watershed, we analyzed its slope profiles
before and after the construction of terraces and check
dams.
The surface slope distribution showed a continuous

wave pattern before the terrace construction, but a leap-
type one after the terrace construction. The slope of
terraced surfaces was 0°, while the slope of terrace

Fig. 10 Cumulative area of terraces in the Zhifanggou watershed
for 1938 –2010.

Fig. 11 Average elevation change of each terrace in the
Zhifanggou watershed.

Table 1 The influence of check dam deposition on surface elevation in the Zhifanggou watershed

Check dam
location

Building
time

Control area
/hm2

Deposition area
/hm2

Average elevation
before deposition/m

Average elevation
in 2010/m

Annual average
deposition height/cm

Xiaozhigou 1975 71.54 2.20 1180.00 1181.81 5.17

Xiaofanjiagou 1975 18.32 0.18 1097.87 1099.30 9.53

Zhenggou 1987 350.67 2.25 1121.39 1124.33 12.78

Note: The check dam in Xiaofangjiagou became full in 1990 because of its limited capacity
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embankments increased greatly, generally to > 45°
(Fig. 13(a)). In the process of terracing— largely due to the
limitation of natural topographic features and transforma-
tion conditions—mainly the slopes of 8°–25° were
converted into terraces, so the percentage of slopes in
this range markedly decreased when compared with the
other slope ranges. Being affected by both the topography
and geomorphology of the watershed, the slope was mostly
concentrated between 15° and 45°, for which the
percentage decreased from 72.63% in 1938 to 68.30% in

2010 during terrain transformation by humans. By
contrast, the artificial terrain DEM represented the terraces
as level terraces, so the area of any 0°-slope increased.
Since the slope of terrace embankments were mostly
> 45°, the percentage of slopes> 45° increased over time.
Before the check dam deposition, the channel terrain
was quite steep with extremely steep slopes> 45°;
however, after deposition, the slope of the channel changed
to gently even, so that the slope was primarily below 8°
(Fig. 13(b)).

Fig. 12 Spatial distribution of slope (a, d), slope length (b, e), and LS factor (c, f) in the Zhifanggou watershed (1938 and 2010,
respectively).
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3.3.2 Slope length change

Similar to the change in slope composition, the slope
length composition in the Zhifanggou watershed also
changed substantially over the past 70 years (Table 3). The
percentage with a slope length £5 m increased, from
1.83% in 1938 to 11.53% in 2010. In particular, the
percentage of the 0.5-m slope length increased consider-
ably, from 0.04% in 1938 to 7.23% in 2010. The
percentage with a slope length of 5–10 m increased
slightly, with some fluctuation, whereas the percentage
with a slope length> 10 m decreased over time. The slope
length in the Zhifanggou watershed was mainly concen-
trated in the range of 10–50 m; this accounted for more
than 90% of the total watershed area, and it was related to
the geomorphic features of the watershed. The above
analysis showed that under the influence of soil and water
conservation engineering measures, and with the embed-
ding of an artificial topography, the original natural slope
length became truncated, thus leading to an increase in the
slope length that was 0.5–5 m.
To explain the variation in slope length composition in

the Zhifanggou watershed, we analyzed the slope length
profiles before and after building the terraces and check
dams. After constructing the terraces, the slope length was
0.5 m (1/2 of the grid size) (Fig. 13(c)). These results were
related to the slope length calculation method (Zhang et al.,
2012). The slope length of the terrace embankments was
0.5–5 m and the slope length of 5–10 m was mainly
distributed in the lower part of the terraces. Hence, the
slope length> 10 m decreased with the truncation of the
terraces to the original slope. After the check dam
construction, the channel was raised by the accumulation
of sediment, which shortened the slope length of the
channel (Fig. 13(d)).

3.3.3 LS factor change

The LS factor is a composite topographic index based on

slope and slope length calculations, used to characterize
the influence of topography on soil erosion in both USLE
and RUSLE (Wischmeier and Smith, 1978; Renard et al.,
1997). Due to the influence of soil and water conservation
engineering measures, the LS factor changed greatly in the
Zhifanggou watershed. As Table 4 shows, the percentage
of LS value that were 0.01 increased over time, from
1.57% in 1938 to 8.62% in 2010. By contrast, those LS
values in the range of 0.01–5 decreased with fluctuations,
whereas the percentage of LS values> 5 continuously
increased over time. Due to the influence of slope and
slope length, the LS factor was mainly distributed between
values of 0.01 and 20; this accounted for more than 80% of
the total watershed area, having decreased from 86.77% in
1938 to 80.60% in 2010.
To explain the variation in the LS factor influenced by

soil and water conservation engineering measures in the
Zhifanggou watershed, we analyzed the LS profiles before
and after terrace and check dam construction. After
building the terraces, the LS factor of their surfaces was
0.01, while that of their embankments was largely between
0.01 and 5. However, the LS factor of some terrace
embankments increased sharply, reaching values> 10.
Since it was affected by the terraces surface, the LS factor
of the lower part of the terraces decreased (Fig. 13(e)).
After constructing the check dams, the slope and slope
length of the channel decreased due to deposition, and so
the LS factor decreased (Fig. 13(f)).

3.3.4 Average topographic change and associated
influencing factors

Given the overall change in watershed topography
(Table 5), the slope, slope length, and LS factor all showed
a decreasing trend, from 1938 to 2010, along with the
implementation of soil and water conservation engineering
measures. Specifically, the slope decreased from 28.84° in
1938 to 28.19° in 2010, amounting to a change rate of
2.25%. The slope length decreased from 54.28 m in 1938
to 47.53 m in 2010, with a change rate of 12.44%. The LS

Table 2 Percentage (%) of different slopes in the Zhifanggou watershed from 1938 to 2010

Year Classification of slope/(° )

0 0–3 3–5 5–8 8–15 15–25 25–35 35–45 > 45

1938 0.03 1.43 1.31 2.52 10.61 23.89 26.93 21.81 11.47

1975 2.52 1.33 1.19 2.17 9.49 22.94 26.72 21.81 11.83

1978 2.63 1.35 1.20 2.19 9.46 22.84 26.68 21.80 11.85

1987 3.71 1.35 1.22 2.09 9.03 22.27 26.48 21.79 12.06

1990 5.77 1.33 1.06 1.68 8.10 21.69 26.26 21.77 12.34

1992 6.24 1.36 1.10 1.68 7.97 21.35 26.12 21.74 12.44

1998 6.44 1.36 1.10 1.68 7.91 21.21 26.09 21.74 12.47

2008 7.03 1.36 1.10 1.67 7.88 20.93 25.74 21.65 12.64

2010 7.05 1.36 1.10 1.67 7.88 20.91 25.74 21.65 12.64
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Fig. 13 Cross sections of (a, b) the slope, (c, d) slope length, and (e, f) LS factor in the Zhifanggou watershed before and after
constructing the terraces and check dams.
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factor decreased from 12.26 in 1938 to 11.43 in 2010, with
a change rate of 6.77%. Clearly then, the influence of soil
and water conservation engineering measures was strong-
est upon slope length.
The change in topographic factors was related to the area

of terraces and dam lands. Since the dam land area was
relatively small, we only analyzed the relationship between
the terrace area and the topographic factors. The slope,
slope length, and LS factors were all significantly
negatively correlated with the terrace area, with high R2-
values at around 0.99 (Fig. 14).

4 Discussion

4.1 Quality and uncertainty of the artificial terrain DEM

High-quality DEM lays the foundation for accurately
researching land surface processes. The artificial terrain
DEM built in this study not only overcome the insufficient
capacity of existing DEMs to represent the terrain, but
also better reflect the spatial distribution patterns of the
artificial discontinuous terrain in the Zhifanggou
watershed. However, two issues might be noted to our
artificial terrain DEM.
First, this study has focused on topographic change

considering human activities instead of natural erosion,

Table 3 Percentage (%) of different slope length in the Zhifanggou watershed from 1938 to 2010

Year Classification of slope length/m

0.5 0.5–5 5–10 10–20 20–30 30–50 50–100 100–200 200–300 > 300

1938 0.04 1.79 7.19 25.38 24.02 24.35 10.41 3.35 1.15 2.32

1975 2.58 2.47 7.12 24.66 23.19 23.45 10.00 3.22 1.10 2.21

1978 2.70 2.52 7.13 24.62 23.14 23.37 10.00 3.22 1.10 2.20

1987 3.81 3.05 7.15 24.25 22.67 22.92 9.81 3.14 1.07 2.13

1990 5.92 3.70 7.03 23.48 21.96 22.22 9.59 3.05 1.03 2.02

1992 6.41 3.98 7.09 23.43 21.82 21.86 9.36 3.02 1.02 2.01

1998 6.61 4.06 7.12 23.36 21.73 21.77 9.33 3.00 1.02 2.00

2008 7.21 4.29 7.24 23.42 21.40 21.32 9.18 2.96 1.00 1.98

2010 7.23 4.30 7.24 23.41 21.40 21.30 9.18 2.96 1.00 1.98

Table 4 Percentage (%) of different LS factor in the Zhifanggou watershed from 1938 to 2010

Year Classification of LS factor

0.01 0.01–5 5–10 10–15 15–20 20–25 25–30 30–50 50–100 > 100

1938 1.57 14.44 28.22 27.95 16.14 6.21 2.20 2.43 0.80 0.04

1975 3.97 13.73 27.31 27.55 15.97 6.11 2.16 2.38 0.78 0.04

1978 4.10 13.81 27.25 27.46 15.94 6.09 2.16 2.37 0.78 0.04

1987 5.22 13.77 26.69 27.16 15.84 6.04 2.13 2.34 0.77 0.04

1990 7.30 12.96 26.11 26.83 15.68 5.95 2.09 2.29 0.76 0.03

1992 7.81 13.05 26.00 26.66 15.50 5.86 2.07 2.27 0.75 0.03

1998 8.01 13.05 25.93 26.61 15.46 5.85 2.06 2.26 0.74 0.03

2008 8.60 13.20 25.86 26.31 15.25 5.75 2.03 2.23 0.74 0.03

2010 8.62 13.20 25.84 26.31 15.25 5.75 2.03 2.23 0.74 0.03

Table 5 The overall topographic change in the Zhifanggou watershed
from 1938 to 2010
Year Slope/(° ) Slope length/m LS factor

1938 28.84 54.28 12.26

1975 28.65 52.03 12.03

1978 28.62 51.87 12.00

1987 28.52 50.67 11.87

1990 28.38 48.81 11.68

1992 28.30 48.35 11.58

1998 28.29 48.15 11.55

2008 28.19 47.55 11.43

2010 28.19 47.53 11.43

Change rate/% –2.25 –12.44 –6.77
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and this is because human activities contribute much more
than natural erosion (Tang, 2004). For example, Chen
et al. (2015) has reported that the average annual erosion
thickness of hilly and gully areas on the Loess Plateau is
less than 0.5 cm. Consequently, the changes in the 100-
year time scale cannot be represented by the 1:10000
topographic map. Further, although the terrain can be
represented in detail by various methods (e.g., aerial
photogrammetry, unmanned aerial vehicle, LiDAR and 3D
laser scanning) (Tarolli, 2014), these methods may
introduce more errors and uncertainties. This could be
attributed to the different mathematical bases (e.g.,
projection and coordinate system) for various data sources
that are necessarily required to fill the time-series data
gaps. Therefore, to evaluate the influence of human
activities on the topographic change, we combined the
artificial terrain (i.e., terraces and check dams) and
topographic data set to produce a series of artificial
DEMs for 1938–2010. Although there were some
uncertainties for the artificial terrain DEM obtained in
the current study, it could reflect the topographic change
rules influenced by human activities.
Second, the terraces represented by the artificial terrain

DEM in this study are level terraces. Although the terraces
in our study site are indeed mostly level terraces, the
surface elevation is not completely uniform due to tillage.
Hence, the surface actually has some fluctuations to
varying degrees. In future research, we should explore how
to combine the measured field surface elevation data to
further improve the precision of the DEM.

4.2 Influence of terrace and check dam construction on
slope and slope length

Compared with the original slope, though the average
slope decreased after building the terraces, the slope of
terrace embankments increased sharply in the Zhifanggou
watershed. The area near the terrace embankments is
currently under the influence of a steep hydraulic gradient,
which may lead to ongoing gully erosion and piping
(Lesschen et al., 2009). Under extreme rainfall conditions
especially, the terrace embankments are prone to gravity
erosion and terrace damage (Fig. 15). Nonetheless, once

the terrace embankments are destroyed, the large amount
of sediment stored behind the terraces forms a potential
source of sediment that may be easily released following
terrace failure (Lesschen et al., 2008). Therefore, the
existing terrace embankments should be strengthened; for
example, by restoring collapsed terrace embankments and
piping, and by planting indigenous grass species on terrace
embankments for retaining surface runoff.

The construction of terraces not only reduced the slope
length of the original surface where each terrace was
located, but also decreased the slope length of the lower
part of the terraces. However, this artifact was not taken
into consideration in the soil erosion prediction model. For
example, in RUSLE, the width of the terraces is used as
their slope length without considering the truncation of the
terraces to the hillslope (Renard et al., 1997).

4.3 Influence of terrace and check dam construction on the
LS factor and its erosion reduction effect

The LS factor is a topographic factor affecting soil erosion,
and a critical input parameter for many soil erosion
prediction models (Wischmeier and Smith, 1978; Renard
et al., 1997). In the RUSLE, the LS factor is simply

Fig. 14 Relationships between three topographic factors and the area of terraces in the Zhifanggou watershed.

Fig. 15 Part of the terraces damaged in the Suide 7.26 heavy
rainfall event in the Jiuyuangou watershed (Photo taken by Qinke
Yang on July 29, 2017).
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obtained by using the horizontal terraces interval as the
slope length for a hillslope (Renard et al., 1997). The
influence of terraces on reducing the LS factor is, therefore
considered and underestimated. Additionally, the influence
of dam deposition on channel slope and slope length is not
considered (Renard et al., 1997). Here our results showed
that the LS factor of either the original surface where the
terraces were located or the lower slope of the terraces
decreased in the Zhifanggou watershed after building the
terraces. The LS factor of the channel also decreased
following the check dam deposition in the watershed.
Furthermore, the support practice factor is typically used

to characterize the influence of soil and water conservation
engineering measures on soil erosion in the RUSLE.
However, Yang et al. (2009) demonstrated that the P factor
estimated by considering the terrace terrain was lower than
that estimated by the RUSLE. Therefore, if data permits,
the available information on soil and water conservation
engineering measures should be used to construct the
DEM.
To illustrate that the construction of terraces and check

dams reduces erosion by changing the LS factor, we

calculated the influence of terrace and check dam
construction on soil erosion using the RUSLE (Renard
et al., 1997). The calculation was implemented using five
factors, 1) rainfall and runoff erosivity factor (R), 2) soil
erodibility factor (K), 3) cover and management factor (C),
4) support practice factor (P) that not including terraces
and check dams measures of Zhifanggou watershed, and
5) the LS factor including and excluding terraces and check
dams.
The results showed that the terraces have greatly

influenced the erosion reduction. With increasing the
area of terraces, the erosion reduction rate of terraces
continuously increased up to 88.25% (Fig. 16(a)).
According to earlier experimental observation, level
terrace on the Loess Plateau can reduce slope erosion by
87.7% (Wu et al., 2004). In the lower slope of the terraces,
the erosion intensity also decreased due to the truncation of
the slope length by the terraces. With increasing area of
terraces, the erosion reduction effect of the terraces on their
lower slope kept increasing, and reached a maximum of
15.88% (Fig. 16(b)). With sediment deposition in the
check dams, the LS factor within the check dam area

Fig. 16 Soil erosion modulus and erosion reduction rate before and after terraces and check dams construction. (a) the terraces were
located; (b) the lower slope of the terraces; (c) the dam lands were located.
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decreased continuously, whereas the erosion reduction
effect of the check dams increased continuously, up to
70.40% (Fig. 16(c)).
In addition to erosion reduction, the check dams can also

trap sediment. According to the statistic result, by the end
of 2010, the three check dams in the Zhifanggou watershed
were capable of intercepting 2.26 � 105 tons of sediment,
with an annual average of 2971.27 t/a (Table 6). The
average annual erosion reduction of the check dams was
249.96 t/a, accounting for 8.41% of the total sediment. Our
results are consistent with previous research (i.e., Ran
et al., 2004) illustrating that 1) the erosion reduction of the
check dams in the middle reaches of the Yellow River
accounts for 2.8%–6.2% of the total sediment retention,
and 2) the check dams in the loess hilly region has the most
significant erosion reduction effect, higher than 6.2%.

5 Conclusions

Given the limitation of the existing DEMs to represent
artificial terrain, we quantitatively analyzed the influence
of human activities on watershed topography by construct-
ing a series of artificial terrain DEMs for the Zhifanggou
watershed from 1938 to 2010. The main conclusions
drawn from the results are as follows:
1) Compared with the original DEM, the artificial terrain

DEM can better reflect the spatial distribution patterns of
the terraces, dam lands, and other artificial discontinuous
terrains in the watershed on the Loess Plateau, thus
offering a truer picture of the surface that improves the
ability of the DEM to represent complex hilly terrain.
2) Soil and water conservation engineering measures,

such as terracing and check dam construction, changed the
surface elevation in the Zhifanggou watershed. Since
terracing followed the principle of digging in high areas
and filling into low areas, this practice raised or lowered
the local surface. After constructing the check dams, the
surface was uplifted due to sediment accumulation.
3) With the continuous improvement of surface

transformations, the average slope, slope length, and LS
factor in the Zhifanggou watershed all showed a decreas-
ing trend, while the composition of these topographic
factors also changed with time over the past 70 years
(1938–2010).
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