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Abstract: The Gully Land Consolidation (GLC) project, aiming to create land for agriculture on the
Loess Plateau, heavily interfered with the underlying surface and thus affected the hydrological
process. The purpose of this study was to investigate the effects of the GLC on the surface runoff
and peak flow rates of watershed on the Loess Plateau under different rainfall events and hydro-
logical years. A GIS-based Soil Conservation Service Curve Number (SCS-CN) model was used. The
results showed that GLC reduced the mean event surface runoff by 6.2-24.7%, and the reducing
efficiency was the highest under light rain events. GLC also decreased annual surface runoff, and
the reducing efficiency was 12.04% (normal year) > 7.63% (wet year) > 4.45% (dry year). In addition,
GLC decreased the peak flow rate of the watershed by 8.1%-30.2% and prolonged the time to peak
flow rate. The efficiency of GLC in reducing the peak flow rate was higher under light rain events
than that under extraordinary storm events. The reason for the decrease in runoff and peak flow
rate after GLC was that the GLC decreased the slope gradient and hydrological connectivity of the
watershed. The results will provide guidance for the application of GLC on the Loess Plateau and
watershed management for similar regions.

Keywords: hydrological process; SCS-CN; slope gradient; hydrological connectivity;
human activity

1. Introduction

China has launched several afforestation programs to restore local environment and
mitigate climate change since 1978 [1] and is leading in greening the world [2]. Among
these ecological programs, the Grain for Green (GFG) project initiated in 1999 is the largest
one. During GFG, cropland on slopes steeper than 25° was converted into vegetated land
on the Loess Plateau [3]. The new round of GFG was launched in 2014, planning to convert
2.8 x 10*km? of unfavorable cropland into vegetated land [4]. Converting sloping cropland
into vegetated land has significantly reduced soil erosion on the Loess Plateau, because
the soil erosion rate on vegetated land is much lower than that on sloping cropland, which
can be up to 6.94 x 10%-95.89 x 10° t km= under extreme rainstorms [5]. In order to control
soil erosion, 10.8% (4.83 x 10* km?) cropland on the Loess Plateau was converted into veg-
etated land from 2000 to 2008 [6]. Specially, 42% (3.0 x 10° km?) of cropland in Yan’an was
converted [7]. Although such a huge reduction in cropland has mitigated serious soil ero-
sion on the Loess Plateau, it has also led to regional food shortages, threatening local peo-
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ple’s livelihoods [8]. In order to balance environmental protection and economic develop-
ment, the Yan’an government on the one hand decided to fill gullies to create cropland in
channels, and on the other hand, they will consolidate the GFG’s achievements by contin-
uing to convert unfavorable cropland into vegetated land on slopes. The process of filling
gullies to create land in channels is the so-called Gully Land Consolidation (GLC) project.
The project was listed as a major national land remediation project by the government,
with an investment of RMB 4.8 billion, aiming to create 4.0 x 10* km? of land for agriculture
from 2011 to 2020 in places where it used to be gully channels [9]. GLC is one of the pro-
jects included in land consolidation. Historically, land consolidation is the first instrument
for dealing with the conflict between man and land resource worldwide [10-12]. For ex-
ample, the Zuiderzee tidal estuary in the Netherlands created 1650 km? of land for agri-
culture, recreation and urbanization by means of land consolidation [13]. Land consolida-
tion is a complex systematic project with a broad definition, aiming to improve rural de-
velopment and environmental protections [14]. Certain kinds of projects adopted in land
consolidation are based on local natural conditions and stakeholders’” willingness [15].
Land consolidation in Europe or Japan pays more attention to tenure readjustment
[10,16,17]. However, Yan’an is located in the loess hilly-gully region, where about 270,000
gullies are longer than 500 m [18]. Special management is required to reduce negative
agricultural effects in such an area with a high density of gullies [19]. Leveling land by
means of engineering constructions was adopted in complementing GLC: (a) removing
soil from slopes on both sides of a channel, (b) compacting the excavated slopes into
stepped structures with 4-5 layers [20], establishing slope protection engineering such as
planting shrubs and grass, building fish scale pits on excavated slopes to prevent subsid-
ence, tunneling and soil erosion, (c) using the soil removed from slopes to fill gullies and
level the surface to make the bottom of gullies flat or become gentle slopes [18]. From 2013
to 2017, Yan'an increased new cropland by 78.49 km? by filling gullies [21]. GLC was seen
as the inheritance and development of check dam on the Loess Plateau, which created
land quickly by artificially filling up gullies instead of natural silting [22]. In fact, GLC is
an upgraded version of check dam which pays more attention to water resource manage-
ment. Spillways, dam systems, irrigation and drainage systems were usually established
in the GLC area, helping to improve the efficiency of water use and control soil erosion
[23]. GLC is of benefit to improving ecological and agricultural sustainability [15,24].
GLC adopted modern construction machinery to extract soil from slopes and use it
to fill gullies to create flat land, during which the underlying surface of watershed was
changed. However, local micro topography changed by land consolidation has caused
hydrological process change [25]. Recent research has shown that GLC has affected the
hydrological process. A laboratory study conducted by Lou et al. [26] found that both the
volume and the velocity of runoff decreased as the ratios of the land consolidation area
increased. Sun et al. [27] indicated that land consolidation could effectively replenish
groundwater by retaining more surface runoff in gullies. Kang et al. [28] evaluated the
effects of the GLC on runoff by the Soil and Water Assessment Tool (SWAT) model, and
the results showed that river runoff decreased by 6.34-18.13% when the ratio of the GLC
area to the watershed area increased from 0.23% to 0.91%. The results of Guo et al.’s [29]
study showed that a thick loess layer on newly created land made it easier for surface
ponding to occur, and a blind ditch was recommended to prevent salinization and
swamping resulting from ponding. Zhao et al. [9] and Wang et al. [30] suggested that GLC
had a profound impact on soil moisture content; one of the reasons was that the land cre-
ated by GLC was flat and broad, and thus, the surface runoff was dispersed and redistrib-
uted more easily. In order to improve watershed management, it is necessary to evaluate
the impact of GLC on the watershed hydrological process. The assessment of GLC’s hy-
drological impact should be based on hydrological situation, i.e., rainfall characteristics
[10]. Studies showed that the proportion of runoff and runoff reduction caused by differ-
ent rainfall characteristics varied [31-34]. However, the relationship between rainfall and
GLC’s hydrological impact has not been fully studied yet. In order to fill the research gap,
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a GIS-based SCS-CN model was developed in this study to investigate the changes of sur-
face runoff and peak flow rate before and after the implementation of GLC. The results
will provide guidance for watershed management and the implementation of the GLC on
the Loess Plateau and other similar regions.

2. Materials and Methods
2.1. Study Area

Xingshuyaozi watershed (36°35'13"-36°33'51" N, 109°18'56"-109°17'25" E) is located
in Yan’an, Shaanxi Province, located on the central Loess Plateau, China (Figure 1). The
watershed covers an area of 3.72 km?. The soil is formed based on loess parent materials
and was classified as sandy clay loam [35]. The study area has a typical hilly-gully land-
scape and drains directly into the Yanhe River. The elevation of the watershed ranges
from 1120 m to 1380 m. It has typical continental characteristics and belongs to the semi-
arid continental climatic zone [36]. According to precipitation data collected from Baota
station, the average annual precipitation from 1951 to 2019 was 533 mm. The precipitation
in July, August and September accounts for approximately 70% of the annual precipita-
tion.

The GLC in Xingshuyaozi watershed was conducted from 2015 to 2018. The GLC
area covers an area of 0.39 km?, accounting for 10.36% of the watershed area (Figure 1). It
used to be a mosaic of cropland, shrub and grassland at the bottom and both sides of the
gully. GLC integrated the previously scattered and sporadic cultivated land in the gully
into the newly created land at the bottom of the gully, forming a centralized and contigu-
ous new cultivated land. GLC facilitated mechanization and large-scale operation in local
agriculture industry. Land use in Xingshuyaozi watershed before and after the implemen-
tation of GLC is shown in Figure 2. Before GLC, forestland, cropland, shrub, grassland,
orchard and others accounted for 51.9%, 8.0%, 13.0%, 10.5%, 13.2% and 3.4%, respectively.
After GLC, forestland, cropland, shrub, grassland, orchard and others account for 52.0%,
9.5%, 10.8%, 10.9%, 13.2% and 3.6%.

GLC in Xingshuyaozi watershed was conducted by excavating slopes on both sides
of the gully, filling the excavated soil into the bottom of the gully, then making the gully
bottom flat and wide. The excavated slopes, with a slope gradient of about 50°, were pro-
tected by interception drain, vegetation and fish scale pits.
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Figure 1. Location and the DEM after GLC (in 2019) of Xingshuyaozi watershed.

2.2. Data Sources

The land use maps of the watershed are shown in Figure 2. Land use and soil conser-
vation maps were produced by interpreting remote sensing images of the watershed. A
field survey was carried out to verify the interpreted land use and soil conservation maps.
The remote sensing images before the GLC and after the GLC were downloaded from
Google Earth with a resolution of 0.5 m (Figure 3).

Before GLC After GLC

Land use
B Forestland
I Shrub
0 Grassland
~ | Cropland
Orchard
7 Others

Figure 2. Land use in Xingshuyaozi watershed before GLC (in 2013) and after GLC (in 2019).

Betore GLC After GLC

[ GLC area W T
O Xingshuyaozi watershed g g

Figure 3. Remote sensing images of Xingshuyaozi watershed before GLC (in 2013) and after GLC
(in 2019).

An auto-recording tipping bucket rain gauge and a radar water level sensor were
installed at the outlet of the Xingshuyaozi watershed in 2018 to measure and record the
rainfall amount and water level, respectively (Figure 4). Hydraulic radius and channel
slope were measured and calculated during field investigation. The precipitation data
from 1951 to 2019 at the Baota station (Figure 5) were used to determine the typical hy-
drological years of the Xingshuyaozi watershed. The Baota station is the closest national
weather station to Xingshuyaozi watershed, which is approximately 10 km away from it
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(Figure 1). Pearson-III curve method was used to determine typical wet year, normal year
and dry year with a probability of 25%, 50% and 75%, respectively [37]. According to the
result of Pearson-III analysis, the years 1981, 1971 and 1974 were chosen as typical wet
year, normal year and dry year, respectively. Annual precipitation of the years 1981, 1971
and 1974 was 774 mm, 456 mm and 330 mm, respectively. The 40 rainfall events in 1981,
1971 and 1974 were divided into light rain, moderate rain, heavy rain, rainstorm and ex-
traordinary storm based on the 24 h rainfall amount, according to the standard issued by
the China Meteorological Administration (CMA) (Table 1) [38]. Among the 40 rainfall
events, there were 4 light rain events, 21 moderate rain events, 11 heavy rain events, 3
rainstorm events and 1 extraordinary storm events.

Figure 4. The auto-recording tipping bucket rain gauge and radar water level sensor at watershed
outlet.
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Figure 5. Annual precipitation from 1951 to 2019 at Baota Station.
Table 1. The standard of rainfall levels.
Precipitation (mm) P <10 10<P <25 25<P <50 50<P <100 P >100
Level Light rain Moderate rain Heavy rain Rainstorm Extraordinary storm

The 10 m digital elevation model (DEM) before GLC (in 2013) was derived from a
1:10,000 topographic map. The DEM after GLC (in 2019) was based on aerial survey topo-
graphic drawings.

2.3. Surface Runoff and Peak Flow Rate Simulation

A GIS-based SCS-CN method was established to estimate surface runoff in
Xingshuyaozi watershed. The SCS-CN method was developed by the United States De-
partment of Agriculture’s Agricultural Research Service (USDA-ARS). Due to its simplic-
ity and few data requirements, SCS-CN has been widely used in estimating runoff in small
watershed for water resource management [39—47]. This methodology has also been used
in many hydrological models [48], such as the SWAT [49] and the Chemicals, Runoff, and
Erosion from Agricultural Management Systems model (CREAMS) [50]. In the 1990s, the
SCS-CN method was introduced to China; since then, it has been widely used to estimate
runoff from small watershed on the Loess Plateau [51-54]. The GIS-based SCS-CN method
calculate runoff in a cell using Equations (1) and (2) [55]:

RO = (P, = 0.25) /(P +0.85),P.—0.25 2 0 1)
RO = 0,P —0.25 @

where /0 is the surface runoff depth in a cell (mm), P is the total rainfall amount in

the cell (mm) and 5 is the soil storage capacity (mm). Soil storage capacity is related to
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soil type, land use and so on. In the SCS-CN method, S and (VN are calculated using
Equation (3) [56]:

CV = 25400 / (S + 254) 3)

where (V is a dimensionless runoff index related to land use and hydrologic soil
groups. According to the criteria of the classification of hydrologic soil groups (HSGs)
[37], Xingshuyaozi watershed belongs to HSG B. The value of (V' ranges from 0 to 100,
and its value given by SCS table is for average antecedent moisture condition only [55].
The antecedent moisture condition (AMC) of the watershed was classified as dry condi-
tions (AMC I), average conditions (AMC II) and wet conditions (AMC III) according to
the 5-day antecedent rainfall amount.

(N for AMC I, AMC II and AMC Il are CV,, (N, and (V,, respectively. (V,
and (I, canbe calculated with CVV, using the equations [57]:

OV, = OV, = 20 (100 — @,) / {100 = €V, + exp[2.533 - 0. 0636 (100 — (V) [} ()

CN, = CV, - exp[0. 00673 - (100 — CW,)] 5

Routing flow overland and in channels were described by the SCS unit hydrograph
method [58] and Muskingum method [37], respectively.

Routing flow overland:

Since the average slope gradient in Xingshuyaozi watershed is over 10°, the peak
flow rate was simulated with the equation given by Fu et al. [59]:

0 = 6 69 (3 . / 106 )0~59 R01‘15(a0u!/10) P*O. 7 (6)

pout ou out out

is the watershed area (km?), #0__ is the

where QIM out

is the peak flow rate (m%/s), a,

t ut

surface runoff depth (mm) and £ isthe average rainfall amount above the cell’s outlet

t

(mm).
The time to peak flow rate was calculated by:
Tpout = O 375 ’ duz'jn (7)
dun'n — . aout ) ROHV()HZ’ (8)
onut ’ 1000
where 7 our 18 the time to peak flow rate (min), RO@VOU , is the average surface runoff

depth in a cell (mm). Then, the unit hydrograph can be estimated according to the table
of ratios for dimensionless unit hydrograph and mass curve, provided by Chapter 16 in
the National Engineering Handbook [60].

Routing flow in channels: the routing equation for the Muskingum method and the
coefficients of (', ,, C, are expressed as follows:

Q,=Cl, +Cl +CR.,j=123-n 9

J 1

C,, C, and C, are coefficient calculated as:
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At—2-K - X
C, = -
2-K, - (1-X)+At
At +2-K, - X
¢, = -
2-K, -(1-X)+ At (10)
2-K, -(1-X)- At
C, =

P2k - (1-X)+ At
26 - At < At <2k -0 -1X)

where Qj+1 is the outflow at (j+1)th AZ¢, At is the time interval and here it was set as

20 min, A, represents the travel time of the flood wave through the channel reach and

here it was set as 50 min, X is a weighting factor depends on the shape of the modeled
wedge storage and here it was set as 0.3.

2.4. Model Calibration and Validation

The measured rainfall and runoff data in 2019 (i.e., after GLC) were used to calibrate
the model. The data in 20202021 were used to validate the model. The Nash—Sutcliffe
efficiency (NSE) [61] and the ratio of the root mean square error to the standard deviation
of measured data (RSR) [62] were used to evaluate the accuracy of the simulated surface
runoff and peak flow rate.

The equations for the NSE and RSR are as follows:

Z n ( J/'OI)S _ J/Js 7 )2

=1 1

le ( yer - ymm)Z
RUSE \/ (=)

- STDEV, \/Z[-]_l (v - Y)Z

1

NSE =1 —

(11)

(12)

Where YiObS is the ith measured data, 7 S is the ith simulated data, V"™ is the aver-
age of measured data, ZMSE is the roof mean square error between measured data and
simulated data, and S7DE V( . 1s the standard deviation of measured data. After calibra-

tion and validation, the model was used to simulate the runoff depth and peak flow rate
for the watershed. A paired T-test was used to show whether the GLC affected the runoff
and peak flow rate significantly. The statistical analysis was conducted using the software
program SPSS ver. 26.0 (SPSS Inc., Chicago, IL, USA).

The runoff or peak flow rate reduction efficiency is represented by the relative dif-
ference, which is calculated using Equation (13):

Oy = (x, — x,) / x, x 100% (13)

where Ay is the relative difference in runoff or peak flow rate after the GLC, X, is the

surface runoff or peak flow rate after the GLC, and x , 18 the runoff or peak flow rate

before the GLC. A negative Ay means that the surface runoff or peak flow rate decreases
after the GLC, while a positive Ay means that the surface runoff or peak flow rate in-
creases after the GLC.
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2.5. Hydrological Connectivity

Hydrological connectivity refers to the water-mediated transfer of matter, energy or
organisms within or between elements in a hydrological process [63]. Hydrological con-
nectivity demonstrates pathways of flow between the landscape patterns. It was used to
evaluate the effect of the GLC on runoff and peak flow rate. The hydrological connectivity
was calculated according to the definition provided by Bracken and Croke [64].

3. Results
3.1. The Results of Calibration and Validation

The measured rainfall and runoff data of Xingshuyaozi watershed in 2019 (Table 2)
were used to calibrate the CN values. Based on soil and water conservation measures,
land use and HSG B, the CN values were calibrated and selected by trial and error until
the model yield performed the best. The scatter plots of the measured data and the esti-
mated data using the calibrated CN values are shown in Figure 6. Larger scatter was
found in Figure 6b. This was because the peak flow rate was affected by rainfall amount,
rainfall intensity and antecedent soil moisture, and runoff, etc. The runoff was simulated
by SCS-CN, which could not consider the effect of rainfall intensity on runoff. In the equa-
tion for calculating peak flow rate, the effect of rainfall intensity was ignored, which may
result the error. The NSE and RSR for runoff were 0.69 and 0.56. The NSE and RSR for the
peak flow rate were 0.62 and 0.61. According to Moriasi et al. [65], the accuracy of simu-
lation is accepted if NSE > 0.50 and RSR < 0.70. So, the calibration results indicated that
the model fitted the measured runoff and peak flow rate data well.

In order to validate the model calibration, the measured rainfall and runoff of
Xingshuyaozi in 2020 and 2021 were used. The measured and the validated data were
close to the 1:1 line (Figure 7). The NSE and RSR were 0.96 and 0.20 for runoff, 0.77 and
0.47 for peak flow rate, respectively, indicating that the calibrated CN values worked well
for Xingshuyaozi watershed.

Table 2. Measured rainfall and runoff at watershed outlet in 2019.

Precipitation Rainfall Intensity Measured Runoff Measured Peak = Measured Time to

Date (mm) (mm/h) (mm) Flow Rate (m3/s) Peak Flow Rate (min)
21 July 2019 63 4.27 0.31 0.32 140
1 August 2019 75.5 41.18 11.16 16.46 160
3 August 2019 54.5 2.15 461 5.57 630
19 August 2019 38 1.43 1.31 0.19 540
27 August 2019 70 5.03 8.74 6.07 210
12 September 2019 47 2.15 2.24 0.65 420
5 October 2019 32 1.72 0.91 0.09 660
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3.2. Simulated Surface Runoff

The calibrated CN values were used to calculate surface runoff. The paired T-test
showed that the estimated event surface runoff before and after GLC was different at a
significance level of 0.05 (Table 3).

Table 3. Effects of the GLC on hydrological variables based on paired T-tests.

Variable N T Value Sig.
RO 40 -3.66 0.001
Tp 40 17.00 0.000
Qp 40 -4.29 0.000

Note: N is the number of rainfall events; RO is the runoff depth (mm); Tp is the time to peak flow
rate (min); Qp is the peak flow rate (m%/s).

The estimated mean event surface runoff depth is shown in Table 4. The mean event
surface runoff depth ranged from 0.71 mm to 45.80 mm before GLC and ranged from 0.53
mm to 42.41 mm after GLC, respectively. Surface runoff increased with rainfall levels, i.e.,
the higher the rainfall level, the deeper the runoff depth. The reduction of surface runoff
ranged from 0.06 mm to 3.39 mm after GLC, and the relative reduction ranged from 6.2%
to 24.7% (Table 4). The highest efficiency of GLC at reducing runoff was found under light
rain events, with a relative reduction of 24.7%. The lowest efficiency of GLC in reducing
runoff was found under heavy rain events and the extraordinary storm event, with a rel-
ative reduction of 6.2-7.4%.
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Table 4. The mean event surface runoff before and after the implementation of GLC.

Mean Event Runoff (mm)

Rainfall Levels N Before After GLC Absolute Differ- Relative Differ-
GLC ence (mm) ence (%)
Light rain 4 0.71 0.53 -0.17 -24.7
Moderate rain 21 0.76 0.68 -0.06 -10.4
Heavy rain 11 8.01 7.51 -0.49 -6.2
Rainstorm 3 5.55 4.47 -1.09 -19.6
Extraordinary storm 1 45.80 42.41 -3.39 -7.4

Note: N is the number of rainfall events.

Estimated annual surface runoff in typical hydrological years before and after GLC
is shown in Figure 8. The annual runoff depth in wet year, normal year and dry year was
132.10 mm, 35.92 mm and 1.30 mm before the GLC, and 122.03 mm, 31.59 mm and 1.25
mm after the GLC, respectively. The efficiency of GLC at reducing annual surface runoff
was 12.04% (normal year) >7.63% (wet year) > 4.45%r (dry year), respectively.

0
14 777) Before GLCP
7 [[I1]] After GLCP

120 /
100 - ///%

80 9

(mm)

60 Z

10 //

_
0 ’ /%1
Wet year Normal year Dry year

Runoff depth
N

Hydrological year

Figure 8. Annual surface runoff in different hydrological years before GLC (in 2013) and after GLC
(in 2019).

The most obvious effect of GLC in reducing the surface runoff was found for light
rain events, however, the effect of GLC in reducing annual surface runoff was the least for
dry year, which seem to conflict with each other. In fact, this was because the rainfall
events that occurred in the dry year were not necessarily light rainfall events. For example,
seven moderate rains occurred in the dry year (Table 5).

Table 5. The number of different rainfall levels in wet year, normal year and dry year.

Rainfall Level Wet Year Normal Year Dry Year
Light rain 3 1 0
Moderate rain 9 5 7
Heavy rain 7 4 0
Rainstorm 1 2 0
Extraordinary storm 1 0 0
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3.3. Estimated Peak Flow Rate

The peak flow rate decreased significantly at a significance level of 0.05 after GLC
(Table 3). The highest efficiency of GLC in reducing the peak flow rate was found under
light rainfall events, with a relative reduction of 30.2%. Under moderate rain events and
rainstorm events the efficiency of reducing the peak flow rate was 14.0% and 24.4%, re-
spectively. The lowest efficiency of GLC in reducing the peak flow rate was found under
heavy rain and extraordinary storm events, with a reduction of 8.1-10.1% (Table 6). It is
obvious that the effect of GLC on peak flow rate is relatively small under extraordinary
storm events.

Table 6. Peak flow rate before and after the implementation of GLC.

Mean Event Peak Flow Rate (m3/s)

Rainfall Levels N Before After Absolute Differ- Relative Dif-
GLC GLC ence (m3/s) ference (%)
Light rain 4 2.02 1.41 -0.61 -30.2
Moderate rain 21 1.75 1.51 -0.25 -14.0
Heavy rain 11 16.27 14.95 -1.31 -8.1
Rainstorm 3 6.47 4.89 -1.58 -24.4
Extraordinary storm 1 47.46 42.66 -4.80 -10.1

Note: N is the number of rainfall events.

In addition, the time to peak flow rate (Tp) was significantly prolonged after the GLC
(Table 3). Figure 9 showed that the Tp ranged from 0 min to 520 min before the GLC, and
from 280 min to 920 min after GLC. The Tp was prolonged 2—4 times after GLC.

1 o After GLC
10004| ® Before GLC
] } & % @ ° ®
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» » e o
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Rainfall amount (mm)

Figure 9. Time to the peak flow rate (Tp) before GLC (in 2013) and after GLC (in 2019).

4. Discussion
4.1. GLC Reduced Surface Runoff
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The results of the study demonstrate that the GLC has decreased surface runoff
depth. This conclusion confirms previous studies by Sun et al. [27] and Lou et al. [26] and
more recently Kang et al. [28] and Ji et al. [66]. A possible explanation is that GLC de-
creased slope gradients in the watershed. Figure 10 illustrates the slope gradients of
Xingshuyaozi watershed. The area with a slope gradient lower than 5° was obviously in-
creased after GLC, indicating that the watershed became flatter than before. In the GLC
area, cropland, grassland, shrub and others were mainly concentrated on slopes between
5° and 25°, over 35°, between 20° and 25° or over 35°, over 35° before GLC, respectively
(Figure 11). However, cropland, grassland, shrub and others were mainly concentrated
on slopes under 5° after GLC. Since the area of cropland under 5° after GLC accounted for
59.3%, much higher than any other land use types, it was marked by a blue frame. The
average surface runoff in different land use decreased with a reduction ranging from 0.4%
to 48.4% (Table 7). The reduction of surface runoff was significant at a significance level
of 0.05 in cropland, forestland, grassland, shrub and others. Particularly in cropland, there
was a reduction of 48.4% in runoff after GLC. Runoff has been observed to decrease with
a decrease in slope gradients [67,68]. Continuous monitoring of plots on the Loess Plateau
under natural rainfall from 2015 to 2019 showed that annual runoff decreased by 48-207%
when the slope gradient was reduced from 20° to 5° [69]. Lower slopes have a stronger
ability to retain water than steeper slopes, and thus the surface runoff depth increases on
lower slopes [68,70]. Increased runoff depth on the slope enhances the hydrological effi-
ciency of flows [71], leading to an increase in infiltration rate. Therefore, decreased slope
gradients should be the main reason for decreased runoff after GLC, which lead to a
longer residence time of runoff on the slope and a higher infiltration rate. This speculation
is reasonable since studies have shown that the water content in deep soil has increased
and the ground water table has risen after the GLC [9,72,73], which indicate that GLC
promotes more rainfall infiltrating the ground instead of leaving as surface runoff.

Before GLC After GLC

LI Xingshuyaozi watershed
Slope gradient

Figure 10. Slope gradient in Xingshuyaozi watershed before GLC (in 2013) and after GLC (in
2019).
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Figure 11. Land use and slope gradients in GLC area before and after the implementation of GLC.
Note: Since the area of cropland with a slope gradient under 5° accounted for 59.3%
after GLC, which is much higher than any other land use types, it was marked by a blue

frame.

Table 7. Surface runoff in different land use types.

Mean Event Runoff (mm)

Land Use N T Value Sig. Before GLC  After GLC Absolute Differ- Relative Difference
ence (%)

Cropland 40 -3.69 0.001 7.87 4.06 -3.80 -48.4
Forestland 40 -3.22 0.003 3.48 3.47 -0.02 -0.4
Grassland 40 -3.38 0.002 5.38 5.17 -0.20 -3.8

Shrub 40 -4.09 0.000 4.41 4.12 -0.28 -6.4

Orchard 40 -2.17 0.037 2.31 2.28 -0.03 -1.3
Others 40 -3.96 0.000 11.06 10.60 -0.46 4.2

Note: N means the number of rainfall events. The significant level of paired T-test is 0.05.

However, Bronstert et al. [10] found that average runoff in the consolidated water-
shed was 28% more than the non-consolidated watershed, which had a similar topogra-
phy and the same soil as in Germany. Evrard et al. [74] also suggested that land consoli-
dation led to an increase in peak flow and runoff volume. The results contradicted the
current study. This is because the land consolidation procedures in watersheds mentioned
by Bronstert et al. [10] and Evrard et al. [74] were mainly conducted to enlarge individual
field size by removing small structures such as embankments, solitary trees and putting
land units together without changing watershed slope gradients. These small structures
are effective at holding back surface runoff on arable land, and the removal of them led to
increased runoff production after land consolidation. In addition, the hydrological func-
tioning of land consolidation depends on the scale of land consolidation and their location
[75], so the effects of land consolidation might be diverse. Long-term perspective and data
records about the changes in magnitude and timing of flow at the regional scale are re-
quired to provide insight into hydrological responses to anthropogenic activities.

4.2. GLC Reduced the Peak Flow Rate

The current study shows that GLC has decreased the peak flow rate and prolonged
the time to peak flow rate. Ji et al. [66] also obtained a similar result. In general, the peak
flow rate has a positive relationship with the slope gradient, and the time to peak flow
rate has a negative relationship with the slope gradient. For example, in the equation for
peak flow rate in the CREAMS model, there is an exponentially increasing relationship
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between slope and peak flow rate [76]. The equation developed for peak flow rate estima-
tion by Liu et al. [77] also showed that peak flow rate was significantly correlated with
slope steepness. Therefore, it is reasonable that the peak flow rate decreased after the GLC,
during which the slope gradient of the watershed decreased. The time to peak flow rate
becoming longer after the GLC can be explained from two aspects. First, a decreased slope
gradient reduced the impact of gravity along the slope direction, so the velocity of runoff
decreased [78,79]. Hessel et al. [80] also found that the time to peak flow rate simulated
by the LISEM (Limburg soil erosion model) based on a DEM with a larger grid cell size
increased, since the slope gradient derived from the DEM decreased as the grid cell size
increased. Decreased slope gradient lowered the runoff velocity and energy [81]. Lower
velocities lead to longer time for runoff to reach the watershed outlet. This may be the
direct reason why the GLC prolongs time needed to reach the peak flow rate. Second,
hydrological connectivity can affect time to peak flow rate by affecting runoff generation
and concentration. According to the results from Meijles and William [75], connecting a
topographically higher area to the main channel in a land consolidation procedure had a
consequence for the significant increase in the maximum flow and number of peak days,
since it improved the connectivity of a watershed, and vice versa. Steep slopes enhance
hydrological connectivity, while gentle slopes weaken hydrological connectivity [82]. The
GLC weakened the hydrological connectivity by changing the slope gradients of the wa-
tershed (Figure 12). Lower hydrological connectivity would trap runoff on hillslopes for
a longer time before it flowed to channels [82]. A prolonged time to peak flow rate will
provide more time for people, and their properties, to move to safety during severe floods
caused by intensive storms, which are common in the rainy season on the Loess Plateau,
China.—

Before GLC After GLC

Hydrological connectivity index

m 0-50

1 50-100
100-150

[ 150-200
. >200

Figure 12. Hydrological connectivity of Xingshuyaozi watershed before GLC (in 2013) and after
GLC (in 2019).

4.3. Implication

Land consolidation is a popular way to control flooding and conserve soil and water
resources worldwide [83-85]. The current study indicates that GLC provided an effective
way to reduce surface runoff and peak flow rate, which are criteria used for flood man-
agement, soil and water conservation plans and engineering project design [59]. Enhanc-
ing the water retaining ability of the watershed is important for drought and anti-drought
management in arid areas such as Loess Plateau. According to IPCC [86], the impact and
frequency of water-related crises would be increased due to climate change. Conducting
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GLC in a rational way is helpful for dealing with water-related crises on Loess Plateau,
i.e., flood and drought, which are threatening the local natural system and people’s lives.

The span of research on hydrological functioning of GLC on the Loess Plateau is rel-
atively short so far. To provide more useful information on watershed management, the
new equilibrium of the hydrological process caused by GLC still needs long-term obser-
vation and further study.

5. Conclusions

This study investigated the effects of GLC on runoff and peak flow rate under differ-
ent rainfall events and hydrological years in the Xingshuyaozi watershed, where the GLC
area accounts for 10.36% of the watershed area. In summary, several conclusions are
drawn, as follows:

(1) The GLC reduced mean event surface runoff, and the efficiency in reducing runoff
ranged between 6.2% and 24.7%. The highest efficiency of GLC at reducing runoff was
found under light rain events. The lowest efficiency of GLC at reducing runoff was found
under heavy rain events and the extraordinary storm event.

(2) After the GLC, the annual surface runoff decreased by 7.63%, 12.04% and 4.45%
in the wet year, normal year and dry year, respectively. The order of the GLC’s efficiency
in reducing annual surface runoff from large to small was as follows: normal year > wet
year > dry year.

(3) The GLC reduced the peak flow rate by 8.1-30.2%. The impact of the GLC on the
peak flow rate was greater under light rains than under extraordinary storms. Moreover,
the GLC prolonged the time to peak flow rate.

(4) The GLC affected runoff and peak flow rates by changing slope gradients, hydro-
logical connectivity and land use types.

The results of the current study may provide guidance for the application of the GLC
on the Loess Plateau and watershed management in other similar regions.
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