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Preface

Soil erosion remains a critical global challenge, profoundly impacting soil quality,
land productivity, ecosystem biodiversity, and ultimately, human well-being and sustainable
development. Despite significant worldwide efforts, the intricate role of hydrology in driving soil
erosion processes and enabling effective conservation strategies requires a deeper understanding and
broader recognition. The following Reprint, compiling peer-reviewed articles from a Special Issue
published by Water, addresses this vital nexus.

The primary aim of this collection is to present significant new findings and foster a better
understanding of the complex processes and mechanisms governing soil erosion and conservation
induced by hydrological factors. Specifically, it explores the fundamental interrelationships between
soil erosion and key hydrological elements such as rainfall characteristics (intensity, duration, and
interception) and water flow dynamics (infiltration, preferential flow, runoff generation, path, and
hydrological connectivity). The scope encompasses the full spectrum of soil and ground component
disturbance, encompassing destruction, detachment, transport, and deposition, including detailed
investigations into specific erosive agents such as raindrop splash, sheet flow, rill formation,
gully development, and underground leakage. Furthermore, the Reprint critically examines
diverse conservation approaches—biological, agrotechnical, and engineering measures—designed to
mitigate erosion by strategically managing hydrological pathways and energy.

The motivation for compiling this work stems from the urgent need to translate scientific
advances into practical solutions. By synthesizing cutting-edge research on how water movement
governs erosion and how interventions can alter these hydrological pathways, this Reprint aims to
provide robust scientific foundations. It seeks to empower researchers, land managers, policymakers,
and conservation practitioners with the knowledge necessary to design and implement more
effective, hydrologically-informed strategies for protecting our invaluable soil resources from
degradation.

This Reprint is dedicated to the international community committed to soil and water
conservation, offering consolidated insights to guide future research and action in safeguarding the

foundation of terrestrial ecosystems and agricultural systems worldwide.

Xiaojun Liu and Ling Zhang
Guest Editors
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Abstract: Quantitative measuring of gravity erosion contributes to a better understanding of soil-
mass failure occurrence and prediction. However, the measurement of gravity erosion requires the
continuous monitoring of the objective terrain, due to its occurrence, usually within seconds, and
combination with hydraulic erosion. The photogrammetric technique can quickly obtain terrain data
and provide a new method for measuring gravity erosion. Based on a continuous high-overlapping
image-acquisition equipment, a Structure-from-Motion-Multi-View-Stereo (SfM-MVS)-integrated
workflow, and volume calculation, a new working methodology was established for measuring
gravity erosion on steep granitic slopes in the laboratory. The results showed a good match between
the digital point clouds derived from SfM-MVS-integrated workflow and terrestrial laser scanning
(TLS), achieving millimeter-scale accuracy. The mean distance between the point clouds derived from
TLS and SfM-MVS was 1.13 mm, with a standard deviation of 0.93 mm. The relative errors among
the volumes calculated by SfM-MVS and TLS or the conventional oven-drying method were all
within 10%, with a maximum error of 9.3% and a minimum error of 0.2%. A total of 213 gravitational
erosion events were measured in the laboratory by using the SfM-MVS method, further confirming
its feasibility.

Keywords: SIM-MVS; gravity erosion; volume calculation; steep slopes

1. Introduction

Gravity erosion is triggered by gravitational force and defined as the erosion and
transportation processes of soil mass under its own weight. Gravity erosion, a dominant
erosion type on steep hilly slopes, is widely located in gully heads, gully side walls or river
valleys [1-3]. Gravity erosion usually occurs within seconds in combination with hydraulic
erosion, thus posing a great challenge to its site-specific real-time measurement.

Compared with hydraulic erosion, the body of research of gravity erosion is weak be-
cause of the phenomenon’s mechanistic complexity and limited measurement methods [4,5].
The quantitative measurement of gravity erosion is very important for a better understand-
ing of soil-mass failure occurrence and prediction. At present, soil-erosion models (such as
USLE, CSLE, and WEEP) only consider soil loss under hydraulic force, while the sediment
yield produced by gravity erosion is usually indirectly analyzed through the relationship
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between runoff and sediment or determined through the difference between the amount of
total erosion and hydraulic erosion [6-8]. Despite the establishment of soil-erosion models
involving the influence of gravity erosion by some researchers, these models are empirical
equations of soil loss [9]. The study of gravity-erosion models requires a large number of
directly observational data sets; most previous studies of gravity erosion involve quali-
tative description rather than quantitative analysis, which also limits the establishment
of gravity-erosion models. Moreover, slope failure is not only a natural hazard but also
contributes to landscape evolution and erosion. It is crucial to understand the relationship
between mass movements on gully slopes and sediment transport for land and water
management.

The traditional direct monitoring methods of gravity erosion, such as the strain probe
method, landslide activity maps or drilling-rod method, also have the shortcomings of
limited measurement accuracy and an inability to achieve real-time monitoring [10-12].
In recent years, with the rapid development of 3S (GPS, RS, GIS) technology, significant
progress has been achieved in soil-erosion monitoring technology and analysis methods.
Terrestrial laser scanning, sonar bathymetry, radar altimetry, aerial photography, and an
approach combing aerial photographs with satellite imagery have been used to monitor soil
erosion and geomorphic evolution [13-16]. However, most of these methods are expensive
and mainly applicable to relatively long-term soil-erosion monitoring and geomorphic
evolution, and unsuitable for the real-time dynamic monitoring of gravity erosion.

In the decade or so since its emergence, the photogrammetric technique has become
a powerful tool for topographic surveying [17-20]. With the development and improve-
ment in Scale-Invariant Feature Transform (SIFT), Bundler, Patch-Based Multi-View Stereo
(PMVS), and other algorithms in the computer-vision community, stereoscopic photogram-
metry based on the principle of remote sensing image interpretation, such as Structure-
from-Motion (S5fM) and Multi-View-Stereo (MVS), has made new progress in obtaining
high-resolution terrain data [21-25]. Since the first application of SfIM-MVS photogram-
metry in geoscientific studies, its implementation has increased significantly, leading to
an established method to generate 3D point clouds depicting the earth’s surface with high
resolution [26,27]. The photogrammetric technique can simultaneously and automatically
calculate camera pose and scene geometry based on matching features in a series of over-
lapping, offset images [23]. Additionally, this technique has also been integrated into image
3D-modeling software, such as VisualSFM [28], 123D Catch [29], Agisoft PhotoScan [30],
CMP SfM [31], etc., which allows one to build a 3D dense point cloud of target objects
from images obtained by ordinary consumer un-calibrated and non-metric cameras or
even mobile phones [32-34]. The precision of the model established by this technique
could be comparable to that of a terrestrial laser scanner (TLS) [15,35-37], leading to its
wide use in geomorphology. Currently, the photogrammetric technique has been used to
survey river-bed topography [38,39], coastal retreat [40], and fluvial [41], glacial [42], and
gully erosion [20,43,44], as well as map landslides [45]. However, to our knowledge, no
report is available about its application in quantitatively measuring gravity-erosion vol-
ume, especially soil collapsing on steeper slopes. In most cases, studying the evolution of
objects requires a high temporal frequency of data collection with a high spatial resolution.
This technique can quickly obtain terrain data and provide new knowledge for the high
temporal frequency of data collection, such as gravity-erosion research [36].

Against the above background, this paper aimed (i) to test the quality of point clouds
generated by the photogrammetric method based on the SfIM-MVS technique; (ii) to evalu-
ate the accuracy of the photogrammetric method in the quantitative measurement of the
gravity-erosion volume by comparing TLS with the traditional oven-drying method; and
(iii) to apply the SfIM-MVS photogrammetric method for estimating the ratio of gravity
erosion to the total erosion on the steep granitic slopes.
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(a)

2. Materials and Methods
2.1. Steep Slope Construction

In order to verify the applicability of the SEIM-MVS method proposed in this paper
in monitoring the gravity-erosion process, we constructed a steep granite-soil slope as
shown in Figure 1. The soil slope was 1m high, 1m wide, and 1.5 m long, with a vertical
collapsing wall and a gentle slope of 5°. The soil slope was modeled using granite residual
soil collected from a collapsing gully in Tongcheng county, Hubei. This area was dominated
by gravity erosion because of thick and loose granite weathered crust [46]. Consistent with
the field, the bulk density and the initial water content were controlled at 1.38 g cm® and
10%, respectively. The particle size distribution of the collected granite residual soil was
determined using the pipette method and is shown in Figure 2. The basic properties are
presented in Table 1.

2.2. Camera System and Calibration

The primary requirement for SEM-MVS is highly redundant and overlapping well-
exposed images [20]. The imaging sensors of SIM-MVS can be low-grade compact digital
cameras, mobile phones, and even video stills [34], with cost and programmable control
as the main considerations for camera selection. The maximum number of cameras was
determined as eight for one PC based on the program control and the determine interface
restrictions, so eight non-metric cameras (ONTOP X2S) with a USB 2.0 interface were
selected to acquire the images of the steep slope (Figure 1). The camera has a complementary
metal-oxide semiconductor (CMOS) sensor of 8.0 effective megapixels with a size of 12 mm?
(3 mm X 4 mm) and a resolution of 8 MPa (2448 x 3264). The 35 mm equivalent focal
length is 32 mm. In order to control multiple fixed-positions cameras to take continuous
images at the same time, we used C# language to implement a camera control program
based on Afroge.net in the environment of net framework (4.6.1). Before each experiment,
the camera positions were manually adjusted to ensure the cameras’ network could obtain
highly redundant and overlapping images for the establishment of 3D point cloud density,
with the orientation of cameras orthogonal to the steep slope.

o .
=

1000 mm

. ‘ 1500 mm

)

Figure 1. Sketch of experimental equipment. (a) Blue print of the experimental system; (b) Picture of
an experimental site. (1) Image acquisition system; (2) camera, which was used to judge the type and
position of gravity erosion after experiments; (3) computer, which was used to control the cameras
and store images; and (4) constructed slope.
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Figure 2. Particle size distribution of sampling soil.

Table 1. Basic properties of sampling soil.

BD PD TP CP LL PL SOM Feq Fe, Alg Al,
(gem=3) (gcm~3) (%) (%) (%) (%) gkg™D (kg (gkgD (kg (gkg™D
1.38 2.61 46.31 38.19 36.42 20.35 4.62 5.97 0.08 2.13 1.64

The lens distortion of a non-metric camera can affect the internal camera parameters [47-49],
so we needed to calibrate the camera to eliminate the effects of lens distortion. Calibration
was performed by using the camera to be calibrated to take pictures of the measured objects
with known specifications, followed by comparing the estimated value with the real value
to calculate the internal camera parameters. Here, the internal camera parameters (focal
length, principal point and distortion estimates) of each camera were acquired through
the built-in calibration tool (Agisoft Lens v0.4.1) of photogrammetric softcopy Agisoft
PhotoScan. The calculated internal camera parameters could improve the quality of cloud
points as initial approximations.

2.3. Referencing Setup

Different from the traditional photogrammetry technique, the SfM-MVS method can
solve the geometry of the scene and camera parameters automatically, and the control
points (CPs) are not necessary for the construction of 3D point clouds. CPs are only used
to scale and georeference the cloud points [50]. The bundle adjustment can be carried
out theoretically by only three CPs. However, many researchers concluded that CPs are
necessary to compensate for the non-linear model misalignment, and the use of CPs can
considerably improve the accuracy of models [48,49]. Here, the relative coordinates of
30 CPs were measured by total station (Trimble M3) to obtain optimal accuracy in the
laboratory. The total station had an estimated 3D observation accuracy of 3 mm. The CPs
were selected to be evenly distributed around the steep slope model, perpendicular to the
camera shooting direction. In order to evaluate the accuracy of 3D point clouds, the 30 CPs
were divided into 20 reference points and 10 check points. The check points were not used
for spatial registration, so the model accuracy can be evaluated by the distance between
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check points and their corresponding points in the dense point clouds. The 20 reference
points were used to scale and georeference the point clouds.

2.4. Photograph Processing and Model Reconstruction

A lot of software can achieve 3D-model reconstruction of an objective scene from
photographs. One of the key techniques is SfM, which was considered as the most promis-
ing method to generate 3D models from multiple 2D images through photogrammetric
methods and computer visualization techniques. Simultaneously, the development of
MVS algorithms improves point clouds by maximizing the description information of the
objective scene through the information in the images [36]. In this study, Agisoft PhotoScan
(http:/ /www.agisoft.ru/products/photoscan, accessed on 24 August 2020) was used to
produce the 3D point clouds from the photographs based on an SIM-MVS integrated
workflow. The photogrammetric softcopy includes all the steps in 3D model reconstruction,
and the whole procedure is semi-automatic, only requiring camera calibration parameters
as initial inputs and the manual identification of CPs. Additionally, a manual interference
is required for optimizing the 3D-reconstruction process, such as deleting erroneous peaks
and troughs induced by mismatching.

The photographs are first scanned for the identification of matching points using a
point-matching algorithm. For automatic matching-point extraction in individual images
used for image alignment, PhotoScan implements the SIFT algorithm, as the identified
features are invariant to camera rotation and image scaling, and to some extent invariant to
illumination changes and 3D camera viewpoint. Then, the network of matching points in
multiple images is used to estimate both the camera locations and the camera-lens param-
eters by bundle adjustment (BA). Before optimizing camera parameters, non-target and
stray points were eliminated for sparse point clouds. After this initial scene construction,
the CPs were manually marked on multiple images, which could be used to improve the
image alignment and the estimation of camera calibration parameters through an iterative
process in the workflow of PhotoScan. We could check the photograph-alignment process
based on the predicted locations of CPs in the model. Finally, through several iterations of
optimization, the reprojection error and CP error were stable. After the alignment process,
the final dense point clouds were produced from primary sparse point clouds through MVS
dense-image-matching algorithms. Dense-image matching is an important procedure for
improving point clouds derived from SfM matching techniques, and could increase point
density by two or three orders of magnitude. Here, the 3D models were reconstructed with
a moderate-depth filter at high quality. The detailed description of SfIM-MVS integrated
workflow can be found in the literature [20,25].

2.5. Calculation of Volumes of Gravitational Erosion Events

The detailed objective terrain data could be obtained in real time through the SfM-MVS
integrated workflow mentioned above. In order to calculate the volumes of gravitational-
erosion events, we needed to identify the timings, types, and areas of each gravitational
erosion event from the video of the experimental process (Figure 1). Then, we could select
the area of interest by comparing the changes in geometric shape of objective surface before
and after each gravitational erosion event. Finally, the volume change in the interested area
was defined as the volume of each gravitational-erosion event [51,52]. In this paper, we
used Cloud Compare (http:/ /cloudcompare.org, accessed on 5 September 2020), an open-
source 3D point-cloud and mesh processing software, to calculate the volume change for
the point clouds of the interested area before and after each gravitational-erosion event [19].

2.6. Experimental Setup and Assessment

The accuracy of the models derived from SfM-MVS could be assessed using the resid-
uals of the CPs. The root-mean-square errors (RMSEs) of the CPs could be calculated by
comparing the measured coordinates through the total station with the interpolated coordi-
nates of the models generated through the photogrammetric process [20]. Additionally, we
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could also evaluate the accuracy of the models by directly comparing the distance between
the clouds of points derived from TLS and SfM-MVS [50]. In order to calculate the distance
between two clouds of points, Cloud Compare was selected for cloud-to-cloud comparisons
as it can avoid the complex and risky meshing or gridding processes and is more robust
to local noise between two methods [53]. For TLS, we used a Z+F IMAGER 5100C, which
has a reported precision of 0.1 mm and an accuracy of 0.3-0.5 mm at a 10 m scan distance
depending on the surface reflectance of its objective. Additionally, in order to evaluate
the reproducibility of the SEM-MVS method, we performed two exercises to obtain two
sets of images of the same steep slope terrain by adjusting the cameras” network [54-56].
For the two exercises, the camera positions were adjusted to gain two highly redundant
and overlapping image series. Then, the two sets of images were used to generate the
3D density point cloud through the SEM-MVS integrated workflow mentioned above. In
this paper, the reproducibility of the multi-image 3D reconstruction method for the steep
slope in the laboratory was evaluated by the cloud-to-cloud comparison between two point
clouds. The schematic illustration of the data-acquisition and -processing chain developed
for 3D reconstruction with Sfm-MVS is shown in Figure 3.

=
= | Remir | self-calibration in combination with calibration
] g camera caupration field and specific data acquisition scheme
S35
i S |multi-view camera se’tupl ISLR devices with fixed focal length|
S 1
to capture camera movements and
o _‘§ |setup of stable GCPs| sals 3pinsdals
1 .
__E_ g ata acqu151t10n in pre-defined interval per...
1 ,
& i SO to reduce number of parameters
S |lmage un-distor lonl during bundle adjustment
D= 1 + ..camera
g ® |t B et | for automatic measurement of GCP
S Sl el e image coordinates
< S T

| image matching and a]ignmentl ‘calculation for each frame separately‘
1

performing adjustment per frame excluding
distortion parameters but considering GCPs

dense-matching |using refined model per frame|

]
|DEM and Orthophotol [conversion of point clouds to rasters|

| referencing and geometry reﬁnementl
1

3D
recon-
struction

- ..frame

Figure 3. The schematic illustration of the data acquisition and processing chain developed for 3D
reconstruction with Sfm-MVS.

The accuracy of the photogrammetric method in calculating the volumes of gravi-
tational erosion events can be evaluated by the accuracy of point clouds derived from
SfM-MVS. Generally, the higher the accuracy of point clouds derived from SfM-MVS, the
higher the accuracy of the photogrammetric method [19]. However, it is difficult to judge
whether the accuracy of point clouds derived from SfM-MVS could meet the requirements
for calculating the volumes of gravitational-erosion events. In order to evaluate the accu-
racy of the photogrammetric method in calculating the volumes of gravitational-erosion
events in this paper, manual excavation experiments were performed on the steep slope
to simulate gravity-erosion events for the following reasons. One of the most important
reasons is that we could not find any other method to measure the volumes of gravitational-
erosion events under rainfall conditions, so we conducted several excavation experiments
to simulate gravity-erosion events. Another reason is that we could simulate a variety of
slope surface types after the occurrence of gravitational-erosion events, such as circular arcs,
linear lines, etc., while controlling the scales of gravitational-erosion events simultaneously.
In this way, the terrain data could be obtained using TLS and SfM-MVS before and after
manual-excavation experiments. Furthermore, the soil volumes of excavation experiments
were calculated by the weight of soil after drying and by its bulk density (the conventional
oven-drying method). Here, we conducted 20 manual-excavation experiments, and the
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accuracy of the method proposed in this paper could be verified by comparing the volumes
of both the TLS and the conventional oven-drying method.

Finally, this method was applied to monitor the gravitational-erosion processes for
the steep granite-soil slope under simulated rainfall conditions in the laboratory (Figure 1).
In order to monitor many more gravitational-erosion events, two intense and continuous
rainfall conditions were applied, with rainfall intensity designed as 1 and 2 mm min~—!,
and the rainfall duration set as 5 h. The gravitational-erosion processes were monitored

through the SfM-MVS method mentioned above.

3. Results and Discussion
3.1. The Point-Cloud Accuracy Evaluation

After photogrammetric processing, the 3D model of the objective terrain was recon-
structed, and the accuracy was assessed in absolute orientation for every CP. Here, the
measured coordinates of CPs were compared with the interpolated coordinates, and the
RMSEs were calculated. The residuals of reference points were 1.19 mm, 4.08 mm, and
1.91 mm for the X, Y, and Z directions, respectively. The residuals of check points were
1.35 mm, 4.09 mm, and 1.56 mm for the X, Y, and Z directions, respectively (Figure 4).
This indicate that millimeter-scale accuracy can be achieved using SfIM-MVS-integrated
workflow for the steep soil slopes in the laboratory. Simultaneously, the accuracy of the
SfM-MVS-integrated workflow method was estimated using TLS and photographs to
survey the same steep-slope landscape. The mean distance between the point clouds
derived from TLS and SfM-MVS was 1.13 mm, with a standard deviation of 0.93 mm.
The cloud-to-cloud distance in the range of —5.0 to 5.0 mm accounted for 98.3%, with
88.0% between —1.0 and 1.0 mm (Figure 5). For the reproducibility experiments, the mean
distance between the two point clouds generated through two sets of images of the same
steep slope terrain was 0.65 mm, with a standard deviation of 0.51 mm. The cloud-to-cloud
distance in the range of —5.0 to 5.0 mm accounted for 99.4%, with 94.2% between —1.0
and 1.0 mm (Figure 5). The repeatability test results showed that the SfM-MVS-integrated
workflow method could obtain relatively certain objective terrain data. Furthermore, there
was a good match between the 3D model derived from SfM-MVS and that from TLS.

Generally, the SEM-MVS method can achieve decimeter scale and even sub-millimeter
scale accuracy depending on image characteristics and landform complexity for topo-
graphical investigation [15,35-37]. The highest error of a 3D photo-reconstruction method
usually occurs in a hidden or low-visibility area, such as steep slopes, vegetation, gullies,
and so on [19,42]. In the present study, the orientation of the cameras was orthogonal to
the steep slope, which was different from the investigation of aerial images in the field, so
the steep slope did not seem to be an important impediment for 3D photo-reconstruction
in the laboratory. Additionally, the area of interest was relatively small, and the average
point density could reach 2,000,000 points-m~2. The point density was about two orders of
magnitude higher than that of the topographical model derived from the SEM-MVS method
for the larger areas of terrain in the field [19,42]. Simultaneously, the area of interest was
free from vegetation, and the collapsed terrain was not complex. These were all important
reasons for the model accuracy in this study to reach the millimeter scale, much higher than
the accuracy of models for larger areas of terrain investigations in the field. Furthermore,
the cloud-to-cloud distance of models derived from SM-MVS and TLS was much higher
in many field investigations than in our study [19,42,50]. This might also be attributed to
the reasons mentioned above. The results of this analysis indicate that the multi-image
3D-reconstruction method is suitable for morphological surface detection in the laboratory
due to simple terrain conditions and controllable environmental elements.
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3.2. Volume Calculation Accuracy Evaluation

The excavation volumes ranged from ~200 cm? to 20,000 cm® due to the limitation of
model size (Figure 6). The results showed that the relative errors among the volumes calcu-
lated by SIM-MVS and TLS or the conventional oven-drying method were all within 10%,
with a maximum error of 9.3% and a minimum error of 0.2% for the 20 manual-excavation
experiments (Figure 6). This demonstrates that the SfM-MVS method is suitable for the
volume measurement of both small-scale gravitational-erosion events (e.g., mudslides) and
relatively large-scale collapsing in the laboratory. The linear regression analysis showed
that the volumes of gravitational-erosion events calculated by SIM-MVS, TLS and the
conventional oven-drying method were closely related (R > 0.99, p < 0.05) (Figure 6).
The measurement accuracy met the general requirements of gravitational-erosion process
monitoring.
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volumes calculated by the conventional method cm®
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4,000 8,000 12,000 16,000 20,000 0 4,000 8,000 12,000
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Figure 6. Relationships between gravity-erosion volumes calculated by (a) the StM-MVS method and
TLS, (b) the SEM-MVS method and conventional oven-drying method. Lines represent the best fit
using linear regression.

The 3D photo-reconstruction method is widely applied in soil-erosion monitoring [20,43,44].
Several researchers have concluded that this technique could obtain quite high accuracy
relative to the conventional methods in calculating soil-erosion losses. Song et al. (2016)
found that the soil-erosion measurement accuracy of close-range photogrammetry could
reach 75% using an artificial water washing test, and 83.11% in a natural rainfall experi-
ment. Ming et al. (2019) reported that the average soil-erosion measurement accuracy of
close-range photogrammetry could reach 90.67% for free-thaw slopes. However, other re-
searchers argued that close-range photogrammetry was more suitable for surface-elevation
change detections in soil-erosion processes than calculating soil-erosion losses directly.
They mentioned that the calculation of soil losses from the changes in soil surface may
lead to inaccurate results due to alterations in the soil bulk density [5,57]. Even so, the use
of close-range photogrammetry techniques in measuring volumes could obtain satisfac-
tory results [58]. In this paper, the relative errors among the volumes calculated by the
SfM-MVS method and TLS were all within 10%, indicating that the accuracy of close-range
photogrammetry in calculating volumes is quite high, which has been verified by many re-
searchers. Additionally, the relative errors among the volumes calculated by the SIM-MVS
method and the conventional oven-drying method were also all within 10%. Therefore, the
changes in soil bulk density can be assumed to mainly occur on the soil surface due to the
erosion—transportation-deposition processes during rainfall. The soil bulk-density changes
might significantly affect the calculation of the soil loss during hydraulic erosion on gentle
slopes, but may have little influence on the calculation of the soil loss for gravitational ero-
sion on steep slopes. Furthermore, the volumes of gravity-erosion events were calculated
for the interested area before and after each gravitational-erosion event. The calculation
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error for the volumes in uninterested areas was eliminated, which was also important for
improving the calculation accuracy of volumes of gravity-erosion events.

3.3. Application in the Detection of Different Gravitational-Erosion Events

Based on the soil mass failure type, gravitational-erosion events could be divided into
avalanche, slide, and earthflow [51,59]. Earthflows have obvious an flow performance and
a high water content compared with slides and avalanches. During erosion, the failure
block of an avalanche completely separates from the slope surface, whereas that of a
landslide slips down as a whole along a weak belt. A total of 213 gravitational-erosion
events were monitored in the two simulated rainfall tests in the laboratory, including
8 avalanche events, 14 slide events, and 63 earthflow events under 1 mm min ! rainfall
intensity, and 38 avalanche events, 11 slide events, and 79 earthflow events under 2 mm
min ! rainfall intensity (Figure 7). The gravitational-erosion volumes ranged from 155 cm?
to 23,557 cm3, with the volume of the avalanche and slide much greater than that of
the earthflow. The total volume of the avalanche, slide, and earthflow was 37,485 cm?3,
27,119 cm?3, and 27,604 cm? for 1 mm min ! rainfall intensity, and 130,648 cm?, 28,147 cm3,
and 21,876 cm? for 2 mm min ! rainfall intensity, respectively. Thus, we could calculate the
contribution of gravitational erosion to the total erosion. The proportion of gravitational
erosion to total erosion was 69.57% for 1 mm min~! rainfall intensity, while it was 77.04%
for 2 mm min ! rainfall intensity. Additionally, the whole gravitational-erosion process
could be evaluated through this method. Earthflow existed throughout the whole erosion
process with a small value and a large frequency. The avalanche was concentrated in the
early stage of rainfall, while the slide mainly occurred in the late stage. The frequency of
the avalanche and slide was considerably increased with rainfall intensity (Figure 7). This
method could refine and quantify the research on gravitational-erosion processes.
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Figure 7. Distribution of gravity-erosion volume with rainfall time. (a) The 1 mm min™" rainfall

intensity; and (b) The 2 mm min~! rainfall intensity.

3.4. Advantages and Limitations

Currently, many devices can be used to monitor changes in surface topography,
such as high-precision GPS, high-resolution remote sensing, and airborne/ground laser
radar [13-15]. However, none of these devices can be used in the study of gravitational-
erosion processes for real-time dynamic monitoring. Mass movements on gully slopes are
the main contributors to gully-bank expansion and are a major source of sediment delivered
to rivers. However, they are often overlooked because they are either too small or too time-
consuming to measure in the field. The SfM-MVS method proposed in this paper can obtain
terrain data in real time to quantify each gravitational erosion event. Specially, this method
relies on a photogrammetric technique, which has made new progress in obtaining high-
resolution terrain data, achieving the millimeter-scale accuracy of the 3D slope model in
this paper (Figure 4). Additionally, the volumes of gravity-erosion events were calculated
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for the interested area before and after each gravitational-erosion event. All of these
contributed to improving the accuracy of the SEM-MVS method. Furthermore, this method
can be equipped with ordinary consumer un-calibrated and non-metric cameras or even
mobile phones [60]. For highly redundant and overlapping images and orthogonal slopes,
high-price DSLR cameras are not necessary [33]. Simultaneously, the images obtained by
cameras are orderly stored in a computer automatically, and the entire equipment does not
require artificial operation in the tests. Therefore, this method has the advantages of a good
real-time performance, high accuracy, a low cost, and being labor-saving.

However, this method also suffers some limitations. Firstly, it is only suitable for the
detection of gravitational-erosion processes for a relatively small area in the laboratory,
and unsuitable for a large area and complex topography in the field, especially for areas
with dense vegetation. Secondly, just like any other photogrammetric or laser surface-
topography detection techniques, the SEM-MVS method also cannot completely reconstruct
the objective terrain in blind or low-visibility areas [19,42]. Gravitational-erosion events
occur frequently on those collapsing slopes where very few deep gullies are observed, and
such a phenomenon did not occur in our tests, but this limitation did exist in our method.

4. Conclusions

This study introduced the SIM-MVS photogrammetric method to quantify the volume
of each gravity-erosion event by controlling multiple cameras to take continuous images at
the same time. This method can generate 3D surface models of steep slopes from multiple
2D images based on an SfM-MVS-integrated workflow in real time. A millimeter-scale
accuracy of 3D models can be achieved using SEM-MVS in the laboratory. The point
clouds derived from SfM-MVS matched well with those derived from TLS. Additionally,
the SEM-MVS photogrammetric method is suitable for the volume measurement of both
small-scale gravitational erosion (e.g., mudslides) and collapsing events in the laboratory,
and all the relative errors were within 10%. Finally, this method was used to monitor the
gravity-erosion processes under continuous heavy rainfall, and the results demonstrate
that this method can refine and quantify these gravitational-erosion processes. Overall,
this method has the advantages of real-time data analysis, a low cost, high precision, and
being labor-saving, but its application to a large area and a complex topography in the field
needs further research.
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Abstract: Snowmelt erosion could cause serious damage to soil quality and agricultural production
conditions of slope farmland in the black soil region of northeast China. Contour ridge tillage is a
traditional and effective measure to mitigate soil loss on slope farmland. However, the characteristics
and influence factors of snowmelt erosion of slope farmland with contour ridge culture and the effect
of this measure on the snowmelt process have not been comprehensively investigated, especially
at the field scale. To bridge the gap, in situ observation was conducted on the snowmelt erosion
process of a typical farmland in Baiquan County, Heilongjiang Province, China. The results revealed
that during the snowmelt erosion period, the average daily snowmelt runoff volume and sediment
concentration exhibited a trend of first increase and then a subsequent decrease. In the early stage,
although the sediment concentration was large, limited discharge and soil thaw depths led to minimal
soil loss. In the following stage, due to increased runoff and thaw depths, 94% of the total soil loss
amount was obtained with an obvious erosion path formed. For each event, when soil thaw depths
were shallow, sediment concentration had a high and early peak, whereas a reverse trend was
observed when thaw depths increased. The hysteresis relationship of discharge-sediment indicated
that the location where snowmelt erosion primarily occurred would change, under the influence of
variations in runoff, freeze and thaw action, thaw depths, and micro-topography. The results could
provide a guide in the control of soil erosion in seasonal snowmelt-erosion-prone areas.
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1. Introduction

Snowmelt erosion occurs in areas with high latitudes and high altitudes [1-4]. In
these ecologically vulnerable regions, snowmelt erosion could make severe damage to land
health, water quality, crop yield, and ecological balance [5-8]. Compared with rainfall-
induced soil erosion, snowmelt-induced erosion has its own distinct characteristics, such as
snowmelt runoff, which is sensitive to variations in radiation and air temperature, surface
soil being affected by freeze and thaw action, the frozen soil layer reducing infiltration, and
low vegetation coverage during the snowmelt period [9-11].

In Nordic countries, snowmelt erosion is particularly severe combined with rainfall for
partially thawed soil as infiltration is restricted, leading water pollutants to recipient water
bodies [12]. In the Tibetan Plateau region, spring melt water erosion is affected by multiple
factors on an alpine meadow slope, and fast melting at high flow rates could promote
soil erosion [13,14]. Spatially distributed soil erosion should focus on water infiltration,
the influence of ice and snow on runoff, and variations in soil surface structure caused by
freeze and thaw action [15]. Snowmelt erosion could result in micro-topography changes
in space and over time due to frost heave, snowpack, erosion, and deposition by overland
flow [16].
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Northeast China is the region with the largest seasonal snow amount in the country.
Snow accumulation is a prerequisite for snowmelt erosion. The spring thawing period is
a time when soil freeze-thaw processes occur strongly, which is generally prone to soil
erosion. The theoretical research on soil erosion processes under the influences of snowmelt
runoff and freeze and thaw action in China still requires extensive field observations and
data. The related research mainly focuses on glaciers and frozen soils, with an emphasis on
hydrological processes.

Snowmelt erosion in northeast China accounts for a non-negligible proportion of total
soil erosion throughout the year [17]. To some extent, the harm of snowmelt erosion is
severely underestimated. Recent research on soil erosion in northeast China has mainly
focused on observing rainfall-induced soil erosion and simulation experiments under
artificial conditions. In experimental designs, an external water supply method is usually
used to simulate snowmelt runoff. However, under natural conditions, there is still snow
cover during snowmelt periods, which would gradually disappear. Incompletely melted
snow may preserve snowmelt runoff to some extent. At the same time, local micro-
topography reconstructed by soil and water conservation measures could also block water
from snowmelt and soil-thawing processes and increase infiltration. Consequently, the
release of snowmelt water could be influenced by various factors. Thaw depths of surface
soil change across different points on slope because many factors could change soil freeze
and thaw process, such as air temperature, snow ablation, snowmelt discharge, and local
terrain [18,19].

The black soil region in northeast China is an important commodity grain base in
the country. During the spring thaw period, the combined effects of freeze-thawing
action, snowmelt discharge, and low vegetation cover could lead to serious snowmelt
erosion, which might be more severe than rainfall-induced soil erosion in some locations.
Snowmelt erosion has a significant impact on agricultural production and regional eco-
nomic safety [20]. Snowmelt erosion on a slope has a sediment transport and deposition
process, which could be revealed by the sediment—discharge hysteresis relationship by
quantifying time-scale dynamics [21]. Moreover, potential sediment sources could also be
confirmed. Tillage methods could reduce soil erosion [22-24]. Contour ridge tillage is a
traditional measure for soil erosion control in this area with small gradients but long slope
lengths [25]. Historically, there has been an underestimation of the detrimental impact of
snowmelt erosion. While gully erosion resulting from snowmelt erosion lies beyond the
scope of this observation, it is crucial to acknowledge that the morphological alterations
caused by snowmelt erosion may exacerbate subsequent soil erosion processes.

However, there has been limited research focused on the snowmelt erosion process
of slope farmland with contour ridge culture at the field scale. To address this gap, we
conducted an observation on typical slope farmland with this measure. The primary
objectives of this study were (a) to monitor the snowmelt erosion process, including
snowmelt discharge and soil loss amounts and identify critical influencing factors and
(b) to analyze the effects of influencing factors such as air temperature changes, thaw
depths of surface soil, and micro-topography reshaped by contour ridge culture on the
snowmelt erosion process. The findings of this study will provide a scientific and theoretical
foundation for addressing snowmelt erosion and designing effective soil conservation
measures in areas with seasonal snow cover prone to snowmelt erosion.

2. Materials and Methods
2.1. Study Site

The study site is situated in the Jiusheng small watershed (47°26'54" N, 126°18'8" E),
Baiquan County, Heilongjiang Province, China. The region is characterized as a combi-
nation of over-flood plain and hill areas, with a large proportion of low mountains and
hills. The climate belongs to the mid-temperate continental monsoon climate zone, with a
feature of cold and dry winters and hot and rainy summers. The annual average rainfall
is 490 mm, with 70% of the total amount concentrated between July and September. The
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annual average temperature is 1.5 °C. The spring snowmelt period is generally from mid-
dle to late March, when air temperatures rise rapidly during the daytime. Temperatures
rise above 0 °C in the daytime and drop below 0 °C at night, leading to freeze and thaw
action, which makes the soil susceptible to snowmelt erosion. The main land use patterns
in the region consist of cultivated land and forest land. The major cultivation form on
slope farmland is contour ridge tillage or horizontal ridge farming. The main forms of soil
erosion are surface erosion and gully erosion occurring on slope farmland.

The investigation site represents a typical slope farmland catchment that has been
cultivated over 50 years in a small watershed. It spans approximately 330 m from east to
west and 105 m from north to south, with the middle position lower than other parts. The
land use type is contour ridge culture. The cultivation measures are corn ridges, planted
in May and castrated in October, with minimal crop residue remaining on the ground.
The average slope of the site is 2.47. However, the complete slope exhibits non-uniform
characteristics, displaying a concave profile overall, with notably steep inclines in both
the uphill and downhill regions. The central section of the slope features gentle terrain,
giving rise to localized depressions. Moreover, the micro-topography of the entire slope
demonstrates pronounced spatial heterogeneity, attributed in part to continuous cultivation
practices. Snowmelt erosion is severer because the slope exhibits considerable length,
coupled with an extensive catchment area, leading to a substantial accumulation of runoff
on the slope with enough snow cover (Figure 1).

Figure 1. The investigated catchment before snowmelt erosion, with the outlet selected at the head of
a gully.

2.2. Snowmelt Erosion Process Observation
2.2.1. Snowmelt Runoff and Soil Loss

The observation was carried out from middle to late March 2018. There were mainly
sunny days. The temperature gradually increased in the daytime, with a minimum of above
0 °C and a maximum of nearly 20 °C. Snow began to smelt, and then erosion occurred as a
result of snowmelt runoff and freeze-thaw action. Samples were collected from 23 to 26
March, with a simple device and collecting buckets at the designated outlet, located at the
head of a gully as shown in Figure 1.
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The sample interval was 30 min. Sampling times and runoff amounts were recorded
on-site. The collected runoff in buckets was evenly stirred, 500 mL of which was transferred
into sampling bottles. Then, samples were brought to the experiment room and settled for
more than 24 h and measured by using a drying method in order to obtain the sediment
concentration. The samples were placed in a constant temperature drying oven at 105 °C
for 8 h to make the water evaporate completely. Then, the remaining dry sediment was
obtained, and sediment concentrations were accordingly calculated.

2.2.2. Factors and Measurements

The temperature and thaw depths of the surface soil were simultaneously measured
or recorded simultaneously during the snowmelt period in order to analyze their influence
on snowmelt erosion. Temperatures were recorded hourly using a thermometer in situ.
Steel pines were used to measure thaw depths of surface soil at two locations, namely
the top of the slope and a nearby place close to the outlet, at 11:00 and 15:00, separately.
Steel pines were inserted into the soil until blocked by a frozen layer, and the lengths
of penetration into the soil were recorded as thaw depths with a ruler. Meanwhile, the
rills and micro-topography affected by contour ridge culture across the slope were also
investigated through photography.

In this region, seasonal snowmelt erosion predominantly transpires within a con-
densed timeframe of approximately one week. Despite its significance, comprehensive
observations on the fundamental aspects of snowmelt erosion worldwide remain relatively
in need. Given these circumstances, the observation was planned meticulously, striving
to capture intricate details and augment the sampling frequency in order to provide suf-
ficient evidence to elucidate the distinctive characteristics of snowmelt erosion in this
specific region.

2.3. Data Analysis

The snowmelt erosion process was represented by several following points: daily
changes in snowmelt runoff and sediment, variations in runoff and sediment under the
influence of air temperature changes at each event, and the discharge—sediment hysteresis
relationship using the method proposed by Williams [26] to reveal the dynamic feature of
sediment and discharge and potential sediment sources through differences between the
two parameters. Subsequently, the roles of the following composite factors in the snowmelt
erosion process were examined, including air temperature, discharge, freeze—thaw action
or thaw depths of the surface soil, and topographic features. Snowmelt erosion has obvious
spatial heterogeneity, so erosional appearance, sediment sources, and the status of the
contour ridge system were also taken into consideration.

3. Results and Discussion
3.1. Daily Average Snowmelt Runoff and Soil Loss

Snowmelt erosion in this investigation took place intensively from 23 to 26 March
2018. The daily average snowmelt erosion process is illustrated in Figure 2, presenting the
average snowmelt runoff and sediment concentration.

e  On 23 March only 0.36% of the total snowmelt runoff amount was observed, and the
low proportion was due to melted water being partially retained in the snow cover
and frozen surface soil.

e  On 24 March, as the air temperature continued to rise, the average snowmelt runoff
exceeded that of the previous day, accounting for 4.58% of the total soil loss amount
(sediment concentration multiplied by total runoff). The result could be attributed to
a reduction in the water storage capacity of snow and soil. So, more melt water was
released in the form of snowmelt discharge.

e  On 25 March, because the air temperature increased rapidly, the snowmelt process
was accelerated synchronously. Consequently, 94.49% of the total runoff amount was
obtained, including both melted snow and water from thawed soil.
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On 26 March, there was no obvious snow cover. However, 0.57% of total runoff was
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Figure 2. Daily average snowmelt runoff and sediment.

Throughout the 4 days, the air temperature remained below 0 °C at night but rose

above 0 °C during the daytime (even the lowest temperature). Thus, the primary driving

facto

r for snowmelt was the air temperature, which was consistent with temperature-driven

snowmelt in an Alpine catchment [27].

erosi
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On 23 March, as the air temperature increased slowly, snow ablation was relatively
obvious on the upper slope, resulting in some parts of bare soil. However, most of
the site was covered by snow, with frozen surface soil. Meanwhile, snowmelt did
not make a large runoff as discussed above. As a result, there was very little soil loss,
accounting for only 0.2% of the total amount.

On 24 March, much more water was released from the melting snow cover and thawed
soil, which enabled the snowmelt runoff to reach the outlet, by infiltration, passing
along the ridge or flowing through the furrow. Simultaneously, substantial portions of
the topsoil began to thaw, making sediment particles much more susceptible to being
eroded, especially in several places with broken ridge furrows. Sediment concentration
increased rapidly, reaching a maximum of 17.32 kg/m3 at 11:00, and accounted for
7.5% of the total soil loss amount.

On 25 March, the rates of snowmelt and soil thawing further intensified, leading to the
majority of the runoff and soil loss (92.3% of the total amount). Micro-topography also
played a significant role in promoting snowmelt erosion [16]. Water stored in ridges
and furrows would infiltrate, or run along/through them, leading to much more soil
failure in forms of scouring or collapse. Local and whole distinct flow routes in situ
were evident, and the centralized snowmelt discharge produced severe erosion.

No soil loss had been observed on the 26 March.

Snow accumulation and snowmelt are critical factors in snowmelt hydrology and
on [4]. Notably, melted water could be held by snow cover, the contour ridge system, or
1 dams created by straw and ice [15]. Additionally, soil particles undergoing freeze and

thaw action are more susceptible to erosion [28], although during early period soil erosion,

they
are ¢

are restricted by unthawed surface soil. These complex and composite components
rucial for analyzing the snowmelt erosion process.
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3.2. Air Temperature

Figure 3 shows the air temperature variation throughout March. Snowmelt discharge
was collected on 23 March, when the minimum air temperature increased and rapidly
approached 0 °C. The subsequent 4 days had similar minimum air temperatures, but the
maximum temperature increased rapidly. The occurrence of snowmelt erosion requires
both sufficient snow accumulation and a rapid rise in air temperature.
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Figure 3. Daily minimum and maximum air temperatures in March.

Variations in air temperatures, snowmelt runoff, and the sediment concentration of
each event are presented in Figure 4.

e  On 23 March, snowmelt runoff began around 11:00, reaching its peak at 13:00, with
a duration of 3.5 h. The air temperature ranged between 12 and 13 °C from 11:30 to
14:00. The sediment concentration showed a similar trend, reaching its maximum
value at 12:00, 1 h earlier than the peak discharge. Despite a relatively high sediment
concentration occurring momentarily, the first day of snowmelt erosion had limited
snowmelt runoff and soil loss.

e  On the morning of the 24 March, the sediment concentration gradually increased with
the rise in snowmelt runoff, peaking at 13.72 kg/m? at 11:00, which was later than
the peak of snowmelt runoff by 30 min. In the afternoon, as the weather changed
from cloudy to sunny, and under the influence of rising temperatures and favorable
radiation, the declining runoff showed a small rebound. However, due to insufficient
surface soil thawing, particularly in snow-covered regions, the sediment yield rapidly
decreased after 14:00. The duration of the snowmelt event was approximately 9 h,
during which melted water stored in the snow and frozen surface soil was released to
a significant extent, causing the breakage of some ridge furrows and the formation of
an obvious water flow path near the outlet with a notable width and depth. While
snowmelt water could be retained in the snow and furrows or infiltrate into thawed
soil, limiting the runoff amount, the shallow soil thaw depths prevented the easy
erosion of soil particles by the snowmelt discharge. Consequently, the sediment
concentration was primarily influenced by the thawed surface soil particles in the
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e On 25 March, the temperature and radiation improved compared to earlier days, but
the weather became cloudy and the temperature slightly declined. The maximum
runoff was observed at 13:30, with two peaks observed for both runoff and sediment
concentration. The first peak occurred synchronously for both parameters, while the
second peak exhibited a 0.5 h delay in sediment concentration compared to the runoff.
Based on these observations, it can be inferred that snowmelt runoff is influenced by
multiple factors, including snowmelt rate, water from thawed soil, and their relative
positions. At the end of the day, most of the snow had melted, and the previously
existing melted water in furrows was released, contributing to the complexity of runoff
sources and potentially leading to the occurrence of multiple peaks.

e  On 26 March, due to a lack of runoff source, only a slight amount of discharge was
collected for less than 3 h, and no sediment yield was investigated. The main runoff
sources included water from thawing surface soil and a small amount of snow and ice
near the outlet.
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early stage, while snowmelt erosion became the limiting factor in the later stage due
to the slow rate of soil thawing.

Figure 4. Cont.
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Figure 4. Response of snowmelt erosion process to variations in air temperature at each event
((a—d) are processes on 23 to 26, repreently).

3.3. Thaw Depths of Surface Soil

Thaw depths of surface soil at the upper slope and lower slope are indicated in Figure 5.
Overall, the soil-thawing depths increased each day on the whole.

e  On 24 March, because the snowmelt soil-thawing depths were shallow, even though
there was sufficient snowmelt runoff, soil loss was still limited [29]. Runoff lasted from
11:00 to 19:00, while sediment yield lasted until 15:00 with an early peak occurring
1.5 h earlier compared with the runoff.

e On 25 March, there were deep soil-thawing depths throughout the entire day, coupled
with an initial snowmelt runoff with a substantial early influx. Although the sediment
concentration was marginally lower than the preceding day, the dominant sediment
yield resulted from the significant proportion of the total runoff volume.
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Figure 5. Variations in thaw depths of surface soil at upper slope and lower slope.

Freeze-thaw action is a remarkable characteristic of snowmelt erosion compared
to rainfall-driven erosion, and the soil-thawing depth is a crucial driving factor for soil
structure and the snowmelt erosion process [10,12]. The soil-thawing depth is related to
sediment concentration, and the total sediment yield results from both sediment concentra-
tion and runoff volume [30]. At the beginning of the snowmelt erosion period, most of the
site was covered with snow cover. Snowmelt and soil thawing predominantly occurred
on the upper slope. The snowmelt gradually moved to a lower position, causing much
more bare soil. While snowmelt occurred mainly in the upper region, a significant amount
of melt water was retained by the snow cover. Therefore, the soil-thawing depths of the
upper slope were deeper than those of the lower slope. The limited soil loss monitored
can be attributed to the shallow thawed soil and a large proportion of the surface covered
by snow.

In the upper and middle parts of the slope, a considerable number of furrow platforms
were broken through by snowmelt runoff, leading to an obvious flow path towards the
outlet. The increasing soil-thawing depth and the generation of the flow route promoted
sediment yield. A large volume of snowmelt runoff carried more eroded sediment particles
during the middle to late stages of the process, which is different from the previous day
when the limited sediment was obvious due to the shallow soil-thawing depth. Addi-
tionally, melt water could not infiltrate into the incomplete thawing layer, making the
thawed sediment particles much more susceptible to being eroded [12]. Compared with
the results of other days, it is evident that soil loss increased with the deepening of the
soil-thawing depth. Snowmelt erosion was sensitive to variation in soil-thawing depth.
A larger depth resulted in earlier and larger initial runoff periods. Therefore, it could be
concluded that snowmelt erosion is significantly affected by both snowmelt runoff and
soil-thawing depth [10].

3.4. Sediment-Discharge Hysteresis Relationship

Snowmelt runoff and sediment concentration exhibited distinct variations at each
event. The complexity of driving factors and material sources lead to the non-synchronous
process of runoff and sediment. In order to reveal this phenomenon, the sediment-
discharge hysteresis relationship method [26] was used to analyze the daily variation
in snowmelt runoff and sediment, excluding 26 March, as shown in Figure 6. There was
a clockwise hysteresis relationship between runoff and sediment for the 2 previous days,
which is consistent with observations of snowmelt erosion of an agricultural watershed in
Finland [31]. However, for 25 March, a compound style was obtained, with an initial short
counter-clockwise loop followed by a clockwise loop, and another counter-clockwise loop
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again. Clockwise hysteresis exists when the sediment concentration peaks arrive earlier
than the runoff [26]. If sediment sources were relatively limited in a basin, and taken away
quickly by discharge, the reduction in sediment concentration would be more rapid than
the runoff, leading to a clockwise hysteresis [32,33].

e  On 23 March, snowmelt runoff was small, and topsoil had just begun to thaw, so
runoff with weak scouring ability had only one peak. Consequently, only sediment
near the collecting outlet could be eroded, forming a clockwise hysteresis.

e  On 24 March, as the topsoil further thawed, a certain amount of sediment moved
towards the lower slope but could not reach the outlet. This produced a high sediment
concentration in the early stage under the influence of snowmelt runoff. However,
a clockwise hysteresis showed that in the late stage, sediment turned limited again,
because incompletely thawed soil was not easily scoured or flushed. The sediment
sources on this day included thawed soil particles near the outlet, as well as sediment
accumulated and transported along the slope, particularly from the existing flow route.

e  The runoff-sediment relationship on 25 March was relatively complex and exhibited
a compound hysteresis containing several parts, i.e., a clockwise hysteresis for the
second part and a counter-clockwise for the other two parts. The counter-clockwise
hysteresis reflects that the sediment source is farther away from the outlet [33], so
the sediment path has a longer distance than that of the flow path. The slope had a
length of about 330 m, and an obvious flow route originated from the middle position.
Therefore, the long distance caused the repeated process of erosion and sedimentation.
Additionally, the melted water also changed at different times and positions. The
sediment source was abundant at the first and last stages but became limited after
being flushed within the middle stage. These variations led to a changeable hysteresis
pattern. Compared to the previous days, on this day, thaw depths of the lower slope
were larger than ever, so soil erodibility became larger gradually, and, eventually, the
main sediment source became close to the outlet again. Thus, the runoff-sediment
hysteresis relationship was significantly influenced by sediment sources affected by
incompletely thawed soil and flow route patterns.

3.5. Contour Ridge Culture and Micro-Topography

According to the aforementioned observation, snowmelt erosion had various erosion
patterns at different sites along the slope. Generally, the upper slope had a main form of
surface erosion including rill erosion, while the lower slope erosion experienced a collapse
of ridge platforms and the overlying ridge by snowmelt, especially along the prominent
flow route.

Most rills were observed between 60 and 90 m down-slope from the top. Snow ablation
occurred first and faster at the top with shallow snow cover, and the hold capacity of snow
cover prevented melted water from converting into runoff. So, rills did not form until
enough runoff amount accumulated. The region mentioned above was favorable for rill
generation (Figure 7). Rills occurred either along the furrows (Figure 8) or throughout
the entire platform (Figure 9) when there was adequate snowmelt discharge and energy.
However, in the middle positions, the topography gradually transitioned from flat to
inward, leading to the convergence of the snowmelt towards the middle low-lying positions
instead of flushing perpendicular to the ridge belt (Figure 10). Consequently, rills were
not observed in these positions. These results showed that during the snowmelt period,
rills could not generate across the whole slope but only in upper positions, indicating
that snowmelt runoff in each event had a limited migration distance, likely due to a small
discharge or being disturbed by local topography (Figure 11).
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((a—c) are processes on 23 to 25, repreently).
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Figure 8. A rill along a furrow.
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Figure 9. A rill through a ridge.

Figure 10. Snowmelt erosion at middle position of the catchment with slightly topographic depression.

(The red arrows were flow directions).
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Figure 11. Snow, ice, melt water retained in the ridge, and incompletely thawed surface soil, which
reduced infiltration.

In the downhill section, snowmelt runoff was gradually concentrated in a low-lying
position, with the potential to flush down or overflow the ridge platform, when it exceeded
the storage capacity of the ridge and furrow system. As the snowmelt process continued,
the soil-thawing depth increased, and the accumulated melted water saturated the surface
soil, which made the ridge platform much more prone to failure, leading to an increased
sediment source and significantly promoting snowmelt erosion across the entire catchment.
Consequently, the height of the ridge platform and surface soil thickness would be reduced,
while sedimentation would increase in the furrows. This alteration of the local micro-
topography would in turn affect the snowmelt erosion process. Therefore, the interaction
of these factors contributes to enhanced soil erosion.
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The field investigation revealed that different positions had various forms of broken
ridges. The reason for this variation was that in some regions, where there was no efficient
snowmelt runoff, the ridge platform was not stable. The first phenomenon started 220 m
from the top and displayed no horizontal pattern along with the ridge belt. If there was no
efficient snowmelt runoff, it could only destroy the unstable position of the ridge platform,
such as relatively lower or completely thawed sites (Figure 8), resulting in an uncertain
location of broken ridges. On the down-slope, increased snowmelt runoff with high energy
had the ability to break ridge platforms with deeper thawing depths. When the ridge and
furrow system could not withstand the force, snowmelt runoff would either overflow or
break through the platform, accompanied by a collapse somewhere. Consequently, an
obvious flow route near the outlet was generated by scouring and flushing, and the scope
of ridge collapse was further expanded (Figure 12). Furthermore, the soil along both sides
of the flow path within the ridge belt was eroded and carried away by runoff, resulting
in a visible cutting-down phenomenon. The erosion near the outlet represented a typical
transition from rill erosion to ephemeral gully erosion.

Figure 12. Snowmelt erosion with an obvious flow route in form of ephemeral gully at the
lower slope.
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The spatial distribution patterns of snowmelt are critical issues in the prevention and
control of different types of soil erosion. Suitable tillage methods have been proven effec-
tive in mitigating soil and total phosphorus loss during sheet erosion and rill erosion [22].
Gully erosion would bring much more harm to land [17], while some soil conservation
measurements, such as grassed waterways and check dams, have proved to be useful in
gully control. Snowmelt erosion exhibits distinct characteristics when compared to rain-
fall-induced erosion. Therefore, it is important to conduct further observations of snowmelt
erosion at various spatial and temporal scales to gain deeper insights into its underlying
mechanisms. Furthermore, additional investigations should focus on evaluating the ef-
fectiveness of established traditional soil conservation measures and exploring enhanced
techniques to augment their efficiency. Such endeavors are imperative for advancing our
understanding and management of snowmelt-induced erosion effectively.

4. Conclusions

Seasonal snowmelt erosion is a complex composite erosion process that requires the
fulfillment of several critical conditions. The occurrence of snowmelt erosion relies on the
presence of a large amount of accumulated snow cover, providing a sufficient water amount
source. Additionally, the rapid rise in air temperature above the melting point of ice and
snow leads to the potential generation of adequate discharge. Thaw of the surface soil
occurs when there is sufficient discharge to flush the soil. To minimize infiltration loss in the
early stage, the soil freeze depth must reach an adequate level. However, even if snowmelt
runoff is observed, the occurrence of snowmelt erosion becomes challenging without
meeting these critical conditions. Moreover, snowmelt erosion exhibits high sensitivity to
variations in the surrounding environment, such as fluctuations in air temperature and
the freeze-thaw action caused by day and night alternation. The original topography also
plays a significant role in influencing the erosion process by affecting discharge generation,
influx, and sediment sources. Furthermore, the micro-topography reshaped by contour
ridge cultivation determines the flow routes and erosion patterns, including the formation
and development of rills.
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Abstract: Hongjiannao is the largest inland lake in China’s deserts. In recent years, the water quality
and area of the Hongjiannao Lake have continued to decline, which is closely associated with the
economic development in the Hongjiannao basin. To explore the coupling relationship between
the water quality and economic development in the Hongjiannao basin, the water quality and
economic development index of the basin has been analyzed in terms of the monthly water quality
and socio-economic development from 2013 to 2020. The coupling relationship and interaction
mechanism between water quality and regional economic development has been studied by coupling
coordination degree model. The results show that the water pollution increased and then decreased
with the seasons, while the water quality was the worst in the summer. The coordinated degree
between the water quality and economic development in Hongjiannao shows an upward trend
from 2013 to 2020, which has transformed from the process of lagging economic development to the
process of primary coordination, finally to the process of lagging water environment. The coupling
relationship between water quality and economic development changed from a state of nearly un-
coordination to primary coordination from 2013 to 2016, with economic development lagging behind.
The coupling relationship between the two systems changed from barely coordinated to the primary
coordinated from 2017 to 2018, with the rapid development of economy and slight decline in water
quality. After 2018, those two systems gradually stepped into a virtuous cycle during 2019-2020,
but the phenomenon of lagging water quality still existed. Therefore, in order to maintain the stable
economic development of resource-based cities, it is necessary to keep improving the current situation
of water environment and water shortage in Hongjiannao, which will promote the coordinated and
sustainable development of water environment and economy.

Keywords: Hongjiannao; water environment quality; economic development; coordinated development

1. Introduction

Lakes play an important role in supplying freshwater, conserving water, improving
climatic conditions, and maintaining regional ecological health [1,2]. However, since the
1940s, the rapid development of economy began to threaten the lake environment [1,3,4],
such as shrinking lake area [5], eutrophication [6], accumulation of organic matter [7], and
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discharge of heavy metals [8]. The coordinative development of the economy and the lake
environment has drawn more and more remarkable attention [9-12].

To alleviate the deterioration of basin environment and promote the coordinated de-
velopment of water quality and social economy, the domestic and foreign scholars had put
forward the environmental resource constraint theory, sustainable development theory, and
coordination degree theory [13]. The theory of coordination degree has been widely used to
study the relationship between environmental pollution and economic development [14],
and the theory of coordination degree points out that environmental quality will show an
obvious downward trend along with economic development in the early stage of economic
development; environmental quality will be gradually improved and a virtuous cycle of
development will be gradually realized with the economic development reaching a higher
level [15-17]. The development of the regional economy was the key factor in coordinating
and stabilizing the development between water quality of the lakes and social develop-
ment. A previous study had quantitatively evaluated the environmental and economic
coordination of Liaoning Province since 1990, and Liaoning Province had experienced
a transformation from dissonance to primary coordination [18]. Many foreign research
studies focus on quantitative analysis of sustainable development of resources, environ-
ment, society, and economy [19-21], Jones et al. studied the effects of climate and land-use
changes on the lake environment in Southern Australia from 1840 to 1990, and Tamm T.
et al. studied the effects of climate and hydrology on dissolved organic carbon load in Lake
Vortsjarv (Estonia). Several researchers applied the coupling coordination model to analyze
the relationship between water quality and economic development of the Fuxian lake basin
in Yunnan province and the Minjiang river basin in Fujian province [22-25]. However,
there is little information about the relationship of coupling coordination between water
quality and economic development of the lake basin in the desert area of northwest China,
and there is a lack of research on the internal relationship between pollutants (which could
reflect the water quality, such as organic matter, total nitrogen, and total phosphorus) and
economic development.

Hongjiannao, which is located in Shenmu County, Shaanxi Province, is the largest
freshwater lake in western China [26], which is located in the border area between the Mu
Us Desert and the Loess Plateau, and plays an important role in maintaining ecosystem
stability. Shenmu County is a typical resource-based city near the Hongjiannao basin
and has a population density of about 76 people/km? and a per capita GDP of about
46,100 dollars; its economic level ranks the first among 108 counties in Shaanxi Province
and the 9th among 1866 counties in China; its secondary industry accounts for more than
76% and its coal reserves are about 50 billion tons. At the present stage, most studies focused
on the changes of water quality, water area, and their influencing factors in Shenmu County
under the rapid development of industrial economy [27-30]. Few studies have described
the coupling and coordination relationship between the change of water environmental
quality and economic development.

In this study, based on water quality and economic development in the Hongjiannao
basin from 2013 to 2020, the temporal evolution characteristics of the water environment in
Hongjiannao were analyzed via SPSS one-way variance analysis and Daniel and Mann-—
Kendall trend test. Then, the coupling coordination relationship between water quality
and regional socio-economic development was explored in terms of the comprehensive
index method and coupling coordination degree model. Those findings will compensate
the data of the coupling and coordination relationship between water quality and economic
development in the Hongjianao basin. Meanwhile, this investigation aims to find the node
where the water environment quality could be enhanced with the economic development
kept stably increasing in order to keep sustainable development of the regional economy.
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2. Methods and Materials
2.1. Study Area

Hongjiannao is located in Shenmu City, Shaanxi Province, China (Figure 1). The
geographical coordinates are 39°04'-39°08’ in the north latitude and 109°49’-109°56' in the
east longitude. The current area of Hongjiannao Lake is around 41.8 square kilometers,
the altitude of Hongjiannao is around 1100 m, the climate property of Hongjiannao is the
continental monsoon, the average of annual rainfall is around 346.8 mm, and the average
of water depth is 8.2 m, and there are many kinds of aquatic life (Nitraria tangutorum, Salix
cheilophila, etc.) [27]. With the rapid development of industry and tourism economy, the
underground water supply of Hongjiannao has been damaged due to coal mining, while
the water quality of Hongjiannao has been affected by the discharge of domestic sewage
and mineralized mine wastewater [18].

Shaanxi
Province

Legend

Drainage Basin

River
1000 wocom @R Lake

0 2000 000 o Town

Figure 1. The location map of the Hongjiannao basin ((A) is for China, (B) is for Shaanxi, (C) is
for Yulin).

2.2. Data Description

The water quality monitoring station of Hongjiannao Lake in Shenmu County was
built in August of 2012 (http://www.cma.gov.cn/2011xzt/2013zhuant/20131126,/20131
12606/201311/t20131126_232560.html, accessed on 3 January 2021). The water quality
of Hongjianao Lake had been detected from 2013 to 2020. The water quality cannot be
effectively monitored from December to February of the next year due to the long ice sealing
period in the winter. There are 10 indexes that have been used to evaluate the water quality
(http:/ /hb.yl.gov.cn/, accessed on 15 January 2021), including five-day biochemical oxygen
demand (BOD:s), dissolved oxygen (DO), permanganate index (CODyyy,), total phosphorus
(TP), total nitrogen (TN), ammonia nitrogen (NH*-N), volatile phenol, chemical oxygen
demand (CODc;), petroleum, and anionic surfactant. All those indexes were detected
according to the Surface Water Environmental Quality Standards (GB 3838-2002) [31].

Shenmu County has entered a stable period of economic development since 2012.
There are 12 economic indicators that have been selected to evaluate the economic structure
and economic benefits, and the date of economy was acquired from the Yulin Statistical
Yearbook (2013-2020) and the Shenmu National Economic and Social Development Statistics
Bulletin (2013-2020) (http:/ /tjj.yl.gov.cn/, accessed on 10 February 2021).

2.3. Characteristics of Water Quality Evolution
2.3.1. Seasonal Differences of Water Quality

The least significant difference (LSD) method in single factor variance (one-way
ANOVA) was used to present the characteristics of water quality with seasons, and the
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variance analysis was applied to compare the mean values of two or more samples for
evaluating the water quality [32].

2.3.2. Interannual Variation Trend of Water Quality

The annual average value of each water quality index was calculated from the monthly
data, and the Daniel trend test and Mann-Kendall trend test were used to present the
changeable tendency of Hongjiannao [33]. The Daniel trend test is one of the most com-
monly methods to measure the environmental pollution; due to its low requirement for
samples number, it is commonly used in trend analysis of time series. The Mann—-Kendall
trend test is a nonparametric statistical method, which only requires independent data and
is not susceptible to outliers, but it has the disadvantage of not being able to detect specific
patterns of trends. These two methods are selected to compare and verify each other, and
the water quality change trend is more reasonable. [34].

The City Water Quality Index (CWQI) has been used to evaluate water environmental
quality. The smaller the index is, the better the environmental quality is. Firstly, the
arithmetic mean of the concentration of each individual index C(i) is calculated. Then, the
water quality index for individual indicators is calculated CWQI(i). Finally, the lake water
quality index is calculated comprehensively CWQI] 4, (https://www.mee.gov.cn/gkml/
hbb /bgth/201606/t20160627_356096.htm, accessed on 8 November 2021).

CWQI(i) = CCS((?) (1)
CWQIpge = ), CWQI(i) 2)
i=1

where CWQI (i) is the water quality index of a single index, C(i) is the monitoring value of
the i water quality index, Cs(i) is the standard limit of Class III of the i water quality index,
CWQI] g is the lake water quality index, and # is the number of water quality indicators.

2.4. Coupling Model
2.4.1. Construction of Index System

The economic development is reflected by the increase of economic aggregate, the
promotion of economic quality, and the improvement and optimization of economic struc-
ture [22,35]. There are 12 indicators (as shown in Table 1) that are used to present the
social-economic development system of Shenmu County.

Table 1. The evaluation indexes for the economic development and water quality in Hongjiannao.

System Sub-System Indexes Weight of Coefficient
X, 0.0294
. ) X, 0.0084
conomic structure X3 0.0237
Xy 0.0020
Social . X5 0.0350
c()jc1a —lecononllc X, 0.0431
evelopmen X7 0.0403
' ' Xg 0.0591
Economic benefit Xo 0.0709
X10 0.0581
X1 0.0216
X12 0.0241
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Table 1. Cont.

System Sub-System Indexes Weight of Coefficient
Yq 0.0132
Y, 0.0423
Y3 0.1058
Yy 0.1086
Water environment Water indexes 52 8%22
Y7 0.1906
Ys 0.0666
Yo 0.0848
Yo 0.1243

Note: X; denotes share of primary industry /%, X, denotes share of secondary industry/%, X3 denotes share
of tertiary industry/%, X4 denotes urbanization rate/%, X5 denotes (GDP)/billion RMB, X4 denotes local
financial revenue/billion RMB, X; denotes GDP of industries/billion RMB, Xg denotes GDP of agriculture
and forestry/billion RMB, X9 denotes increasing rate of GDP/%, Xjp denotes total retail sales of consumer
goods/thousand RMB, X;; denotes urban per capita disposable income/RMB, X1, denotes rural per capita
disposable income/RMB, Y7 denotes DO/m, Y, denotes CODyy, / mg-Lfl, Y3 denotes BODs/ mg-L’l, Yy
denotes NH3-N/ mg-Lfl, Y5 denotes TN / mg-Lfl, Y denotes TP/ mg-L*l, Y7 denotes volatile phenol/ mg-Lfl,
Yg denotes COD¢,/ mg~L_1, Y9 denotes petroleum/ mg-L_l, Y10 denotes anionic surfactant/ mg-L_l.

2.4.2. Water Environment and Economic Development Index

To eliminate the influence of different indexes, the original data are standardized. The
corresponding formulas are shown as follows:
The standardized formula for positive index is:

Ti]' = (xij—min{xj})/(max{xj} —min{xj}) (3)
The standardized formula for negative indicators is:
rij = (max{x;} — ;) / (max{x;} — min{x;}) 4)

In this study, the relative importance of each index was reflected by the sum-variation
coefficient [32], which multiplies the standardized value to obtain the water environment
index (f(y)) and the economic development index (gy)). x; (i = 1, 2, 3... m) represents
the standardized water quality index, X; (j=1,2,3... n)is on behalf of the standardized
economic development index, and w; and w; are the corresponding weights of x; and x;,
respectively. f(x) and g(x) are obtained by the following formulas:

fx) =) wx; @)
i=1

g(x) =) wix; (6)
=1

2.4.3. Coupling Coordination

Coupling degree is a physical concept, which could reflect the mutual influence caused
by multiple interactions of two or more systems [33]. In this study, the coupling degree
was applied to study the interrelation between water quality and economic development
in the Hongjiannao basin, which is indicated by the formula below:

1/2

€ = {(f(x)g()/(f(x) +(x))} )
The coupling coordination degree model was also used to characterize the coordinated

development between the water quality and economic development. A good coupling and
coordination state is not only a benign correlation, but also a guarantee for the stable and
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sustainable development of each system [35]. Economic development was calculated via
the following formulas:

T = af(x) + pg(x) ®)

D[f(x),g(x)] = VCT ©)

In the formula, f(x) is the water environment index, while g(x) is the economic devel-
opment index. C, T, and D represent the coupling degree, comprehensive harmonic index,
and coupling coordination degree, respectively. « and § represent the contribution of water
environment and economic development, separately. In this study, the water environment
and economic development were assumed at the same status for the social development,

« = =1/2. The classification of coupling-coordination types was shown in Table 2.

Table 2. The types of coupling coordination between water environment and economy.

Types Sub-Types Form State
Hich f(x) —g(x)>0.1 lagging economic development
d}g . 08<D<1 g(x) — f(x)>0.1 Lagging water environment
coordination 0< If(x) = g(x)| <0.1
Coordination 06<D <1 Intermediate f(x) —g(x)>0.1 lagging economic development
period ’ = dinati 07<D<0.8 g(x) — f(x)>0.1 Lagging water environment
coordination 0< If(x) — g1 <0.1
Pri f(x) —g(x)>0.1 lagging economic development
rgnary 06<D<0.7 g(x) — f(x)>0.1 Lagging water environment
coordination 0< If(x) = g1 <0.1
Barel fx) —g(x)>0.1 lagging economic development
coordafr?a};ion 05<D <06 g(x) — f(x)>0.1 Lagging water environment
Transef;)izrrdwtlon 04<D <06 0< If(x) —gx)! <01
p Nearl fx) —g(x)>0.1 lagging economic development
ee;r. Y 04<D <05 g(x) = f(x)>0.1 Lagging water environment
un-coordination 0< If(x) —g(x) | <01
Slioh fx) —g(x)>0.1 lagging economic development
lg, t . 03<D<04 8(x) = f(x)>0.1 Lagging water environment
un-coordination 0< If(x) — g(x)| <0.1
Un- . f(x) —g(x)>0.1 lagging economic development
coordination 0<D <04 Interm;dlit'e 02<D<03 g(x) = f(x)>0.1 Lagging water environment
un-coordination 0< 1f(x) — g(x)| <0.1
Seri fx) —g(x)>0.1 lagging economic development
erous 0<D <02 g(x) = f(x)>0.1 Lagging water environment

un-coordination

0< If(x) —g(x) | <0.1

3. Results and Analysis
3.1. Variation of Water Quality

3.1.1. The Seasonal Variations in Water Quality

The water quality indexes of Hongjiannao from 2013 to 2020 are listed in Table 3.
As shown, the content of DO was the lowest in the summer, while the dosage of BODs,
ammonia nitrogen, total nitrogen, total phosphorus, volatile phenol, chemical oxygen
demand, petroleum, and anionic surfactant were the highest in the summer, which means
that the water quality of Hongjiannao in the summer was the worst throughout the year.
Meanwhile, there was no significant variation for the other indexes of water quality with the
seasons (p < 0.05). Hence, the water quality of Hongjiannao in the summer was significantly
worse than that in the other three seasons.
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Table 3. The variation of water indexes in Hongjiannao with seasons.

Season

DO/

CODwmn/

BODs/

NH;3-N/

Volatile

Anionic

TN/

Phenol/

COD¢,/

Petroleum/

mg-L-1

L1
mg-L-1 mg-L-1 mg-L-1 mg-L-1 TP/mg L mg-L-1 mg-L-1

mg-L-1

Surfactant/

mg-L-1

Spring

Summer
Autumn

8.31742
7.424 "
8.384 ¢

12.429 2
12.664 2
12.844°

25862
327542
1.718

0.351°
0.3752
0.268 2

3.3812
3.468 2
2.7402

0.089 2
0.0912
0.085 2

0.009 2
0.0112
0.009 @

43.143 @
45.084 2
441187

0.038 2
0.043 2
0.0384

0.050 2
0.065 2
0.059 @

TN, mg/L

Note: ¢ represents significant differences among seasons.

3.1.2. The Annual Variation of Water Quality

The annual variation of water quality in Hongjiannao was shown in Figure 2 in
terms of DO, BODs, TN, TP, and others. From 2013 to 2020, the DO, BODs, and TP had a
fluctuating downward tendency; the changeable tendency of DO was proportional with
that of BODs. From 2013 to 2016, the content of TN and TP behaved a significant increasing
tendency, and the maximum of TN and TP reached 4.18 and 0.24 mg/L, respectively.
Meanwhile, from 2014 to 2016, the level of BOD5 and DO increased first and then decreased.
Thus, the water quality in Hongjiannao Lake gradually deteriorated with the acceleration
of eutrophication before 2016. After 2016, the content of DO, BODs, TN, and TP had a
significant decreasing tendency over years, signifying the improvement of the water quality.
This phenomenon was closely related to the regulation of the government for the water
environment since 2017. Meanwhile, the decline of the coal economy of Shenmu city was
another reason for the improvement in water quality of Hongjiannao Lake since 2015.
Moreover, the content of DO kept declining and the dosage of TP became gradually stable
since 2020, while the level of BODj5 began to increase again. Thus, the pollution extent of
Hongjiannao Lake is still serious.

r 0.30
—a&—TN —O0—TP
F 0.25

L 0.20 5.5 1 .ﬁ"‘

F0.15

I'P, mg/l
BOD, mg/L.
i

L 0.10 o F

r 0.05

0.00

2013 2014 2015 2016

year

2017 2018 2019 2020 2013 2014 2015 2016

year

2017 2018 2019

Figure 2. The variation of TN, TP, BODs, and DO in Hongjiannao Lake from 2013 to 2020.

The analytical results of the Daniel trend test and the Mann—-Kendall trend test were
shown in Table 4 in terms of 10 indexes of water quality, and the variation of those indexes
had a similar tendency. From 2013 to 2020, the content of TN and COD kept increasing,
whereas the other indexes continued to decrease to different extents, especially for the
ammonia nitrogen and anionic surfactant. The pollution of water quality in Hongjiannao
increased first, and then decreased with the years (Figure 2).

Table 4. The results of Daniel test and Mann-Kendall test.

2020

r 9.0

F 85

F 8.0

DO, mg/L

F 65

F 6.0

35

DO
/mg-L-1

CODwin
/mg-L-1

BOD;s
/mg-L-1

NH;3-N
/mg-L-1

TN
/mg-L-1

TP
/mg-L-1

Volatile
Phenol
/mg-L-1

COD¢,
/mg-L1

Petroleum
Ether/mg-L—1

Anionic
Surfactant/mg-L-1

Value of Daniel test
Value of Mann-Kendall test
Changeable tendency

—0.167
—-0.371
Down

—0.667
—1.608
Down

—0.595
—1.361
Down

—0.809 **
—2.103*
Down

0.048
0.000
Up

—0.095
—0.619
Down

—0.643 *
—1.361
Down

0.214
0.124
Up

—0.155
—0.742
Down

—1.107 **
—2.969 **
Down

Note: * means the correlation value was higher than 0.05; ** means the correlation value was higher than 0.01.
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The CWQI| 4, value of Hongjiannao can be obtained via Formula (1) (Figure 3). From
2013 to 2020, the water quality showed an increasing trend first, and then decreased. Com-
bined with Figure 2, the contents of total nitrogen and total phosphorus in 2015~2016
were 3.4~6.9 times of the Class III standard limit in the “Surface Water Environmental
Quality Standard” (GB3838-2002) [31], which is also the main reason for the high CWQI
level. Shenmu County began to comprehensively implement the river chief system (http:
/ /www.sxsm.gov.cn/zwgk /jexxgk / zfwj/szbf /12370.htm, accessed on 12 February 2022) after
2016, the local government closed and integrated small coal mines with less than 450,000 tons
in the Hongjiannao Valley, which effectively improved the water quality. In 2020, the con-
tent of total nitrogen and total phosphorus was 1.1-1.8 times of the Class III standard limit,
indicating the water environment quality was significantly improved.

26

22 22.09
20.75 o— CWQI
18
16.46

| 12.22 12.31

14.15
10 11.53 11.57
6

2013 2014 2015 2016 2017 2018 2019 2020

Year

Figure 3. The variation of CWQI index in Hongjiannao Lake from 2013 to 2020.

3.2. Coupling Coordination Analysis
3.2.1. Comprehensive Index Analysis

Figure 4 presents the dynamic change of the water quality and economic development
in terms of f(x), g(x), and the level of coupling coordination. In detail, the water environment
index showed a downward trend from 2013 to 2014; it increased rapidly to a stable level
from 2014 to 2016; then, the water quality declined sharply from 2016 to 2019; and finally,
it began to grow again in 2020. The changeable tendency of f(x) was consistent with the
water quality over years. The economical level, scale, and structure kept rapidly increasing
before 2015, and then they were on a downward trajectory due to the decline of the coal
economy. Thus, the value of g(x) rose steadily with the years. Moreover the level of f(x)
was lower than that of the g(x) during the early stage, and then gradually exceeded that
of the g(x) during the later stage, which indicated that the economic development led to a
significant impact on the water quality in Hongjiannao basin.

0.70 250 —o0— f(x), Water environment index

—a— g(%), Economic development index
065

0.60
150

055

1.00
0.50

Coupling coordination, D
0.45

0.40 0.00
2013 2014 2015 2016 2017 2018 2019 2020 2013 2014 2015 2016 2017 2018 2019 2020

year year

Figure 4. Tha variation of coupling coordination, g(x), and f(x) in Hongjiannao basin from 2013
to 2020.
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3.2.2. Change in Coupling Coordination Degree and Classification of Coupling
Coordination Types

The coupling coordination index got a yielding point from 2016 to 2019 (Figure 4).
Before the yielding point, the g,y and f(,) behaved in a synchronous increasing trend from
2013 to 2016; thus, the degree of coupling coordination continued to increase during this
period. After the yielding point, the level of g(x) kept declining from 2016 to 2019, while the
content of f(x) continued to increase; therefore, the degree of coupling coordination began
to decline. However, the level of coupling coordination has increased again since 2019.

As presented in Table 5, the degree of coupling coordination between the water quality
and economic development showed an increasing trend with time. In 2013, the type of
coupling coordination was at a transition period with the degree of coupling coordination
at 0.473, which was ascribed to the lagging of the economic development. The average of
coupling coordination was at 0.632 from 2014 to 2016, which was in the primary coordina-
tion stage. Being affected by the domestic economic downturn and falling coal prices, the
economic development index declined with the enhancement in the water quality. From
2016 to 2019, with the acceleration of industrialization and urbanization, the socio-economic
development level of the basin has been growing continuously. During this period, the
discharge of industrial sewage and domestic sewage increased, the water environment
was seriously polluted, and the water quality began to decline. In 2019, the water environ-
mental quality index lagged behind, which began to restrict the coordinated and stable
development of those two subsystems. The coupling coordination type decreased from
the coordination period to the transition period, and the coupling coordination degree de-
creased from 0.671 to 0.591. From 2019 to 2020, the water environment index and economic
development index began to increase synchronously, the coupling coordination degree
increased to 0.624, and the coordination type entered the coordination period again.

Table 5. The types of coupling coordination between water environment and economy in Hongjian-

nao basin.
Year Coupling Coordination Types
2013 0.473 Transformation period Nearly un-coordination—lagging economic development
2014 0.603 Coordination period Primary coordination—lagging economic development
2015 0.623 Coordination period Primary coordination—lagging economic development
2016 0.671 Coordination period Primary coordination—lagging economic development
2017 0.575 Transformation period Barely coordination—lagging economic development
2018 0.623 Coordination period Primary coupling
2019 0.591 Transformation period Barely coordination—lagging water environment
2020 0.624 Coordination period Primary coupling—lagging water environment

4. Discussion
4.1. Analysis of Seasonal Variation of Water Quality in Hongjiannao Lake

According to the data of water quality with seasons in Hongjiannao from 2013 to
2020, the water quality of Hongjiannao Lake in the summer was the worst, which behaved
significantly different with that in the spring; the content of TN, TP, and COD was signif-
icantly higher than the discharge standard. The reasons for the degraded water quality
in the summer are as follows: (1) The Zhasak River and Manggaitu River are the main
water replenishments for the Hongjiannao Lake, which accounts for more than 50% of
the total water resources. The pollutants contained in the Zhasak River and Manggaitu
River were seriously brought into Hongjiannao Lake in the summer; (2) the pesticides
and fertilizers are widely used in the upstream and surrounding crops in the summer,
especially for nitrogen fertilizer, those pollutants will enter the Hongjiannao Lake via the
surface runoff. (3) Especially in recent years, the phenomenon of extreme high temperature
in the summer occurs frequently, and microorganisms and organic matter proliferate in the
lake, causing serious pollution to the water body. (4) With the economic development of
Shenmu City, the urbanization construction did not keep the synchronous development
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with the environmental protection governance. The previous investigation also confirmed
this phenomenon [30].

4.2. Interannual Variation Analysis of Hongjiannao Water Quality

In recent years, the area of Hongjiannao Lake continued to shrink. The pH of lake kept
increasing, and even reached 9.5. The content of TN, TP, and other indexes were below
the IV standard. The high level of pollution in Hongjiannao from 2013 to 2015 was mainly
attributed to the discharge of chemical substances from the coal factory [18]. And then, the
water quality of Hongjiannao continued to increase from 2016 to 2020. During this period,
the improvement of water quality is closely related with the government regulation, which
was confirmed by the previous study [11].

4.3. Coupling Coordination Analysis of Hongjiannao Water Environment and Socio-
Economic Development

The degree of coupling coordination between water quality and economic devel-
opment increased from 0.473 to 0.624 (from 2013 to 2020), indicating that the coupling
coordination state changed from the nearly un-coordination state of the transition period
to the primary coordination state of the coordination period. The coordinated develop-
ment pattern between f(,) and gy is becoming more and more perfect. According to the
development process of coupling coordination, Hongjiannao Lake has experienced three
main steps: the lagging economic development, the primary coordination, and the lagging
water environment.

In the early stage (2013-2016), f(x) and g(x) increased synchronously, while the cou-
pling coordination degree increased from 0.473 to 0.671. At this stage, being affected by
the international coal import and coal price decline, Shenmu County’s exhibition economy
developed slowly, while the water quality increased. However, due to the low sewage treat-
ment rate of urban sewage treatment plants, the contents of total nitrogen, total phosphorus,
and CWQI| 4 in Hongjiannao Lake became higher.

In the interim phase (2017-2018), the economy of Shenmu County developed rapidly,
the water quality declined to some extent, CWQI] 4, increased slightly, and the coupling
coordination degree increased from 0.575 to 0.623. It is worth noting that the lagging state
of economic development in this stage has changed (compared with the previous stage). In
2018, f(y) and g, basically reached the same level, meaning those two subsystems tended
to be balanced. This is mainly related to the optimization of industrial structure and the
improvement of sewage treatment rate in Shenmu County. The proportion of the secondary
industry in Shenmu County increased from 67% to 71%, and the industrialization level
changed from the intermediate stage to the advanced stage [18,36]. In addition, according
to the Chinese government’s implementation of the river chief system (http://www.gov.
cn/xinwen/2016--12/11/content_5146628.htm, accessed on 12 February 2022), Shenmu
County raised the sewage discharge standard for coal mines, increased the recycling
and utilization of mine drainage water, and reduced the discharge of highly mineralized
industrial wastewater. The sewage treatment rate has increased from 82.9% to 88.7% (from
2015 to 2018).

During 2019-2020, the economic development of Shenmu County slowed down, and
the water quality improved again, CWQI} 5, decreased, and the coupling coordination
degree increased from 0.591 to 0.624. The industrial structure and sewage treatment rate of
the basin were further improved, the high-end coal chemical industry replaced the original
high-polluting enterprises, and the proportion of the secondary industry and sewage treat-
ment rate has been increased to 77% and 93.4%, respectively. The economic development
with low emission and high efficiency gradually has been achieved preliminarily. However,
there are still some problems restricting economic development, such as water shortage [37],
the low level of coupling coordination degree, and the gap between the normal situation
and the advanced coordination state. Therefore, with the rapid economic development,
we need to strengthen the control of water environmental pollution and promote the co-
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ordinated and sustainable development of the water environment and economy in the
river basin.

5. Conclusions

This paper analyzes the changeable trend of water quality in Hongjiannao basin and
investigates the coupling and coordination development status between water quality and
economic development, which provides a theoretical basis for the coordinated development
of water pollution treatment and economy. The main conclusions were shown as follows:

(1) The water quality of Hongjiannao in the summer was worse than that in the spring
and autumn. And, the water quality of Hongjiannao behaved with an increasing
tendency from 2013 to 2020.

(2) The degree of coupling coordination in Hongjiannao Lake was at the middle level,
and its level increased first, and then decreased, and finally raised again. From 2013 to
2020, the development of coupling coordination in Hongjiannao basin expired three
steps: the lagging economic development, the primary coordination, and the lagging
water environment.

(3) It can be seen that under the influence of urbanization, industrialization, and extreme
hot weather, lake water levels have fallen, pollution is serious, and water resources are
stressed. Therefore, governments at all levels should increase investment and manage-
ment of pollution control, reduce the discharge of untreated sewage into water bodies,
and adopt membrane treatment and other technologies to improve the efficiency of
recycled water recovery and realize the resource utilization of sewage, especially in
China and other developing countries in the world. Economic development promotes
the improvement of water quality, and a good water environment also provides a
guarantee for sustainable economic development.
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Abstract: Sewage treatment carbon emissions are one of the notable sources of total carbon emission
in industrial parks. In order to explore the evolutionary characteristics of sewage treatment carbon
emission in industrial parks and its coupling relationship with industrial economic development,
based on the quarterly sewage quality monitoring data and regional economic development data of
an energy and chemical industry park in Northern Shaanxi from 2016 to 2020, this paper analyzes
the evolutionary characteristics of sewage treatment carbon emissions and the coupling relationship
between economic development in the industrial parks by using the Intergovernmental Panel on
Climate Change carbon emission accounting method and the coupling coordination degree model.
The results show that the total carbon emission of sewage treatment in the industrial parks is
increasing year by year, and the indirect carbon emissions occupy the dominant position. In 2020, the
direct and indirect carbon emissions in the sewage treatment process accounted for 2.4% and 97.6% of
the total carbon emission, respectively. It was found that the coupling and coordination relationship
between sewage treatment carbon emissions and the economy has experienced the transformation
process of serious imbalance—lagging economic development, lagging carbon emission and lagging
economic development. In the past five years, the coordinated development degree of the two
systems has increased year by year, and the benign mutual feedback mechanism between the two
systems has gradually formed. However, regional economic development has lagged due to the
impact of the COVID-19 epidemic, so speeding up regional economic development while protecting
the environment is recommended.

Keywords: industrial park; carbon emission; economy; coupling

1. Introduction

A large amount of human excreta and pollutants generated by the industrial sector are
collectively sent to wastewater treatment plants for processing [1]. The resulting greenhouse
gas emissions, including carbon dioxide, during the wastewater treatment process, account
for approximately 2-5% of the total carbon emissions in society [2]. This has garnered
significant attention from scholars both domestically and internationally [3-8]. Not only is
China one of the largest greenhouse gas emitting countries globally, but it is also one of
the fastest-growing economies [9,10]. China has over 2500 industrial parks at or above the
provincial level, with the economic output of these industrial zones accounting for over
50% of the national total [11]. In 2020, China made a commitment to the world to achieve
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carbon peak before 2030, which puts additional pressure on the industrial economy to
reduce carbon emissions during its rapid development [12]. Therefore, effectively balancing
the economic development of industrial parks with green and low-carbon growth is one of
the pressing issues that China urgently needs to address [13].

Wastewater treatment is an important aspect in preventing water pollution caused by
industrial production, and scholars both domestically and internationally have conducted
in-depth research on carbon emissions in the wastewater treatment process. Ma Xin (2011)
compared and analyzed the carbon emissions of different treatment processes and scales
in municipal wastewater plants using the calculation methods provided in the Intergov-
ernmental Panel on Climate Change guidelines [14]. Yan Xu et al. (2018) analyzed the
spatiotemporal distribution characteristics of greenhouse gases in urban wastewater plants
in China [15]. In addition, Yu Jiao et al. (2020) conducted a study on carbon emissions from
the wastewater treatment system in Zhengzhou city from the perspective of “water-energy-
carbon” correlation [16]. Tian Peipei (2021) explored the coupled relationship between
“water-energy-carbon” in China using a multi-regional input-output model (MRIO) [10].
Liu Yi (2019) discussed the coordinated development relationship between water environ-
ment quality and socio-economic factors in the Nansihu Basin in Shandong Province using
the Environmental Kuznets Curve (EKC) model [17]. It can be observed that most scholars
have conducted research on the carbon emissions in wastewater treatment processes, and
some have analyzed the coordination between socio-economic development and water
environment quality, while few have studied the coupled relationship between carbon
emissions from wastewater treatment and regional economic development.

The Northwestern inland region possesses abundant coal resources, and while de-
veloping the coal chemical industry, the carbon emissions generated from wastewater
treatment processes are also continuously increasing. With the implementation of the
national dual-carbon policy, there exists a mutually dependent and restrictive relationship
between regional carbon emissions and economic development. To accurately assess the
level of coordination between regional carbon emissions and economic development and
promote the coordinated development of water pollution control and the economy, this
paper focuses on a key energy and chemical industrial park in the northern part of Shaanxi
Province. Based on quarterly sewage water quality monitoring data and annual economic
development statistics from 2016 to 2020, the paper uses the Intergovernmental Panel on
Climate Change carbon emission calculation method [18] to analyze the dynamic evolu-
tionary characteristics of carbon emissions from industrial wastewater treatment in the
industrial park. By adopting the composite index method, the paper constructs the sewage
treatment carbon emission index and economic development index, and for the first time
proposes an economic development index for unit carbon emissions from wastewater treat-
ment. Finally, this paper utilizes a coupling coordination degree model [19] to analyze and
establish the coupling coordination relationship between carbon emissions from industrial
wastewater treatment and regional economic development in the industrial park, aiming
to evaluate the coordination between carbon emissions and economic development in the
industrial park and provide reference for its low-carbon sustainable development.

2. Overview of the Study Area

The Shaanxi Northern Energy and Chemical Industrial Park is situated in the tran-
sitional area between the Loess Plateau and Inner Mongolia Plateau, at the intersection
of the Mu Us Desert and the Ordos Basin. It experiences a continental monsoon climate
characterized by significant temperature variations. The industrial zone boasts abun-
dant coal resources, with a coal reserve of approximately 34 billion tons. The area has
established a 1.15 million tons/year indirect coal liquefaction project, a 600,000 tons/year
coal-to-olefins project, a 1.8 million tons/year coal-to-methanol project and a 10 million
tons/year coal-to-electricity project, making it a pivotal national energy and chemical base.
The industrial park is equipped with one wastewater treatment plant, with a processing
capacity of 30,000 tons/day. The treatment process employs a “pre-treatment + mem-
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brane concentration + evaporation crystallization” technique, with all treated reclaimed
water being reused, and the resulting salt mud being transported to a landfill. Figure 1
illustrates the process flow of the wastewater treatment plant in the park and the carbon
emission diagram.

'
Inlet ! s I I Membrane Evaporative . Miscellaneous
T ————| i
" S | system crystallization ' salt
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Electric energy '
input '
'
'

' Indirect carbon emissions

Figure 1. Schematic diagram of process flow and carbon emissions of the sewage treatment plant.

3. Research Method
3.1. Data Description

The temporal evolution of carbon emissions from wastewater treatment in the in-
dustrial park spans the years 2016 to 2020. The carbon emission indicators encompass
class 3 direct carbon equivalent emissions, namely CO,, CHy and N,O. Additionally,
class 4 indirect carbon emissions indicators are considered, including electricity consump-
tion, lime usage, hydrochloric acid usage, PAM (polyacrylamide) usage and disinfectant
usage (Hangzhou Shangtuo Environmental Technology Co., Ltd, Hangzhou, China). The
carbon emission data used in this study are derived from the production statistics of the
wastewater treatment plant for the years from 2016 to 2020. Economic development data
are sourced from the statistical records of the park’s administrative committee for the same
time frame (2016-2020). The carbon emission and the economic development data are
shown in Tables 1 and 2:

Table 1. Basic data of carbon emission from sewage treatment in the industrial zone.

— . TN HCO3- . 4
Year Quarter BOD Emission Reduction/kg Emission/kg Emission/kg Power Consumption x 10* kw/h
1 0.76 0.72 532.78 337.11
2016 2 0.86 0.95 459.79 324.11
3 0.82 1.20 308.37 327.50
4 0.83 1.03 413.55 353.12
1 1.15 1.66 517.67 389.63
2017 2 0.88 2.73 506.06 394.19
3 1.04 2.40 704.65 403.54
4 1.16 2.74 658.44 469.37
1 0.86 3.77 711.37 438.67
2018 2 1.00 2.81 617.29 478.96
3 0.92 1.11 635.31 511.97
4 117 1.61 646.66 647.91
1 0.85 1.77 610.62 543.54
2019 2 0.82 2.16 501.69 473.80
3 0.81 1.40 652.22 498.77
4 0.97 1.74 571.86 602.52
1 0.93 3.61 532.84 568.74
2020 2 0.89 1.56 502.24 558.96
3 0.89 2.22 619.04 517.50
4 0.78 111 458.58 596.74
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Table 2. Statistics of economic development in the industrial zones (unit: 100 million yuan).

Year Opt?';i:ng Regional Production Total Industrial Total Fiscal Local Finance Fixed Assets

Total Value Output Value Revenue Income Investment
Income

2016 630 290 280 19.0 3.5 26

2017 730 340 430 27.0 4.0 50

2018 650 260 340 36.0 5.9 75

2019 760 314 370 49.2 14.3 160

2020 870 357 446 39.1 7.3 175

3.2. Accounting of Carbon Emission from Sewage Treatment
3.2.1. Calculation of Direct Carbon Emissions

Direct carbon emissions in the wastewater treatment process refer to the direct release
of CO,, CH4 and N,O into the atmosphere during the water treatment processes [20].
These emissions are primarily determined by multiplying the reduction in pollutants
such as BOD, COD, total nitrogen and alkalinity between the influent and effluent of the
wastewater treatment plant by their respective emission factors. The calculation formula is
as follows [21]:

Tpirect = Q(BOD,y — BOD)EcH,.Bop X BcH,

+Q(TNex — TN)En,0.7n % Bn,0 + Q(JDex — JD)Eco,.1p M

where, Tpiyec+ Tepresents the direct carbon emission, with the unit as kgCO»e; Q represents
the sewage treatment water volume, with the unit t; BOD,y, |D,,, JD,, and BOD, TN, JD
represent the influent and effluent BOD, COD and the concentration of TN, respectively,
with the unit kg/t; Ecy,.pop, En,0.TN, Eco,.Tn represent CHy and N>O emission factors
(0.086, 0.035 and 0.721, respectively) for COD, BOD, TN and H CO3—, emissions [18] and
conversion factors for CH, and N>O emissions converted to carbon equivalent emissions,
at 25 and 298, respectively [18].

3.2.2. Calculation of Indirect Carbon Emissions

Indirect carbon emissions are generated by electricity and reagents consumption
during sewage treatment, which includes biochemical process aeration, water pump lift-
ing, sludge pressure filtration, air compressor, heat pump, electrical equipment and the
consumption of all kinds of reagents. The calculation formula is as follows [21]:

n
Tingirect = Mco,-e X EFcoy.e + Y Mco,.vi X EFco,.vi ()
i-1

In the formula, T7,,4ic+ Tepresents the emission of CO; in indirect carbon emissions,
measured in the unit of KgCOe; Mco,.r represents the electric energy consumption of the
sewage treatment plant, and its unit is KW /h; EFco,.r represents the CO, emission factor
of electric energy consumption (0.997), measured in Kg (CO,)/KW /h; EFc0,.y; represents
the CO; emission factor consumed by class i chemicals (1.74 for lime, 25 for PAM, 1.4 for
bactericide, and 1.6 for hydrochloric acid); and Mo, .y; represents the consumption of class
i agents (Kg) [18].

3.3. Coupling Model
3.3.1. Construction of Index System

In order to accurately assess the coupled and coordinated relationship between carbon
emissions from wastewater treatment and economic development in the industrial park, a
comprehensive evaluation framework is constructed, guided by principles of scientific rigor,
systematicity, representativeness and hierarchy, building upon relevant studies [22,23]. The
carbon emission assessment system integrates seven indicators encompassing both direct
and indirect carbon emissions from the wastewater treatment plant in the industrial park.
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These indicators include the direct emissions of CO,, CH, and N,O from various stages of
the wastewater treatment process, as well as carbon emissions resulting from energy and
chemical consumption such as electricity, lime, hydrochloric acid, PAM and disinfectants.
This framework effectively captures the carbon emission profile of the industrial park’s
wastewater treatment activities.

Regarding economic development, the evaluation framework primarily incorporates
six indicators sourced from the industrial park’s statistical bureau. These indicators encom-
pass operational revenue, regional gross domestic product (GDP), total industrial output
value, overall fiscal revenue, local fiscal revenue and fixed asset investment. Together,
these indicators reflect the changes in both the scale and efficiency of the industrial park’s
economic development, as depicted in Table 3.

Table 3. Evaluation index system of carbon emission from sewage treatment and economic development.

. Weight of Coefficient

System Layer Subsystem Layer Indicator Layer of Variation
Xj Operating income /100 million yuan 0.1319
Economies of scale X3 Gross regional product/100 million yuan 0.1241
Socio-economic X3 Gross industrial output value/100 million yuan 0.1814
development X4 Total fiscal revenue /100 million yuan 0.3396
Economic benefits X5 Local fiscal revenue /100 million yuan 0.6224
X, Fixed assets investment/100 million yuan 0.6844
Y7 CO; emission/t 0.1520
Direct carbon emissions Y, CHy4 carbon emission equivalent/t 0.1414
L Y3 N,O carbon emission equivalent/t 0.3018

Carbon emission

from sewage Y, Carbon emission of electric energy consumption/t 0.1993
treatment Y5 Carbon emission of hydrochloric acid consumption/t 0.1862
Indirect carbon emissions Y Lime consumption and carbon emission/t 0.2844
Y7 Carbon emission of PAM consumption/t 0.1066
Yg Carbon emission of fungicide consumption/t 0.3578

3.3.2. Sewage Treatment Carbon Emission and Economic Development Index

Before conducting the calculation of a comprehensive index, it is necessary to eliminate the
influence of different data dimensions by applying a range standardization to the base data.
The calculation formula for standardizing positive indicators is as follows:

Ti]' = (xijfmin{xj})/(max{xj} fmin{xj}) (3)
The calculation formula for standardizing negative indicators is as follows:
rij = (max{x;j} — x;j)/ (max{x;} — min{x;}) “)

The carbon emission of sewage treatment and the economic development system
of the industrial zone are both complex systems composed of multiple factors. In this
paper, the variation coefficient method [21] is used to objectively reflect the relative impor-
tance of each index. The carbon emission index f(x) and the economic development in-
dex g(x) are obtained by multiplying the standardized value and weighted summation.
x; (i =1, 2, 3..m) represents the standardized carbon emission index, Xj G=123..n)
represents the standardized economic development index, w; and w; are the corresponding
weights of x; and x;, respectively. f(x) and g(x) are obtained by the following formulas:

flx) = f;wixi g(x) = iwjxj )
i= j=

3.3.3. Economic Development Index of Unit Sewage Treatment Carbon Emission

To further elucidate the relationship between carbon emissions from wastewater
treatment and the economic development index, this paper calculates the Economic Devel-
opment Index per unit of sewage treatment carbon emission (CE) by computing the ratio
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between the two indices. The CE is obtained by dividing the Economic Development Index
by the Sewage Treatment Carbon Emission Index.

8(x)
CE &) (6)
The level of CE > 1 indicates a higher level of regional economic development and
green low-carbon development. When CE = 1, it signifies a balance between regional
economic development and carbon emissions from wastewater treatment. On the other
hand, when CE < 1, it suggests a lower level of regional economic development and green
low-carbon development.

3.3.4. Coupling Coordinated Degree

Coupling degree is a physical concept that refers to the phenomenon of mutual
influence caused by multiple interactions between two or more systems. Due to the
existence of similarities in the coupling relationships between systems, this paper applies
the concept of coupling degree to the study of the interaction between carbon emissions
from wastewater treatment and economic development in industrial areas, aiming to
provide references for improving the status of carbon emissions in industrial areas and
achieving sustainable economic development. The formula for calculating the coupling

d is:
egree is ”»

€ = {(F@)g())/ (f(x) +g(x) @)

Because the coupling degree reflects the strength of interaction between the two
parties [23], in order to further characterize the level of coordinated development between
carbon emissions from wastewater treatment and economic development, a coupling
coordination degree model is introduced:

T = af(x) + pg(x) ®)
D[f(x),g(x)] = VCT ©)

In this formula, f(x) is the carbon emission index, g(x) is the economic development
index, and C, T and D represent the coupling degree, comprehensive harmony index and
coupling coordination degree of carbon emission and economic development, respectively;
« and B represent the contribution share of carbon emission and economic development,
respectively [24]. Because the two systems of carbon emission and economic development
are in the same position in this study, & = § = 0.5 is determined here. See Table 4 for the
classification of coupling coordination types of carbon emission and economic development
in industrial zones.

Table 4. Classification of coupling coordination types of carbon emission from sewage treatment and
economic development.

Type Subtype Subtype Status
-~ High-level coordination-lagging
High-level 08<D<1 flx) —glx) > 01 economic development
coordination : = g(x)— f(x) >01 Advanced Harmonization—Carbon Lagging
0< If(x)—g(x)l <0.1 High-level coordination
-~ Intermediate coordination-lagging
Coordination 06<D<1 Intermediate 0.7 <D<0.8 fx) = g(x) > 01 economic development
period . = coordination ’ = g(x) — f(x) > 01 Intermediate coordination—Carbon Lagging
0< If(x)—g(x)I <0.1 Intermediate coordination
-~ Primary coordination-lagging
Primary 0.6 <D<0.7 fx) —glx) > 0.1 economic development
coordination : = g(x) — f(x) > 01 Primary Coordination—Carbon Lagging
0< If(x)—g(x)l <0.1 Primary coordination

51



Water 2023, 15, 3358

Table 4. Cont.

Type Subtype Subtype Status
Reluctant coordination-economic
Barely 05<D < 0.6 flx) —glx) > 01 development lags behind
coordinated ’ - g(x) — f(x) >0.1 Barely Coordinated—Carbon Lagging
Transition 04<D <06 0< If(x)—g(x)l <0.1 Barely coordinated
period ' - F(x) —g(x) > 0.1 On the verge of imbalance-lagging economic
On the verge of 0.4 <D<05 -8 ' development
imbalance ’ = g(x) — f(x) > 01 On the Verge of imbalance- Carbon Lagging
0< If(x)—g(x) 1 <01 On the verge of imbalance
Mild f(x) —g(x) >01 Mild imbalance-lagging economic development
v 03<D<04 g(x) — f(x) > 01 Mild imbalance—Carbon Lagging
imbalance 0< If(x)—g(x)l <0.1 Mild imbalance
_ Moderate imbalance-lagging
Uncoordinated 0<D < 04 Moderate 02 <D<03 flx) = 8(x) > 01 economic development
period = imbalance ’ = g(x)— f(x) > 01 Moderate imbalance—Carbon Lagging
0< If(x)—g(x)l <0.1 Moderate imbalance
S f(x)—g(x)>01 Serious imbalance-economic development lags
| Severe 0<D <02 g(x) — f(x) >01 Serious imbalance—carbon emissions lag
imbalance 0< If(x)—g(x)l <0.1 Severe imbalance

4. Results and Analysis
4.1. Carbon Emission Analysis
4.1.1. Analysis of Direct Carbon Emission Indicators

Based on the monthly average BOD, TN and HCO®~ data of influent and effluent of
the wastewater treatment plant in the park from 2016 to 2020 and the statistical data of
annual pollutant reduction, the accounting results of direct carbon emission indicators from
2016 to 2020 can be obtained through the calculation of Formula (1), as shown in Figure 2.
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Figure 2. Annual change trend of direct carbon emission index in 2016-2020.

From the perspective of changes in key indicators such as CO,, CHy and N,O emis-
sions at various stages of wastewater treatment, the primary contributor to direct carbon
emissions is the CO, emission produced by the reaction between HCO?~ in wastewater
and acid-neutralization. Following this, the carbon emission equivalent of N,O plays a
secondary role, while the carbon emission equivalent of CHy is minimal. In terms of annual
variations, the carbon emission equivalents of CO,, CH4 and N;O all exhibit an initial
increase followed by a subsequent decrease trend. Among these, the peak emission of
CO; occurred in 2018, reaching approximately 1883.04 metric tons. On the other hand, the
peak emission of CH4 and N,O carbon equivalents both occurred in 2017, with values of
99.32 metric tons and 11.92 metric tons, respectively.

52



Water 2023, 15, 3358

4.1.2. Coupling Coordinated Degree

Figure 3 illustrates the structural composition of carbon emissions from indirect
sources, including electricity consumption and chemical reagent usage. It is evident from
the graph that the primary contributor to indirect carbon emissions is the carbon emissions
resulting from lime consumption, followed by electricity usage and hydrochloric acid
consumption.
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Figure 3. Annual change trend of indirect carbon emission index in 2016-2020.

Examining the annual variations in the indicators of indirect carbon emissions, a no-
ticeable upward trend is observed in lime consumption, electricity usage, and disinfectant
consumption. In contrast, the growth trends for PAM (polyacrylamide) and hydrochloric acid
are relatively gradual. In the year 2020, carbon emissions from lime consumption, electric-
ity usage and disinfectant consumption reached their peak values at 30,221.24 metric tons,
21,201.97 metric tons and 254.7 metric tons, respectively. These figures represent an increase
of 80.32%, 67.08% and 135.11%, respectively, compared to the values in 2016. Notably, the
most significant growth rate was observed in disinfectant consumption, followed by lime
consumption. Furthermore, starting from 2018, the growth rate of carbon emissions gener-
ated by electricity consumption began to slow down, while the disparity between carbon
emissions from lime and hydrochloric acid consumption became increasingly pronounced.

By considering both Figures 2 and 3, it can be deduced that the carbon emissions
resulting from lime consumption exhibit an inverse relationship with CO, emissions. In
other words, as the alkalinity represented by HCO®~ emissions from industrial enterprises
within the park decreases, leading to reduced CO, emissions, the quantity of lime added
to the wastewater treatment plant increases, consequently contributing to higher levels of
indirect carbon emissions.

4.1.3. Analysis of Carbon Emission Results

The annual variations in direct carbon emissions and indirect carbon emissions from
wastewater treatment are depicted in Figure 4. The contrasting yearly trends between direct
and indirect carbon emissions are primarily influenced by fluctuations in the wastewater
quality and quantity discharged by the industrial enterprises within the park. Direct carbon
emissions exhibit a pattern of initial increase followed by a decrease, while indirect carbon
emissions display a consistent upward trend. In the year 2020, the peak value of indirect
carbon emissions was reached at 65,713.64 metric tons, approximately 1.7 times higher than
the carbon emissions in 2016. The most substantial increase occurred between 2019 and
2020, primarily attributed to a significant rise in lime consumption.

From a general perspective, carbon emissions from industrial wastewater treatment
have been steadily increasing year by year. Indirect emissions contribute significantly to
overall carbon emissions, accounting for 97.6% of the total carbon emissions in 2020, while
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direct carbon emissions constitute only 2.4%. Considering Figure 3, it is evident that in 2020,
the largest share of indirect carbon emissions is attributed to lime consumption, accounting
for 46.0%, followed by electricity consumption (32.3%) and disinfectant usage contributing
the smallest share at only 3.9%.
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Figure 4. Annual change in direct and indirect carbon emissions from 2016 to 2020.

4.2. Coupling Coordination Analysis
4.2.1. System Index Analysis

The carbon emission index of industrial area water treatment, the economic develop-
ment index and the economic development index per unit of carbon emission from water
treatment can be calculated by Formulas (5) and (6), as shown in Figure 5. From 2016 to 2018,
the Carbon Emission Index demonstrates a continuous upward trend. In the years 2019 to
2020, the index first experiences a decline followed by an increase, aligning closely with the
annual variations observed in the major carbon emission indicators. This pattern reflects
the comprehensive status of carbon emissions from industrial wastewater treatment.
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Figure 5. Annual changes of sewage treatment carbon emission index, economic development index,
economic development index of carbon emission per unit of sewage treatment.

Within the economic development system, both economic efficiency and economic
scale show rapid growth from 2016 to 2019. Notably, the growth rate in 2018 is relatively
modest due to the impact of declining resource-based industries, such as coal. Additionally,
the Economic Development Index experiences a decrease in 2020 compared to 2019, likely
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influenced by the disruption caused by the COVID-19 pandemic on the Chinese economy:.
This signifies a trend of an initially rising and then falling Economic Development Index.

Examining the Economic Development Index per unit of wastewater treatment carbon
emissions, this index displays a trend of initial decline, followed by an increase, and then
another decline. The lowest value for this index is observed in 2018 (0.49), while the highest
value is recorded in 2019 (1.57).

Overall, both industrial wastewater treatment carbon emissions and the economic
development index exhibit a consistent upward trend. In the early stages, the economic
development index was lower than the carbon emission index. However, following a
recovery in the coal industry in 2019, the economic development index surpassed the
wastewater treatment carbon emission index. In 2020, the economic development index
once again fell below the carbon emission index. This pattern indicates that the economic
development of the industrial area has exerted a certain influence on wastewater treatment
carbon emissions. It highlights the role of economic growth in promoting green and
low-carbon development within the park, while favorable low-carbon and environmental
conditions have also provided a foundation for the sustainable development of the regional
industrial economy.

4.2.2. Change in Coupling Coordination Degree and Classification of Coupling
Coordination Type

The coupling coordination degree between the sewage treatment carbon emission and the
economic development system in the industrial area can be calculated by Formulas (8) and (9),
as shown in Figure 6. The coupling coordination degree between the two systems shows
an upward trend year by year. In 2016-2017, the carbon emission index and economic
development index of sewage treatment in industrial zones showed a rapid growth trend,
so the coupling coordination degree of the two systems increased the most; In 2017-2018,
with the slowdown of the growth rate of carbon emissions and economic development
index, the growth rate of the coupling coordination degree of the two also began to decrease;
in 2018-2020, the economic development index first increased and then decreased, while
the carbon emissions index first decreased and then increased, and the asynchrony between
the two changes led to a further slowdown of the coupling coordination degree.
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Figure 6. Coupled co scheduling of sewage treatment carbon emission and economic development.

According to Table 5, it is evident that in 2016, the coupling and coordination type
between industrial wastewater treatment carbon emissions and economic development
in the region was in a transitional phase, with a coupling coordination degree of 0.173,
indicating a state of severe imbalance. From 2017 to 2018, the average coupling coordination
degree for carbon emissions and economic development was 0.693, indicating a stage
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of primary and intermediate coordination within the coordination period. Economic
development lagged behind carbon emission capacity during this time. In the years 2019 to
2020, the coupling and coordination type reached the advanced coordination stage within
the coordination period, transitioning from a state of carbon emission lag to economic
development lag.

Table 5. Types of coupling coordination degree between sewage treatment carbon emission and economic.

Year Degree of Coordination Type

2016 0.173 Type incompatibility period Severe imbalance

2017 0.657 Coordination period Primary coordination-lagging economic development
2018 0.728 Coordination period Primary coordination-lagging economic development
2019 0.920 Coordination period Advanced coordination—Carbon Lagging

2020 0.976 Coordination period High-level coordination—economic development lags

Overall, with the continuous changes in industrial wastewater treatment carbon
emissions and regional economic development, the two systems remain in a dynamically
coupled state. In 2016, the industrial area’s economic development was just beginning,
with enterprises starting production adjustments. Wastewater treatment carbon emissions
were low, resulting in a lack of coordination between industrial carbon emissions and the
economic system. From 2017 to 2018, although industrial carbon emissions were relatively
low, the economic development level within the industrial area was even lower, leading
to economic development lag. In 2019, industrial carbon emissions slowed down, with a
decrease in the carbon emission index. However, the economic development index surged
significantly due to the recovery of the coal economy, resulting in carbon emissions lagging
economic development changes. In 2020, the impact of the COVID-19 pandemic led to
a decline in industrial economic indicators. Paradoxically, carbon emission indicators
began to rise noticeably, causing economic development to lag carbon emissions during
this period.

5. Discussion
5.1. The Dynamic Evolutionary Characteristics of Industrial Wastewater Treatment
Carbon Emissions

Combining Figures 2 and 4, it can be observed that the annual variations in direct car-
bon emissions from industrial wastewater treatment align with the trends in CO, emissions
from the wastewater plant. In 2018, CO, emissions reached their peak (1883.04 metric tons),
accounting for approximately 94.6% of the total direct carbon emissions that year. In con-
trast, the carbon emission equivalents of CHy and N,O constituted only 5.4%. This pattern
contrasts with the high proportion of organic carbon emissions in urban domestic wastew-
ater treatment.

When considering Figures 3 and 4, the growth trend of indirect carbon emissions from
industrial wastewater treatment corresponds to the trends in carbon emissions resulting
from electricity consumption and lime consumption. The slower growth in indirect carbon
emissions in 2019 compared to 2018 was mainly influenced by lower electricity consumption
during that period. However, in 2020, there was a significant increase in indirect carbon
emissions compared to 2019. This increase can be attributed to a decrease in the HCO?~
content in wastewater discharged by park enterprises, along with a substantial increase in
the usage of lime and hydrochloric acid in the wastewater treatment plant.

Kyung et al. reported that chemical use is the major source of indirect carbon emissions,
the proportion was 58.8% [25]. In this study, the use of chemical agents accounted for
65.3% of indirect carbon emissions in 2020.
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5.2. Analysis on the Change in the Economic Development Index of Carbon Emission from Unit
Sewage Treatment

As shown in Figure 5, the economic development index of carbon emission per unit of
sewage treatment in 2016-2020 was 0.87, 0.58, 0.49, 1.57 and 0.90, of which the index shows
a decreasing trend in 2016-2018, indicating that the economic and low-carbon development
level of the industrial zone has been decreasing, which is mainly related to the low level of
wastewater treatment at the early stage of the development of the park and the decline of
the coal economy. In 2019, the index was greater than 1, which was mainly related to the
reduction of carbon emissions from the sewage treatment in the park and the rebound of
the coal economy. In 2020, the index was lower than in 2019, but higher than the value in
2016-2018, which was related to the economic downturn due to the New Crown Epidemic
on the one hand, and the growth of carbon emissions from wastewater treatment due to
stricter environmental requirements on the other.

5.3. Coupling Coordination Analysis of Sewage Treatment Carbon Emission and Social and
Economic Development in Industrial Area

The coupling and coordination level between industrial wastewater treatment carbon
emissions and regional economic development in the industrial area is generally high.
Except for the year 2016, during which the carbon emission system and the economic
development system were in a state of imbalance, the years 2017 to 2020 all fall within
a coordinated period (with an average coupling coordination degree of 0.82), and both
2019 and 2020 reached an advanced coordination stage. The changes in the composite
indices of the two systems reflect their continuous dynamic coupling state. In the early
stages, when the carbon emission system and the economic system composite indices grow
synchronously, the coupling coordination degree exhibits an upward trend. In the middle
stage, as the carbon emission index starts to decline, the asynchronous changes in the two
systems lead to a slowdown in the increase in the coupling coordination degree. In the later
stage, as the carbon emission index begins to rise and the economic development index
begins to decline, the increase in the coupling coordination degree further slows down.

From a temporal perspective, the coupling and coordination status of the two systems
in the industrial area can be divided into four stages: severe imbalance (1 year)—economic
development lag (2 years)—carbon emission lag (1 year)—economic development lag
(1 year). This illustrates an evident influence of economic development changes on wastew-
ater treatment carbon emissions in the industrial area, gradually forming a positive feedback
mechanism between the two systems.

In addition, it is also necessary to continue to increase environmental protection
investment through the recovery of biogas and biomass in the sewage and other effective
measures to carry out carbon emission reduction in sewage treatment [24], and further
promote the low-carbon sustainable development of the regional industrial economy.

6. Conclusions

This paper analyzes the trend of carbon emission of sewage treatment in industrial
zone, discusses the coupling coordination and interaction between carbon emission of
sewage treatment and economic development, and provides a theoretical basis for the
coordinated development model of regional environment and economy.

(1). The carbon emissions from industrial wastewater treatment in the industrial area
have shown a consistent upward trend in tandem with economic growth. Among these
emissions, indirect carbon emissions were the primary contributors, accounting for 97.6%
of the total carbon emissions in 2020, while direct carbon emissions constituted only 2.4%.
Within the indirect carbon emissions in 2020, the largest contributor is carbon emissions
from lime consumption, accounting for approximately 46.0%, followed by electricity con-
sumption (32.3%). On the other hand, the primary contributors to direct carbon emissions
are CO, emissions produced from the reaction of HCO®~ in industrial wastewater, followed
by the carbon emission equivalents of N,O.
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(2). The coupling and coordination level between industrial wastewater treatment
carbon emissions and the economic development system in the industrial area is generally
high. This overall level falls within the advanced coordination stage in the past four
years. This suggests that regional economic growth contributes to enhancing the green and
low-carbon development level of the industrial park. Moreover, favorable environmental
conditions provide a foundation for the sustainable development of regional economies. In
the future, we should accelerate regional economic development and change the status quo
of lagging economic development while strengthening environmental pollution control.
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Abstract: Rainfall is an important factor that causes riverine flow and sediment transport, and
extreme rainfall has a particularly significant effect on the fluctuations of riverine flow and sediment
load. Based on the daily rainfall from 1990 to 2020, in the upper watershed of the Lianjiang River,
which is one of the source tributaries of China’s largest freshwater lake (Poyang Lake), the 95th
percentile method and minimum event interval time were employed to identify extreme rainfall
events. Mann—Kendall test was used to check for abrupt changes in annual rainfall, riverine flow
discharge, and riverine sediment loads, and to identify abrupt-change years; thus, different periods
were divided via the abrupt change years. Multiple linear regression was applied to explore the lag
effect of riverine flow-discharge and sediment-load response to antecedent rainfall, with different
cumulative durations for each period. The results of the study indicated that (1) the expansion of
garden land in 1995 caused a significant and abrupt change in sediment load. (2) Extreme rainfall
events had a greater impact on riverine flow and sediment load as compared to ordinary rainfall.
These events were found to explain more variations in riverine flow and sediment load, which led
to longer lag times for both riverine flow and sediment transport. (3) The expansion of garden
land under extreme rainfall conditions resulted in longer lag times for riverine flow and sediment
transport, and reduced the need for antecedent rainfall with a longer pre-event time. Therefore, the
analysis of antecedent rainfall and the lag response of riverine flow discharge and sediment load can
help in understanding the response mechanism of riverine flow discharge and sediment load for
the current era of increasing extreme rainfall. This analysis is crucial for improving the accuracy of
simulating riverine flow and sediment under extreme rainfall conditions. Ultimately, it can contribute

to effective watershed management during extreme rainfall events.

Keywords: antecedent rainfall; lag time; rainfall event; rainfall types

1. Introduction

The riverine flow-sediment relationship is an extremely complex hydrological process,
and the impacts of climate change and human activities on riverine flow—sediment changes
are hot topics that have been discussed [1,2]. Numerous studies have shown that climate
change has altered riverine flow discharge and sediment loads, which has been exacerbated
by intense human activities [3,4]. Riverine flow discharge and sediment loads depend on
a series of flow and sediment generation and transportation related processions, which
spatial and temporal variations are easily affected by the temporal and spatial distribution
of rainfall, evaporation, infiltration, runoff generation, and soil erosion [3]. Clarifying the
study period is the key to discussing flow—sediment changes [3-7]. There is a lag effect in
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the influence of rainfall events on runoff and sediment, and the antecedent rainfall also
affects the lag effect [8]. Antecedent rainfall and rainfall events both play an important
role in the variation of flow discharge and sediment loads. There have been limited
investigations into the impact of rainfall on river flow and sediment loads, specifically
exploring the periods of flow—sediment change, the duration of the antecedent rainfall, and
differentiating between various types of rainfall.

In the red hilly area of China, the annual rainfall is high, ranging from 1.9 to 2.8 times
the national average level, and is disproportionally distributed throughout the year [9,10].
This region is particularly vulnerable to extreme rainfall from April to September, making
it one of China’s most affected areas by water erosion [10]. Riverine sediment load is
primarily triggered by rainfall [11,12], and its fluctuation is particularly affected by extreme
rainfall due to induced serious soil erosion [13]. Extreme rainfall events demonstrate more
comprehensively the effects of rainfall on riverine flow discharge and sediment loads,
providing valuable insights into this relationship. Previous studies have observed the
impact of extreme rainfall (storms) on riverine flow and sediment loads, but event-based
studies offer better insights into the nature of riverine flow and sediment loads.

Antecedent rainfall increases soil moisture and reduces soil infiltration, so the signifi-
cance of antecedent rainfall in sediment-load processes cannot be understated. Studies have
confirmed that the runoff coefficient can double when the soil is moistened by antecedent
rainfall, due to the acceleration of runoff generation with moist soils [14,15]. Antecedent
rainfall increases soil moisture, improves runoff conversion efficiency, accelerates riverine
runoff discharge [13,16], enhances water erosion, and increases riverine sediment loads.
The amount of riverine sediment load after rainfall is influenced by moist soil before
the event [17]. Meanwhile, nearly 70% of the runoff was related to the antecedent soil
water content [18]. Antecedent soil moisture correlates more strongly with riverine flow.
Antecedent soil moisture and rainfall are the important factors influencing riverine flow
discharge [14,19], and the combination of antecedent rainfall and intra-event rainfall is vital
to generate riverine flow discharge and sediment loads [14,20]. Larger floods caused by
extreme rainfall respond more strongly to antecedent rainfall [21,22]. Riverine sediment
is also affected by antecedent rainfall that accumulates in the soil [23], which is an easily
overlooked effect [24]. Rainfall intensity and antecedent rainfall are also important contrib-
utors to changes in riverine flow discharge and riverine sediment loads [2,25,26], and their
specific roles can differ depending on the region [8,22,27,28]. Only sufficiently accumulated
antecedent rainfall in the soil can trigger massive riverine sediment in response to extreme
rainfall [29,30]. However, the response of riverine flow discharge and sediment loads to
antecedent rainfall of different cumulative durations remains unknown. By simultaneously
considering the impact of rainfall events and antecedent rainfall on riverine flow and
sediment loads, we can gain a deeper understanding of the mechanisms of how rainfall
influences riverine flow and sediment loads.

In this study, the daily rainfall, and riverine flow discharge and sediment loads
from 1990 to 2020 in the upper watershed of the Lianjiang River were analyzed. The
main objectives of this study were to (1) clarify the change characteristics of rainfall, and
riverine flow discharge and sediment load; (2) check the abrupt changes in annual rainfall,
riverine flow discharge, and riverine sediment loads, and to identify the abrupt-change
years; (3) identify the most significant days with antecedent rainfall affecting riverine flow
discharge and sediment load, and the most significant lag effecting days of riverine flow
discharge and sediment load. Thus, the lag effect of riverine flow-discharge and sediment-
load response to antecedent rainfall were explored. The results of this study would help
to understand the underlying mechanisms that govern the response of riverine flow and
sediment to extreme rainfall conditions and in improving predictive models to accurately
simulate these phenomena.
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2. Materials and Methods
2.1. Study Area

Lianjiang River watershed (115°11'53"~115°11'53" E, 25°02/52"~25°21"10" N) with a
total watershed area of 2339 km?2, which is located in the southern red soil area in China.
The Lianjiang River is a first-class tributary of the upper Ganjiang River. Ganjiang River is
the largest inlet river of Poyang Lake (Figure 1), in China.
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Figure 1. Location of the study area in Poyang Lake watershed and the distributions of rainfall and
hydrologic stations.

The average annual temperature is 18.7 °C; the annual runoff is 1.92 billion m?3; and
the annual suspended mass sediment transport is 259,000 t [9]. The upper watershed of the
Lianjiang River, which was the focus of this study, is monitored by the hydrological station
of Yangxinjiang. This station is responsible for managing a watershed area of 568 km?.
The region is located in Anyuan County, where there was extensive promotion of citrus
cultivation in the early 20th century due to policy initiatives. As a result, there have been
significant changes in the land use in this area [9].

2.2. Data Collection

The hydrological data were obtained from the Jiangxi Provincial Hydrological Moni-
toring Center, which is the official hydrological monitoring institution, with the standard
specifications for hydrological monitoring to acquire detailed and reliable hydrological data.
This paper collected daily rainfall data from six rainfall stations (Huangya, Shangshanjiao,
Wubeigang, Xingdi, Jiangtou, and Longtou) and one hydrological station (Yangxinjiang
hydrological station), in the upper watershed of the Lianjiang River from 1990 to 2020, as
well as daily runoff and sediment data from the Yangxinjiang hydrological station for the
same period.

The land-use data were obtained from the geographic monitoring cloud platform
(http:/ /www.dsac.cn/, the accessed data was 12 August 2020) with a spatial resolution
of 30 m during 1990-2020, with four periods of 1990, 2000, 2010, and 2020 [31], which
are some of the most authoritative land-use data in China. Land-use types are classified
into 6 main categories and 25 subcategories. The classification accuracy of crop land and
urban-rural, industrial, mining, and residential land is consistently above 85%, while the
accuracy of other land-use types is above 75% on average. This indicates a high level of
accuracy in the classification process [31]. In these data, the other wooded land refers to
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young afforested land, traces, nurseries, and various types of gardens (orchards, mulberry
gardens, tea gardens, hot crop gardens, etc.). Referring to the corresponding garden area
of Anyuan County, in the statistical yearbook of Ganzhou City from 1992 to 2020 [32], the
other wood land could be identified as garden land in the study area.

2.3. Definition of Extreme Rainfall Events

The rainfall data of the Lianjiang River watershed is based on rainfall data from
seven stations. The average daily rainfall is calculated using the Thiessen polygon as the
following formula.

5
R=Y R (1)

where R; is the amount of rainfall greater than 1 mm at each rainfall station (mm); s; is the
control area of each rainfall station (km?); S is the total area of the watershed (km?); 1 is
the number of rainfall stations; and, here, n = 7 is taken. In this paper, the daily rainfall is
selected to be greater than 1 mm, and the 95th percentile value was used as the threshold
value [33]. The threshold for extreme rainfall in the upper reaches of the Lianjiang River
watershed was calculated based on the average daily rainfall and is determined to be
41.71 mm.

2.4. Mann—Kendall Test

The Mann-Kendall method, or M—K Test, is a non-parametric diagnostic technique
that can be applied to determine whether there is an abrupt change in time series data, and
if so, when it occurs [34]. The MK test does not require a normal distribution of the data
series, which is very data-friendly [35]. In this study, the M—K test was applied to analyze
the yearly rainfall, and riverine flow discharge and sediment load data to detect whether
there was an abrupt change, and in which year the abrupt change happened.

2.5. Pre-Processing of Hydrological Data

In this study, a single rainfall event was defined as a continuous rainfall event where
every daily rainfall was greater than 1 mm. Extreme rainfall events were defined as the
rainfall events in which the daily rainfall exceeded the extreme rainfall threshold (41.71 mm)
on any given day, while other rainfall events were considered as ordinary rainfall events.
By analyzing the flood’s hydrological element extraction table of Yangxinjiang hydrological
station from Jiangxi Provincial Hydrological Monitoring Center, it was found that the
duration of flood events at Yangxinjiang hydrological station was almost no more than
5 days. In order to eliminate the interference of different flood events, this study only
selected rainfall events with an interval of more than 7 days for analysis. During the period
1990-2020, 150 extreme rainfall events and 740 ordinary rainfall events were selected in
this study.

2.6. Multiple Regression Analysis

Multiple linear regression models are an intuitive and efficient way to analyze com-
plex problems [36]. In this study, we used the rainfall of the rainfall event as the fixed
independent variable, and the riverine flow discharge or sediment load within the event
as the dependent variable. We added antecedent rainfall at different accumulation times
as an independent variable and riverine flow discharge or sediment load at different time
durations as a dependent variable. The multiple linear regressions were fitted sequentially
with the combination of every AP and RA or SA list in Table 1. The optimal model was
selected based on the highest R, which implied the highest degree of explanation.
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Table 1. Indicator labels and content.

Labels Context

AP1 Rainfall on the last day before an extreme rainfall event

AP2 Cumulative rainfall of the last 2 days before an extreme rainfall event

AP3 Cumulative rainfall of the last 3 days before an extreme rainfall event

AP5 Cumulative rainfall of the last 5 days before an extreme rainfall event

AP7 Cumulative rainfall of the last 7 days before an extreme rainfall event

RA1 Flow discharge of the next day after an extreme rainfall event

RA2 Cumulative flow discharge of the next 2 days after an extreme rainfall event

RA3 Cumulative flow discharge of the next 3 days after an extreme rainfall event

RA5 Cumulative flow discharge of the next 5 days after an extreme rainfall event

RA7 Cumulative flow discharge of the next 7 days after an extreme rainfall event

SA1 Sediment load of the next day after an extreme rainfall event

SA2 Cumulative sediment load of the next 2 days after an extreme rainfall event

SA3 Cumulative sediment load of the next 3 days after an extreme rainfall event

SA5 Cumulative sediment load of the next 5 days after an extreme rainfall event

SA7 Cumulative sediment load of the next 7 days after an extreme rainfall event
3. Results

3.1. Change Characteristics of Rainfall, Riverine Flow Discharge, Sediment Load, and Garden Land

From 1990-2020, there were a total of 205 days with daily rainfall exceeding the given
threshold and 3888 days with daily rainfall between 1 mm and the threshold. The yearly
rainfall varied between 1080.9 and 2174 mm (Figure 2a); the yearly riverine flow discharge
ranged from 172.39 to 1017.07 x 10® m? (Figure 2c); and the yearly riverine sediment load
ranged from 0.57 to 64.30 x 10* t (Figure 2e) from 1990 to 2020. The MK test showed that
rainfall (Figure 2b) and riverine flow discharge (Figure 2d) did not undergo a significant
mutation (p > 0.05) from 1990 to 2020. Only riverine sediment load underwent a significant
mutation, and the year of mutation was 1995 (p = 0.041) (Figure 2f). Therefore, the study
period could be split into two periods with the abrupt year; thus, 1990-1995 is period 1
(P1) and 1996-2020 is period 2 (P2). Subsequently, the effects of rainfall events on riverine
runoff discharge and sediment load were dissected under the above two different periods.
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Figure 2. Annual variations, and Mann-Kendall test of rainfall (a,b), flow discharge (c,d), and
sediment load (e,f).

The garden area in Anyuan County generally increased from 1992 to 2020, reaching
a peak of 192.59 km? in 2014 (Figure 3). In terms of spatial expansion, newly developed
orchards were relatively concentrated in distribution, and located mainly near the main
stream and main tributaries of the Lianjiang River (Figure 3).
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Figure 3. The area of garden land in Anyuan country, from 1992 to 2020 (a), Spatial distribution of
garden land in the upper Lianjiang River watershed ((b): 1990, (c): 2010, and (d): 2020).

3.2. Statistical Characteristics of Rainfall, Riverine Flow, and Riverine Sediment Loads in
Different Periods

Compared with the P1 period, the rainfall decreased significantly in the P2 period. The
mean extreme rainfall, mean ordinary rainfall, and total rainfall decreased from 328.10 mm,
796.55 mm and 1716.53 mm to 278.53 mm, 726.91 mm and 1584.54 mm, respectively
(Figure 4). Similarly, the mean extreme rainfall, mean ordinary rainfall and total rainfall
of river flow decreased from 241.01 x 10° m? in P1, 146.36 x 10° m3, and 562.85 x 10° m?>
t0222.17 x 10° m3, 125.02 x 10° m3, and 484.92 x 10° m® in P2 (Figure 4). Interestingly,
despite the decrease in rainfall and riverine flow, the riverine sediment loads increased
significantly during P2 (Figure 4). The mean sediment loads of extreme, ordinary, and
total rainfall increased from 0.60 x 10% t, 1.50 x 10% t, and 4.72 x 10* tin P1 to 2.89 x 10*t,
431 x 10* t, and 14.69 x 10* t, respectively, in P2 (Figure 4). The frequency of extreme
and ordinary rainfall events was relatively stable at about 5 and 24 events, respectively
(Figure 5). The proportion of ordinary and extreme rainfall events was also about the same
in both periods, at over 45% and over 15%, respectively (Figure 5).

It is noteworthy that the sediment-production capacity per unit of rainfall for extreme
rainfall events in the P2 period was higher than that of ordinary rainfall; although, the
frequency of occurrence was lower. Even small decreases in rainfall and a lower frequency
of extreme events have the potential to cause an observed increase in sediment loads within
river ecosystems.
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3.3. Impact of Antecedent Rainfall on Runoff

From the period of P1 to P2, the optimal influence factor of the preceding rainfall on
runoff in the extreme rainfall scenario changed from AP5 to AP7. The affected riverine
flow discharge was extended from RA1 to RA7 (Table 2), and the degree of explanation in
the period of P2 declined from 0.729 to 0.470. In contrast, the optimal influencing factor of
riverine flow discharge by the antecedent rainfall changed from AP7 to AP2 in the ordinary
rainfall scenario, and the affected riverine flow discharge was RA1 in both periods (Table 2).

Table 2. Multiple regression modeling of antecedent rainfall and riverine flow discharge, under
extreme and ordinary rainfall scenarios for different periods.

Type Periods Antecedent Rainfall Flow Discharge R? n p-Value
Extreme rainfall P1 (1990-1995) AP5 RA1 0.729 31 e
P2 (1996-2020) AP7 RA7 0.470 119 el
Ordinary rainfall P1 (1990-1995) AP7 RA1 0.461 146 X
P2 (1996-2020) AP2 RA1 0.477 594 e

Note: R? represents the extent to which the model can explain the variation in the data; “n” represents the total
number of samples available in the dataset; and “***” represents a high level of significance, indicating that the
p <0.001.

3.4. Impact of Antecedent Rainfall on Sediment

The regression model was statistically significant (p < 0.05) only in the extreme rainfall
scenario (Table 3). During the P1 period, AP3 was the antecedent rainfall with the highest
degree of explanation of riverine flow discharge, whereas the corresponding dependent
variable was SA1. During the P2 period, AP7 and SA7 were the most highly explained
independent and dependent variables, respectively. From P1 to P2, R? decreased from 0.554
to 0.245 for the extreme rainfall scenario (Table 3).

66



Water 2023, 15, 4048

Table 3. Multiple regression modeling of antecedent rainfall and sediment under extreme and
ordinary rainfall scenarios for different periods.

Type Periods Antecedent Rainfall Sediment R? n p-Value
Extreme rainfall P1 (1990-1995) AP3 SA1 0.554 31 xx
P2 (1996-2020) AP7 SA7 0.245 119 el
Ordinary rainfall P1 (1990-1995) AP7 SA2 0.059 146 0.077
P2 (1996-2020) AP7 SA7 0.011 594 0.816

Note: R? represents the extent to which the model can explain the variation in the data; “n” represents the total
number of samples available in the dataset; and “***” represents a high level of significance, indicating that the
p <0.001.

4. Discussion

Previous researchers have broadly attributed changes in riverine flow discharge and
sediment load to both climate change and human activities [6,37,38]. Rainfall changes in the
upper Lianjiang River watershed were not significant, so it was inferred that the dramatic
increase in sediment could be due to human activities. The expansion of the garden land in
the study area was drastic, and no large- or medium-sized reservoirs were built in the study
area [9]. During the P2 period, extreme rainfall explained less of the riverine flow discharge
(Table 2) and sediment load (Table 3), which may be related to the enhancement of human
activities (orchard expansion). Conversion of orchards from forested land reduces surface
vegetation cover and, consequently, runoff losses [39,40], which has a reduced scouring
and transporting effect on soil particles.

Garden expansion increases riverine sediment loads in the red hilly area in China [5],
and the same phenomenon is observed in the provinces of Granada and Malaga [41].
During the P2 period, the degree of explanation (R?) of rainfall events on riverine flow
discharge decreased to 0.470 for the extreme rainfall scenario (Table 2). Rainfall and river
flow decreased during P2, while river sediment loads increased significantly. Extreme and
ordinary rainfall as a proportion of total rainfall did not change much between the two
periods, while the corresponding average sediment loads increased by 4.8 and 2.8 times,
respectively. The decrease in rainfall directly reduces river flow, while the increase in
riverine sediment load is attributed to human activities [3,4]. Most of the new gardens
were found near the main stem of the river (Figure 3). The conversion of land to orchards
significantly impacts riverine flow discharge and sediment loads [41]. Newly reclaimed
orchards often have severe soil erosion, and increased riverine sediment loads [1,11,15].
The presence of orchards near the main stem of the river reduces the distance over which
runoff reaches the river, thereby increasing riverine flow discharge and sediment loads [37].
Orchard development or clean-cultivated orchards increased riverine sediment load [42-45].
In orchards, more than 80 percent of rainfall is lost through runoff, which can be reduced by
86 percent with optimal tillage practices [18]. Management practices in orchards are vital
to riverine flow discharge and sediment loads [46]. The implementation of soil and water
conservation measures in orchards is effective in reducing riverine sediment loads [43,45].
Extreme rainfall events and orchard-management practices are key factors influencing
sediment yield in orchards [47].

The degree of explanation (R?) for the response of riverine sediment loads to an-
tecedent rainfall was reduced to 0.245 (Table 3) during the P2 period. Soil and water
conservation measures have played a crucial role in orchards [48]. With the fully function-
ing of soil and water conservation measures (e.g., horizontal terraces, anti-slope terraces,
grass strip, etc.) after orchard maturity, water infiltration, and water retention capacity
was effectively increased, and the time for runoff to reach the river was prolonged [46].
In addition, restored vegetation can effectively obstruct runoff from saturated soils [49]
and reduce sediment loads [43,47]. Vegetation restoration also lengthens the time of runoff
from the slope, to the flow, and into the river. Those all explain the insignificant response
of riverine sediment loads to rainfall in the ordinary rainfall scenario during P2.
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Extreme rainfall is a strong driver of riverine flow discharge and sediment load
changes [2,9]. In other words, extreme rainfall is an important environmental factor for
the lag time of antecedent rainfall on riverine flow discharge and sediment. Extreme
rainfall produces fast-flowing runoff that is less consumptive. The lag time of riverine
flow discharge depends on the soil-moisture conditions before the event [50]. Rainfall
intensity severely affects flow-discharge lag time, and high-intensity and long-duration
rainfall shortens the response time of river runoff [51]. Ordinary rainfall, on the other hand,
requires the soil to reach the moist threshold for runoff to occur [14]. Rainfall and rainfall
intensity are also important factors in the lag time of riverine flow discharge [52,53].

Lag time is a significant indicator of the lag effect, which varies during different
periods of flow—sediment. During the P2 period, the lag time of the riverine flow discharge
response to the rainfall was shortened from AP7 to AP2, in the ordinary rainfall scenario
(Table 2). Garden-land reclamation removed vegetation from the surface. The consumption
of runoff is reduced, and the demand for antecedent rainfall is reduced. Under the extreme
rainfall scenario, the lag time for both riverine flow discharge and sediment during P2
is 7 days, and the duration of the antecedent rainfall corresponding to the riverine flow
discharge and sediment is also 7 days (Tables 2 and 3). Changes in riverine flow discharge
are closely related to antecedent rainfall and land use [38]. The conversion process destroys
the original ground cover [54], reducing evapotranspiration and moisture absorption from
antecedent rainfall [55]. Soil-moist conditions can significantly increase riverine sediment
concentration [56]. The lag effect is bound to change as more rainfall converges into the
river. The lag time for riverine flow discharge is one day after the rainfall event for extreme
rainfall in period P1 and for ordinary rainfall in both periods, while the lag time for riverine
flow discharge is 7 days after the rainfall event for extreme rainfall in period P2. Haga
et al. conducted a study and discovered that the antecedent soil-moisture conditions and
the amount and intensity of rainfall played a crucial role in determining the lag time [29].
Davis conducted another study and demonstrated that implementing biological measures
had a significant impact on both the peak flow and the delay in reaching the peak [57]. He
et al. conducted a study and found that the lag effect in watershed was a consequence
of the interaction among four factors: rainfall, watershed storage, human activities, and
the lag period [52]. The increase in human activities, particularly garden development, in
the Lianjiang River basin will undoubtedly alter the lag time of river runoff and sediment
loading. Sultan et al. emphasized that implementing soil and water conservation measures
in shrub forests and natural forests did not effectively reduce runoff [58]. However, the
implementation of such measures in plantations could lead to a reduction in runoff of up
to 34% [58]. On the one hand, ordinary rainfall events bring less moisture and even less
runoff into the river, and the lag time of riverine flow discharge changes weakly. On the
other hand, riverine flow discharge from extreme rainfall events is more responsive to
orchard expansion, and a longer lag time for riverine flow discharge means more riverine
flow discharge is generated. During the P1 period, there was a high amount of rainfall
and frequency, and forest land remained untouched. This allowed for more interception of
rainfall by the ground surface and less runoff into the river, resulting in lower sediment
loads. In the P2 period, however, rainfall and frequency reduced, while garden land began
to emerge, resulting in increased stripping of the ground surface and erosion. This led to
more-successful conversion of rainfall to riverine flow, ultimately increasing its effect on
the riverine sediment loads in the river.

5. Conclusions

In this paper, we examined the rainfall, flow discharge, and sediment load data
from the upper Lianjiang River watershed, located in the source area of Chinese largest
freshwater lake (Poyang Lake), with humid climate, from 1990 to 2020. We defined extreme
rainfall events, and then identified the mutation years in the annual flow-discharge and
sediment-load data series, which divided the study period into different periods for further
analysis. We also investigated the lag effect of riverine flow-discharge and sediment-load
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response to antecedent rainfall, with different cumulative durations for each period and
rainfall event type. The results showed the following:

(1) During the period of 1990-2020, the sediment load in the upper Lianjiang River
watershed experienced a significant abrupt change in 1995, while no such change occurred
for rainfall and flow discharge. The increase in garden area, particularly near the main
stem of the river, was identified as a potential factor contributing to the change in riverine
sediment load.

(2) Extreme rainfall events had a greater impact on riverine flow discharge and sedi-
ment load, compared to regular rainfall events, leading to a more significant effect on the
lag time of riverine flow discharge and sediment. Expanding garden land increased the
lag times for riverine flow discharge and sediment load, and prolonged their response
time to preceding rainfall. Garden growth and development reduced soil erosion by im-
proving riverine flow and sediment loads through increased soil stability and better water
infiltration.

The results could help to understand the response mechanism of riverine flow dis-
charge and sediment load to antecedent rainfall, and improve the accuracy of simulating
riverine flow and sediment under extreme rainfall conditions, which would contribute to
effective watershed management during extreme rainfall events.
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Abstract: Moisture plays a pivotal role in the establishment of vegetation in sandy areas, underscoring
the need to comprehend the water utilization strategies employed by established trees for the
judicious use of water resources. Despite this significance, there exists a research gap concerning
the water uptake patterns and consumption disparities between the dominant trees, namely the
dry willow (Salix matsudana) and small-leafed poplar (Populus simonii), in the Mu Us sandy region.
Consequently, our study sought to investigate the water utilization patterns and transpiration
water consumption of these two plants. This was achieved through the analysis of hydrogen
and oxygen isotope compositions in xylem water, soil water, and groundwater, coupled with the
assessment of stem flow rates of tree trunks. The findings reveal that both Salix matsudana and
Populus simonii exhibited variations in soil water content with soil depth, characterized by an initial
increase followed by a subsequent decrease. During the months of July, August, and September, both
species demonstrated the ability to absorb water from multiple sources concurrently. Specifically,
Salix matsudana and Populus simonii predominantly utilized middle and shallow soil water sources in
July and September, respectively. However, in August, both species primarily relied on shallow soil
water for absorption. Over the period from July to September, the sap flow rate of Salix matsudana
surpassed that of Populus simonii by 1888.2 mL-h~! to 2499.04 mL-h~!, representing a 1.5 to 2.2 times
increase. This underscores the necessity for Salix matsudana to draw water from middle and deep
soil layers to compensate for shallow water deficits. In summary, schemes for the establishment of
vegetation in sandy areas should consider the dynamic nature of water uptake and evapotranspiration,
emphasizing the importance of regulating these processes for efficient water conservation and

utilization.

Keywords: Mu Us sandy land; hydrogen and oxygen isotopes; MixSIAR model; plant water uptake;
transpiration water consumption

1. Introduction

In arid and semi-arid regions, the structure and function of ecosystems, as well as the
physiological characteristics and spatial distribution of plants, are profoundly influenced
by water availability [1,2]. Vegetation, as a vital component of the ecosystem, plays a
crucial role in the regional water cycle [3]. Adaptations to the scarcity of rainfall in arid
areas lead plants to employ various water use strategies for survival [4]. In response to
seasonal water shortages or prolonged precipitation deficits, deep-rooted plants may absorb
water from deep soil layers or groundwater to cope with or evade drought conditions [5].
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However, inappropriate plant water uptake can result in soil water deficits and even disrupt
the balance of the entire ecosystem. Therefore, understanding the water use patterns of
artificial vegetation in arid areas, assessing the utilization rate of potential water sources
by vegetation under varying water conditions, elucidating the water use and competition
dynamics among different vegetation types in the same ecosystem, and comprehending
the characteristics of vegetation transpiration stem flow are essential for optimizing water
resource utilization and promoting rational water use.

The advancement of stable isotope technology, particularly the application of stable
isotopes of hydrogen and oxygen as natural tracers, has emerged as a valuable method for
examining plant water sources. This technology has been widely utilized to identify and
quantify the contribution rates of different water sources to plant water absorption [6,7].
Plant roots absorb water in a mixture from various sources without isotope fractionation
during the uptake process [8]. Comparative analysis of hydrogen and oxygen isotopes in
plant xylem and different water sources enables the confirmation of the absorption and uti-
lization of diverse water sources by plants [9]. Researchers such as Rothfuss and Javaux [6]
and West [10], have successfully employed stable isotopes of hydrogen and oxygen for
water traceability in various ecosystems and regions. Wang [11] utilized this technique to
investigate water use patterns in plants in arid and semi-arid regions, determining that
the contribution of soil water sources to plants can be estimated through a two-layer or
three-layer mixed model. McCole and Stern [12] applied a two-layer mixed model to
examine juniper water supply in different seasons in central and southern Texas, revealing
that juniper primarily used groundwater in dry and hot seasons and soil water in cold
and wet seasons. Other studies, such as those by Darrouzet-Nardi [13], have leveraged
8180 values to discern that sage in the southern Nevada Mountains predominantly utilizes
deeper water than most herbaceous plants but also acquires 10-30% of water from shallow
(<30 cm) soil. Ding [14] and McCole and Stern noted that, when shallow soil water supply
is insufficient, deep-rooted trees and shrubs may resort to absorbing deep soil water or
groundwater, whereas shallow-rooted plants like herbs primarily rely on shallow soil water
throughout the growing season. Furthermore, many plants in arid and semi-arid regions
exhibit dimorphic roots, allowing them to switch between shallow and deep water sources
depending on water availability [15].

Water use patterns among different plants are additionally influenced by variations
in soil moisture and plant transpiration water demand. Jackson’s study, for instance, dis-
covered that the tropical rainforest in Barro Colorado adapts to dry seasons by acquiring
deep soil water, while it relies on shallow soil water during the rainy season, even increas-
ing transpiration water consumption in the dry season [16]. Similarly, Schwendenmann
investigated seasonal water uptake patterns of trees in an experimental plantation in cen-
tral Panama and found that trees capable of utilizing deep soil water maintained higher
transpiration rates during the dry season [17].

The Mu Us sandy land represents a typical arid and semi-arid region where seasonal
drought is prevalent. This phenomenon is primarily attributed to the dry climate, decreased
rainfall, and the excessive planting of high-water-consuming plants. The cumulative effect
of these factors results in the seasonal fluctuation of groundwater levels, progressively de-
clining year by year. The diminishing soil water supply and water scarcity have emerged as
critical constraints to the ecological restoration and sustainable development of vegetation
in the Mu Us sandy land [18].

Although recent years have witnessed an increase in research on plant water sources
in the Mu Us sandy land, much of this work has focused on native vegetation such as
Artemisia ordosica, Juniperus sabina, and Salix matsudana [19]. However, there remains a
notable gap in understanding how artificial vegetation utilizes soil water and groundwater,
particularly the impact of transpiration water consumption in areas characterized by shal-
low groundwater depths. Therefore, an investigation into the root water absorption sources
and transpiration water consumption patterns of typical artificial vegetation, namely Salix
matsudana and Populus simonii, in the Mu Us sandy land is imperative to enhance water
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resource utilization efficiency and promote the sustainability of ecological restoration in
this region [20].

In this study, the Mu Us sandy land served as the research focus. The stable isotope
technique and stem flow method were employed to examine variations in water absorption,
utilization, and transpiration water consumption by Salix matsudana and Populus simonii at
different temporal intervals. The objectives of this study are threefold: (1) to quantitatively
analyze the relative contribution rates of different water sources to the water absorption of
Salix matsudana and Populus simonii by measuring stable isotope ratios of hydrogen (5*H)
and oxygen (8'80) in plant xylem water, soil water, and groundwater; (2) to determine
the patterns of transpiration water consumption by Salix matsudana and Populus simonii
through the measurement of stem flow rates; and (3) to elucidate the differences in water
sources and transpiration water consumption between Salix matsudana and Populus simonii
at various time points. The outcomes of this study are expected to offer valuable insights
for the development of artificial sand-fixing vegetation and the judicious allocation of
groundwater resources in the Mu Us sandy land.

2. Materials and Methods
2.1. Overview of the Study Area

This study was conducted at Meilin Temple (109°22'59" E, 38°50'44” N) in Wushen
Banner, Ordos City, Inner Mongolia Autonomous Region, situated in the heart of the Mu
Us sandy land at an average altitude of 1100 m (refer to Figure 1). The region experiences a
semi-arid continental monsoon climate, characterized by an annual average temperature of
6.8 °C, annual sunshine duration ranging from 2800 to 3000 h, an effective accumulated
temperature between 2800 and 3000 °C, and an average annual rainfall of 358.2 mm.
Precipitation is predominantly concentrated in the months of July to September, accounting
for over 70% of the annual precipitation. The annual evaporation rate ranges from 2200 to
2800 mm, the average annual wind speed is 3.4 m/s, and the frost-free period spans 113 to
156 days.

The soil particle composition in the study area is relatively uniform throughout the
soil profile of 0-210 cm (see Table 1). The predominant landform type consists of fixed and
semi-fixed dunes, and the soil type is characteristic of aeolian sandy soil. The groundwater
level in the study area is relatively shallow, typically remaining around 4 m from the surface,
providing a potential water source for vegetation growth. The age of Salix matsudana and
Populus simonii in the study area is 16 years. Salix matsudana stands at a height of 5.8 m
with a diameter at breast height of 12.2 cm and a crown width of 3.2 m?. Populus simonii
measures 8.6 m in height, 13.1 cm in diameter at breast height, and has a crown width of
2.8 m?.

Table 1. Basic physical and chemical properties of the studied soils.

SoePM  soc@ky  TN(gke) TPy  TK(@gky  Clay (%) Silt (%) Sand (%)

0-30 3.64 048 0.40 353 278 5.54 9168
30-60 2.25 0.42 0.44 4.02 4.28 13.18 82.53
60-90 1.56 0.36 0.37 3.45 10.94 27.13 61.92
90-120 2.19 0.19 0.24 3.58 8.72 254 65.88
120-150 2.02 0.48 0.34 7.70 1.44 34 95.16
150-180 1.96 0.08 0.20 218 151 28 95.69
180-210 2.06 0.07 0.17 1.80 2.54 5.36 92.1

Notes: SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; clay, <0.002 mm;
silt, 0.002-0.02 mm; sand, 0.02-2 mm.
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Figure 1. Study area location map.

2.2. Sample Collection and Determination
2.2.1. Experimental Sample Collection

During the peak plant growth season from July to September 2022, we conducted
monthly collections of soil water, plant xylem, and groundwater samples. At each sampling
date, soil samples were obtained using a spiral drill (diameter = 6 cm, height = 40 cm)
positioned 1 m away from Salix matsudana and Populus simonii. The sampling depths were
categorized as follows: 0-30 cm, 30-60 cm, 60-90 cm, 90-120 cm, 120-150 cm, 150-180 cm,
and 180-210 cm. Three soil samples were collected from each soil layer of each tree,
once a month, and a total of 126 soil samples were collected for 3 months. The collected
soil samples underwent a dual partitioning process: one portion was placed in a glass
bottle with a spiral cap, enveloped in polyethylene (Parafilm) sealing film, and stored in
a refrigerator at —20 °C until water extraction, while the other part was loaded into an
aluminum box for soil water content (SWC) determination.

Simultaneously, plant xylem samples were gathered on each sampling date. Healthy
twigs from each plant, fully exposed to sunlight and situated at different positions in the
canopy, were collected on sunny mornings between 9:00 and 12:00. To prevent contami-
nation of xylem samples by isotope-rich phloem tissue, the sampled twigs underwent the
removal of phloem tissue [4]. The collected twig segments (3-5 cm each) were promptly
placed in glass bottles with threaded caps, sealed with polyethylene (Parafilm) film, and
rapidly transferred to a refrigerator at —20 °C for subsequent isotope analysis. Three
plant samples were collected from each tree every month, and a total of 18 plant samples
were collected in 3 months. Groundwater samples were extracted from the groundwater
observation well (diameter = 11 cm) located 5 m from the sampling point. The timing,
frequency, and storage of groundwater samples were synchronized with the collection of
soil and plant xylem samples. Temperature and precipitation data were recorded using a
small weather station (Campbell Scientific, Utah, USA) installed in the study area.
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2.2.2. Measurement of Soil Water Content

The aluminum box, employed for determining soil water content, underwent a two-
step process. Initially, it was placed on an electronic balance and weighed. Subsequently, the
box was transferred to a constant temperature blast drying oven and dried until reaching a
constant weight at 105 °C. The calculation of soil water content utilized Formula (1):

Sw — Sd
—_—

SWC = Sw

100 (1)

This formula provides the percentage of water content in the soil based on the weight
difference before and after drying. In the formula, SWC is soil water content (%), and Sw
and Sd are soil wet weight and soil dry weight, respectively.

Based on the depth and seasonal variation characteristics of soil water content (SWC),
the soil moisture profiles of Salix matsudana and Populus simonii were categorized into
three levels: 0-60 cm was strongly affected by soil evaporation and precipitation, and was
classed as shallow soil water. The SWC of the 60~150 cm soil layer changed greatly and the
activity was strong; this was considered middle soil water. The variation of SWC in the
150-210 cm soil layer was small and the activity was stable, and this region was classed as
deep soil water.

1.  Shallow depth: 0~60 cm
2. Middle depth: 60~150 cm
3. Deep depth: 150~210 cm

This classification allows for a nuanced understanding of the moisture distribution at
different soil depths, aiding in the analysis of the water absorption patterns and require-
ments of Salix matsudana and Populus simonii across various levels in the soil profile.

2.2.3. Analysis of Hydrogen and Oxygen Isotope Sample Measurement

The plant xylem water and soil water were extracted using a low-temperature vacuum
condensation extraction system (L1-2100 type, LICA United Technology Limited, BeiJing,
China) [1]. The plant xylem water, soil water, and groundwater were filtered through a size
0.22 pm filter, and the hydrogen and oxygen isotope values were determined by utilizing
a liquid water isotope analyzer (TLWIA-921, LICA United Technology Limited, Beijing,
China) [2].

52H(%0) =1000 x [(Rsample/Rstandard) —1] ()

6180(%0) =1000 x [(Rsample/Rstandard) —1] ®3)

Here, *H and §'80 are the hydrogen and oxygen isotope ratios of the corresponding
samples, respectively. Rsample and Rstandard are the ratios of abundance of heavy and
light isotopes of elements in the samples according to international common standards
(such as 180/1°0), respectively. The accuracy of 5180/160 is better than 0.1%., and 2H/H
is better than 0.3%.. The test error of the §2H value is less than 1%., and the test error of the
§180 value is less than 0.2 %o.

The MixSIAR model was used to quantify the proportion of water absorption:

®X = C18X1 + C29X2 + C3%X3 + C43X4 + C5°X5 + C6°X6 + C78X7 (4)

cl+2+B+cd+c5+c6+c7=1

In the formula, X is the 2H /130 value (%o) of the tree branch water; and X1, X2, X3,
X4, X5, X6, and X7 are the 2H /80 values of soil water at depths of 0~30, 30~60, 60~90,
90~120, 120~150, 150~180, 180~210 cm, respectively. In the formula, C1, C2, C3, C4, C5, C6,
C7 represent the absorption ratio of trees for 0~30, 30~60, 60~90, 90~120, 120~150, 150~180,
180~210 cm soil water, respectively.
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2.2.4. Measurement of Transpiration Sap Flow

Stem flow density was determined using the Granier thermal diffusion probe method [21].
The trunks of Salix matsudana and Populus simonii, located at a height of 1.3 m, were
meticulously polished with sandpaper. A pair of Granier thermal diffusion probes, each
with a length of 2 cm and a diameter of 2 mm, were inserted into the sapwood at intervals
of 10 cm and sealed with silica gel. To mitigate the impact of solar radiation and rain,
aluminum foil was wrapped around the trunk at the probe installation site [22].

The emitted signals from the stem flow probe were scanned every 60 s, and the data
recorder (Delta-T, Cambridge, UK) recorded the average value over 30 min intervals. It
is noteworthy that, in this study, azimuthal and radial changes in stem flow within the
tree were not considered, given that each sampled tree was equipped with only one pair
of probes. The monitoring period aligned with the experimental sample collection time,
spanning from July to September 2022. Stem flow density and stem flow were calculated
using Formula (5), below. This calculation provides insight into the density of stem flow
per unit area of the stem cross-section, contributing to a quantitative understanding of
water transport dynamics in Salix matsudana and Populus simonii during the specified
monitoring period.

ATm — AT 1231
AT ) ©)

In the formula, 3600 is the unit conversion coefficient, /s is sap flow density (mL/ cm? -h),
ATm is the maximum temperature difference between day and night, and AT is the instan-
taneous temperature difference.

Js = 3600 x 0.0119 x (

Fs=]s xSA (6)

In the formula, Fs is stem flow (mL-h~!), and SA is the sapwood area at DBH (cm?).
The sapwood area of the whole sample tree was calculated by using the growth cone
drill to sample the xylem of the tree to determine the sapwood thickness. The calculation

formula is as follows: )
ER

where DBH is the diameter at breast height (cm) of the tree, d is bark thickness (cm), and r
is the radius of heartwood (cm).

SA=rm

2.2.5. Data Processing

SPSS27.0 software was used to linearly fit the plant water and soil water of Salix
matsudana and Populus simonii. Then, using ArcGIS10.2 version to draw the general map
of the study area. Origin2018 software was used to plot and analyze the temperature
and rainfall, the soil water content of Salix matsudana and Populus simonii, the changes of
hydrogen and oxygen isotopes, and the changes of stem flow rate. Finally, based on R
software (v.4.1.2, R Core Team, 2021), the MixSIAR model was used to analyze the water
use from each soil layer by Salix matsudana and Populus simonii.

Through the above processing results, the transpiration water consumption charac-
teristics and water use patterns of Salix matsudana and Populus simonii were analyzed, and
then the differences between the two were compared.

2.2.6. Flowchart for Methodology

According to the process of the experiment in this study, the flow chart of the method
is drawn(refer to Figure 2).
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[ Salix matsudana and Populus simonii were selected as research samples ]

l
Y Y

[ Water use analysis of Salix matsudana and Populus simonii ] [ Analysis of transpiration water consumption of Salix matsudana and Populus simonii ]
| Y
[ Samples of plant xylem, soil and groundwater were taken ] [ Install TDP sap flow meter for Salix matsudana and Populus simonii ]
y
[ Determination of plant xylem, soil, groundwater samgples J [ Monitoring the stem flow rate of Salix matsudana and Populus simonii ]
J Y
The water use patterns of Salix matsudana and Populus simonii were analyzed| Calculate the transpiration water consumption of Salix matsudana and
by mixsiar model Populus simonii

'

The data were processed to analyze the transpiration water consumption characteristics and water use
patterns of Salix matsudana and Populus simonii.

Figure 2. Experimental procedure flow chart.

3. Results
3.1. Temperature and Rainfall

The temporal variations in temperature and rainfall from July to September 2022 are
summarized as follows(refer to Figure 3). The peak values for monthly temperature and
precipitation both occurred in July. Temperature fluctuated above 20 °C until August 22,
after which it exhibited a declining trend, settling around 15-20 °C. Cumulatively, the
observed precipitation during the entire monitoring period was 271.7 mm, with a predom-
inant concentration in July and August, accounting for 96.7% of the total precipitation.
Specifically, July experienced 117.6 mm of precipitation, and August witnessed 145.4 mm.
The highest daily precipitation was recorded on July 11, reaching 43.6 mm. These weather
patterns and precipitation levels provide context for understanding the environmental
conditions during the study period, essential for interpreting the observed dynamics in soil
moisture, plant water utilization, and transpiration.
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Figure 3. Variation characteristics of temperature and precipitation during monitoring period.
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3.2. Changes of Soil Water Content

The monthly soil water content for Salix matsudana and Populus simonii exhibited a
pattern of initial increase followed by a decrease with changes in soil depth(refer to Figure 4).
Following a heavy rainfall event (P = 43.6 mm) in July, soil water content increased, along
with an increase in infiltration depth. Consequently, the soil water content for Populus
simonii and Salix matsudana reached its maxima at 120 and 150 cm, respectively, registering
values of 5.02% and 4.86%. These figures were 1.86% and 1.70% higher than the average
value of 3.16%. Subsequently, soil water content began to decrease.
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Figure 4. Variation characteristics of soil water content in Salix matsudana and Populus simonii.

In August, despite higher overall rainfall, individual rainfall events were smaller,
resulting in increased soil moisture content but with a shallower infiltration depth. Populus
simonii and Salix matsudana achieved their respective maxima at 60 and 90 cm, recording
values of 4.18% and 3.05%. These figures were 2.4% and 1.27% higher than the average
value of 1.78%. Following this period, soil moisture content decreased with increasing
depth, with a significant decline observed below 150 cm.

In September, characterized by reduced rainfall, the soil water content of Populus
simonii and Salix matsudana decreased overall. The maxima were recorded at 90 and
120 cm, with values of 3.82% and 2.66%, respectively. These figures represented increases
of 1.95% and 0.79%, respectively, compared with the average value of 1.87%. Overall, soil
moisture content exhibited minimal change in the shallow soil layer (0-60 cm) but displayed
pronounced variations in the middle depth layer (60-150 cm). In the deep soil layer below
150 cm, the range of change decreased, and water content began to decrease significantly.

3.3. Composition of Xylem Water, Soil Water, and Groundwater in Salix matsudana and
Populus simonii

The §'80 and 5°H of plant xylem water were different with regards to time(refer to
Figure 5). In the months of July, August, and September, the distribution of 5§80 values of
the xylem moisture in Salix matsudana ranged from —4.27 %o to 4.89%o, —4.24 %0 to —3.26 %o,
and —3.82%o to 3.35%o, with average values of —0.59%o, —4.04%o, and 0.95 %o, respectively.
The&?H values were distributed between —41.01%0 and —17.76 %o, —35.20%0 and —31.50%o,
—48.88%0 and —27.89%o; and the average values were —30.78 %0, —33.69%0 and —40.32 %o,
respectively. In the months of July, August, and September, the distribution of !0 values
of Populus simonii wood moisture ranged from —3.51%o to 1.29%o, —3.98 %o to 5.70%., and
3.03%o to 13.80%., with average values of —1.00%o, —0.22%., and 8.33 %o, respectively. The
52H values were distributed between —41.39%0 and —4.06%o, —40.76%. and —20.02 %o,
and —53.89%o and —40.91%., with average values of —28.26%o, —32.31%o, and —48.44 %o,
respectively. The average value of §!80 in xylem water of Salix matsudana followed the
pattern September > July > August, the pattern for the average value of '%0 in xylem
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d?H (%o)

O%H(%o)

water of Populus simonii was September > August > July, and that for the average value
of 8?H in xylem water of both was July > August > September. The 5!80 and §>H values
of xylem water in Salix matsudana and Populus simonii were linearly correlated, and the
slopes of the plant water line (PWL) in July, August, and September were 1.40-2.77 and
2.20-2.79, respectively.

The isotopic composition of soil moisture was also different with regards to time
(Figure 3). In the months of July, August, and September, the §'80 values of soil moisture in
Salix matsudana were —8.41 & 2.33%o, —8.57 = 2.61 %o, and —8.60 = 3.21 %o, respectively. The
52H values were —51.27 + 18.36%0, —59.68 + 13.66 %o, and —64.20 + 13.52%o, respectively.
The 580 values of soil moisture for Populus simonii in July, August, and September were
—7.53 £ 2.62%0, —8.51 & 3.10%0, and —7.99 £ 1.44%., respectively. The corresponding
§%H values were —51.41 4 18.06%0, —59.14 + 14.84 %o, and —63.58 + 11.50%.. The changes
of §'80 and 8°H values of soil water in Salix matsudana and Populus simonii were similar
in July, August, and September. The soil water line (SWL) fitted by 'O and §?H linear
regression showed that the SWL slope of Salix matsudana from July to September was in the
range of 5.77~7.34, and the SWL slope of Populus simonii from July to September was in the
range of 5.17~6.29.

The §'80 value of groundwater from July to September was between —9.40%. and
—8.57%0, and the §*H value was between —57.05% and —55.80%0, which is relatively
stable compared with plant xylem water and soil water.
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Figure 5. Variation characteristics of xylem water (a—c) and soil water (d—f) in Salix matsudana and
Populus simonii. Note: The scatter plot and box plot show the isotopic composition of xylem water
and soil water of Salix matsudana and Populus simonii in July, August, and September. Box plots
show the median values (black line in box), interquartile range (extent of the box), and range of
data (whiskers).

3.4. Seasonal Variation of Water Use Patterns of Salix matsudana and Populus simonii

During the measurement period, distinct changes in the soil profile water use patterns
of Salix matsudana and Populus simonii were observed in July, August, and September
(refer to Figure 6). In July, Salix matsudana primarily sourced water from the shallow layer
(29.7%), middle layer (33.5%), deep layer (18.5%), and groundwater (18.3%). The highest
water contribution rate was observed in the 60~90 cm layer, accounting for 15.7% of the
total. In August, Salix matsudana predominantly utilized water from the shallow layer
(52.8%), middle layer (19.1%), deep layer (13.6%), and groundwater (14.5%). The highest
water contribution rate occurred in the 30~60 cm layer, constituting 16.7% of the total. In
September, Salix matsudana obtained water from the shallow layer (24.3%), middle layer
(34.5%), deep layer (16.4%), and groundwater (24.8%). The highest water contribution rate
was observed in the 60~90 cm layer, accounting for 16.4% of the total. For Populus simonii
in July, the major water sources were the shallow layer (40.3%), middle layer (25.4%), deep
layer (18.1%), and groundwater (16.1%). The highest water contribution rate occurred in
the 0~30 cm layer, constituting 14.6% of the total. In August, Populus simonii primarily
utilized water from the shallow layer (58.3%), middle layer (15.8%), deep layer (11.3%), and
groundwater (14.7%). The highest water contribution rate was observed in the 30~60 cm
layer, constituting 18.4%. In September, Populus simonii sourced water from the shallow
layer (32.7%), middle layer (22.3%), deep layer (18.7%), and groundwater (26.3%). The
highest water contribution rate occurred in the 30~60 cm layer, accounting for 13.4%.
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Figure 6. Contribution of potential water sources to Salix matsudana and Populus simonii during the
measurement period.

When both Salix matsudana and Populus simonii have an ample supply of shallow soil
water, they prioritize its utilization. For instance, during periods of increased rainfall,
such as in August, the utilization of shallow soil water can account for 50-60% of the total
water usage. Conversely, during drier periods, like in September, when shallow soil water
becomes insufficient, both species increase their utilization of middle and lower soil layers
as well as groundwater.

3.5. Changes of Sap Flow Rate of Salix matsudana and Populus simonii

During the measurement period, the diurnal variation characteristics of stem flow rate
for Salix matsudana and Populus simonii were analyzed (refer to Figure 7). It was observed
that both Salix matsudana and Populus simonii exhibited a single-peak curve in the diurnal
variation of stem flow rate, but there were differences in the start time, peak time, and peak
size of the stem flow between the two species.

For Salix matsudana, the sap flow rate began to rise rapidly after 7:00 in the morning,
peaked around 13:00 at noon, and started to decline thereafter. The decrease in sap flow
rate weakened around 21:00 in the evening, remaining relatively stable. The sap flow
rates for Salix matsudana in July, August, and September ranged from 3573.38 mL-h~!
to 5810.30 mL-h™!, 4211.24 mL-h™! to 7889.36 mL-h ™!, and 3957.66 mL-h™! to 7939.50
mL-h~!, respectively. The daily average sap flow rates were 4551.86 mL-h~!, 5760.56
mL-h~!, and 5554.33 mL-h !, respectively. Notably, the sap flow rate of Salix matsudana
was highest in August, with decreases of 1208.7 mL-h~! and 206.23 mL-h~! in July and
September, respectively, compared with August.

For Populus simonii, the sap flow rate started to increase rapidly after 6:00 in the morn-
ing, with the peak time shifting from about 14:00 in July to about 13:00 in August and about
12:00 in September. The peak was followed by a decline, with a weakened decrease in sap
flow rate around 21:00 in the evening, stabilizing thereafter. The sap flow rates for Populus
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simonii in July to September ranged from 634.33 mL-h~! to 3633.12 mL-h~!, 1773.68 mL-h~!
to 5876.43 mL-h~!, and 1816.90 mL-h~! to 5944.66 mL-h~!, respectively. The daily average
sap flow rates were 2052.82 mL-h~1, 3620.01 mL-h~ !, and 3666.13 mL-h~1, respectively.
Notably, the sap flow rate in September increased by 1613.31 mL-h~! and 46.12 mL-h~!
compared with July and August, reaching its maximum.
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Figure 7. Diurnal variation characteristics of sap flow rate of Salix matsudana and Populus simonii.

Overall, the changes in stem flow rate for Salix matsudana and Populus simonii were
quite similar from July to September. Both species showed a rapid increase in stem flow
rate from 6:00 to 7:00 in the morning, reaching a peak around 12:00 to 14:00, followed by
a gradual decrease. The rates stabilized around 21:00 but did not drop to zero. However,
the sap flow rate of Salix matsudana increased by 2499.04 mL-h~1, 2140.55 mL-h~ !, and
1888.2 mL-h~! from July to September compared with Populus simonii, representing roughly
1.5-2.2 times that of Populus simonii.

4. Discussion
4.1. Isotope Composition and Seasonal Variation in Various Water Bodies

Soil moisture stands out as the primary factor influencing the growth and distribution
patterns of vegetation in arid sandy regions. Plants in these areas predominantly rely on
soil water and groundwater as their primary water sources, both of which are influenced
by precipitation, as well as factors such as soil evaporation and movement. This leads to
changes in soil water content, affecting the §°H and 5'80 values of soil water at various
depths(refer to Figure 8). The relative natural abundance of $'0 and §%H in different water
bodies can serve as indicators of hydrological processes. Throughout the measurement
period, the isotope composition of soil moisture in Salix matsudana and Populus simonii
remained essentially similar. This similarity can be attributed to their proximity and the
shared soil environment. Notably, Populus simonii predominantly absorbed water from the
shallow layer from July to September, a period marked by stronger evaporation, resulting
in enriched isotopes in the shallow soil water [23]. In contrast, Salix matsudana primarily
utilized soil water from the middle layer in July and September, where the isotopes were
relatively lighter compared with the shallow layer. Consequently, the average values
of 180 and 8°H in the xylem water of Populus simonii were higher than those of Salix
matsudana [24,25].
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Figure 8. Vertical distribution of soil water isotopes (§'80 and §?H) in Salix matsudana and Populus
simonii from July to September.

The isotopic composition of soil water varied significantly with depth and time due
to the combined effects of precipitation and evaporation. The average values of §'80
and 5%H in soil water for both Salix matsudana and Populus simonii followed the sequence
July > August > September. Shallow soil water, influenced by precipitation and evapora-
tion, exhibited isotopic enrichment [26]. Large precipitation events coupled with existing
soil water generated new soil water during the infiltration process, leading to changes in its
stable isotope values over time and further contributing to isotopic enrichment [27]. With
increasing soil depth, the isotope fractionation effect of soil water diminished, resulting in a
gradual decrease in §2H and §'80 values. Notably, the §'80 and §*H values of groundwater
from July to September remained relatively consistent, indicating that seasonal precipitation
events had minimal impact on the isotope composition of groundwater.

4.2. Water Use Patterns of Salix matsudana and Populus simonii

Plants in arid regions demonstrate a remarkable sensitivity to variations in soil mois-
ture, adjusting their water absorption strategies accordingly. Their ability to absorb and
utilize soil water from stable layers contributes to their overall viability. Throughout the
measurement period, the water utilization strategies of Salix matsudana and Populus si-
monii exhibited temporal fluctuations, with varying proportions of water absorption and
utilization at different soil depths.

Trees generally prioritize easily accessible, stable, and sufficient water sources to
support their growth [28]. Liu’s analysis [29] of the water use characteristics of Platycladus
orientalis and Quercus variabilis in Beijing revealed that Platycladus orientalis primarily
absorbed soil water from the 0-20 cm layer during the rainy season, while Quercus variabilis
predominantly utilized soil water and groundwater from the same layer. In the dry season,
Platycladus orientalis relied heavily on deep soil water, while Quercus variabilis favored
shallow soil water [30]. Consequently, when shallow soil water is abundant, vegetation
tends to prioritize its utilization.
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In degraded forests, Zhang Huan observed a shift in the water source for Populus
simonii from deep to shallow with increasing degradation degree, suggesting an adaptive
response to drought [31,32]. In the current study, Salix matsudana demonstrated a higher
utilization rate of middle soil water in July, while Populus simonii exhibited the highest
utilization rate of shallow soil water. In August, with increased rainfall, both species
favored shallow soil water. Come September, Salix matsudana returned to maximizing the
utilization of middle soil water, while Populus simonii continued to predominantly rely on
shallow soil water, albeit with increased utilization of deep soil water and groundwater.

The observed variations in water uptake by Salix matsudana and Populus simonii at
different times can be attributed to the following factors: (1) The two-state nature of the root
system plays a crucial role. In arid and semi-arid regions, plants with shallow roots, such as
herbs, generally rely on surface soil water and precipitation. In contrast, deep-rooted plants
like trees or shrubs tend to utilize more stable water sources, such as groundwater and deep
soil water. Although a two-layer water use model hypothesis [33] has been proposed, some
studies, like Le Roux’s [34], have found that regardless of root depth, plants predominantly
depend on surface soil water. (2) The variation in soil water content is a key determinant.
In months with higher rainfall, such as August, the content of shallow soil water is elevated
and closer to the plant roots. This results in a shorter duration for water absorption, making
it more accessible for Salix matsudana and Populus simonii. Conversely, during periods
when the shallow soil water content is low, plants shift their water absorption towards the
middle and deep soil layers and groundwater. The uniform utilization of potential water
sources by both species suggests an optimal water absorption mode. When shallow soil
water is insufficient, the utilization rate of middle and deep soil water and groundwater
increases, allowing plants to access more stable water sources. (3) Variations in plant water
requirements and transpiration rates also contribute. Salix matsudana exhibits a higher sap
flow rate compared with Populus simonii, indicating a greater demand for water to meet
transpiration needs. Consequently, Salix matsudana tends to absorb water from the middle
and deep soil layers to compensate for the deficit in shallow soil water. In summary, the
interplay of root system characteristics, soil water content, and plant water requirements
leads to dynamic changes in the water uptake strategies of Salix matsudana and Populus
simonii at different times, enabling them to adapt to varying environmental conditions.

4.3. Changes of Transpiration Sap Flow of Salix matsudana and Populus simonii

During the measurement period, the sap flow rate of both Salix matsudana and Populus
simonii exhibited similar diurnal variations, following bell-shaped curves from July to
September. This pattern aligns with previous studies on Caragana microphylla conducted
by Yue [35]. The sap flow rates of both species were higher in August and September
compared with July, probably due to these months being the peak seasons for transpiration.
During this period, the leaves of Salix matsudana and Populus simonii are the most mature
and dense, and the high temperatures and low humidity, along with strong radiation, create
optimal conditions for leaf transpiration, as observed in Jia’s research [36].

The diurnal variation analysis revealed that the sap flow rate increased rapidly from
6:00 to 7:00 in the morning, reaching its peak around 12:00 to 14:00, followed by a gradual
decline. The sap flow rate remained relatively stable from around 21:00 but did not drop
to zero. This phenomenon is attributed to the substantial water consumption by Salix
matsudana and Populus simonii during the day, leading to water deficit in the plants [37]. To
counteract this, weak transpiration occurs at night, and water is actively transported to the
plant body under root pressure, replenishing the water consumed during the day. This helps
restore the water balance in the plants and aids in adapting to the arid environment with
water deficits. This finding is consistent with Yu Feng’s study [38] on the transpiration water
consumption pattern of artificial Caragana korshinskii in the arid zone of central Ningxia.

Salix matsudana exhibited a higher sap flow rate from July to September, indicating a
greater demand for water to meet its transpiration needs. Despite more rainfall in August,
which could satisfy its transpiration demands with shallow soil water, Salix matsudana
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still absorbed water from the middle and deep layers in July and September. In contrast,
Populus simonii had a lower stem flow rate during this period, and the water demands
for its transpiration were met by shallow soil water, making it the main water-absorbing
layer from July to September. These observations highlight the dynamic nature of water
absorption strategies employed by these species based on their water requirements and the
availability of soil moisture.

5. Conclusions

In this study, the water use patterns and sap flow transpiration of Salix matsudana and
Populus simonii in the Mu Us sandy land were investigated using stable isotope techniques
and thermal diffusion sap flow methods. The findings indicate that both Salix matsudana
and Populus simonii absorbed water from multiple sources simultaneously from July to
September. Populus simonii predominantly absorbed water from the shallow soil layer
(0~60 cm), with a contribution ranging from 32.7% to 58.3%. On the other hand, Salix
matsudana exhibited a different water absorption pattern, drawing water from deeper soil
layers and groundwater during dry periods. The diurnal variation of sap flow rate for
both Salix matsudana and Populus simonii showed a single-peak curve. The sap flow rates
of Salix matsudana and Populus simonii ranged from 3573.38 mL-h~! to 7939.50 mL-h~!
and from 634.33 mL-h~! to 5944.66 mL-h~!, respectively, during the period from July to
September. Salix matsudana consistently exhibited higher sap flow rates, ranging from
1888.2 mL-h~! to 2499.04 mL-h~! more than Populus simonii. This difference indicates
that Salix matsudana required 1.5 to 2.2 times more water for transpiration compared with
Populus simonii. Therefore, in contrast to Populus simonii, which primarily absorbed water
from shallow soil layers, Salix matsudana needed to extract water from middle and deep
soil layers to compensate for the water deficit in the shallow soil. These findings contribute
to a better understanding of the water use strategies and transpiration patterns of these
two vegetation species in the Mu Us sandy land.
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Abstract: The correlation between runoff and sediment challenges ecological preservation and
sustainable development in the Yellow River Basin. An understanding of the key factors influencing
variations in runoff and sediment transport in crucial river basins is essential for effective soil erosion
management within the context of ecological and economic development. The Mann-Kendall test,
Pettitt test, and Morlet wavelet analysis were employed in the Wuding River Basin to analyze the
trends in runoff and sediment changes from 1960 to 2020. We explored the double cumulative
curve method to assess the contribution rates of precipitation and human activities to the variability
of runoff and sediment transport. We explored the primary factors driving the changes in runoff
and sediment transport through random forest regression analysis. (1) From 1960 to 2020, annual
precipitation in the Wuding River Basin increased minimally, while annual runoff and sediment
transport decreased strongly with abrupt changes. Abrupt changes in annual runoff and sediment
transport occurred in 1971 and 1979, respectively. (2) The relationship between runoff and sediment
transport changed in approximately 1972 and 2000. The distribution of monthly runoff became more
uniform during Periods II (1973-2001) and III (2002-2020) compared to that during the baseline
period (1960-1972, Period I), while sediment transport became increasingly concentrated in the flood
season. (3) During Period II, the contribution rates of climate and human activities to runoff and
sediment transport were 11.94% and —14.5%, respectively, compared to the baseline period. During
Period III, the contribution rates of climate and human activities to runoff and sediment transport
were —11.9% and —17.7%, respectively. Human activities substantially reduced runoff and sediment,
with greater impacts on sediment reduction. Climate weakly influenced basin sediment transport
variations. (4) The normalized difference vegetation index (NDVI) and grassland area extent had the
greatest impact on runoff, while the NDVI and forest area extent affected sediment transport.

Keywords: runoff-sediment correlation; sediment burden; anthropogenic interference; climatic
perturbations; propelling mechanisms

1. Introduction

The dynamics of flow and sediment, an integral facet of surface material circulation,
arise from the synergistic impacts of climatic factors and underlying surface characteristics,
assuming a pivotal role in shaping and advancing regional water and soil resources [1,2].
Globally, climate change and anthropogenic endeavors have variably modified hydrological
processes within watersheds, thereby influencing the stability of ecosystemic realms [3,4].
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In response to the deteriorating ecological milieu, extensive ecological restoration initiatives
have been undertaken worldwide since the 20th century, aiming to ameliorate the prevailing
conditions [5-7]. Human-induced modifications on the Earth’s surface have profoundly
impacted the structure, functionality, and spatial arrangement of ecosystems, concurrently
yielding alterations in the sediment and water processes within watersheds. In recent
decades, significant changes have been observed in the flow and sedimentation of many
rivers globally [8-10], driven primarily by climate variability and human activities. These
changes exhibit significant spatiotemporal variations [11-13]. Consequently, enhancing our
comprehension of the mechanisms and processes governing changes in watershed sediment
and water conditions is of paramount significance to safeguard and comprehensively
manage watershed ecosystems.

The Yellow River Basin holds significant ecological and economic importance in China,
playing a crucial role in the strategic framework of social and economic development.
Specifically, the middle reaches of the Yellow River exemplify an ecologically vulnerable
area with severe soil erosion due to its high sediment content and coarse sand. Since
1950, the Loess Plateau has implemented large-scale measures to conserve soil and water,
including afforestation, terracing, and the construction of check dams [14,15]. Notably,
the Grain for Green Program, initiated in 1999, has brought about significant changes in
the underlying landscape of the basin [2,16]. Human activities have exerted a profound
influence on the water cycle and erosion sediment production in the Yellow River Basin.
Monitoring data reveal a substantial decline of approximately 70% in the flow and sediment
load of the Yellow River over the past 60 years. For instance, the sediment load at the
Tongguan hydrological station on the main course of the Yellow River has dropped from
an average of 16 x 10® tons per year in the 1970s to approximately 3 x 108 tons since
2000 [17]. Several studies have investigated the characteristics and driving mechanisms
of water sediment evolution in the middle reaches of the Yellow River, with a consensus
emerging that both flow and sediment load have significantly decreased, with human
activities playing a more prominent role than climate change as the primary driver behind
these declines [18].

The Wuding River, situated in the Loess Plateau, is a significant tributary in the
middle reaches of the Yellow River, playing a substantial role in the hydrological and
sedimentary dynamics of the Yellow River. Therefore, understanding the patterns and
factors influencing water sediment changes in the Wuding River Basin is essential for
comprehending runoff and sediment fluctuations in the Yellow River. The Wuding River
Basin is a critical area for implementing soil and water conservation measures in the
Loess Plateau and is also highly vulnerable to climate change. In recent years, a variety of
methodologies, such as ecohydrological models, the elasticity coefficient method, regression
analysis, and hydrological simulation, have been employed to analyze the relationship
between runoff sediment changes and the response to climate and human activities in this
region [19-21]. Previous studies have provided some insights into the erosion sediment
production process and mechanisms in this basin. However, uncertainties still remain
regarding the understanding of water sediment changes under the influence of human
activities. Currently, there are conflicting viewpoints on the magnitude of changes in
runoff and sediment load in the Wuding River Basin, as well as the extent of influence
from various factors. Therefore, it is crucial to further clarify and quantitatively evaluate
these aspects.

The study focused on the Wuding River Basin, a representative compound erosion
area of wind and water in the middle reaches of the Yellow River. Multiple analysis
methods were employed, including the M-K test, Pettitt test, Morlet wavelet analysis,
double cumulative curve method, and random forest regression analysis. By analyzing
long-term time series data of runoff and sediment as well as human activity data in the
Wuding River Basin, the cycles and mechanisms of runoff and sediment variations in this
basin were clarified. Additionally, a prediction index system for runoff and sediment was
established. This system quantitatively identified the main natural and anthropogenic
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factors influencing changes in runoff and sediment transport in the basin. Furthermore,
the study explored the contribution rates of the causes and driving factors of runoff and
sediment variations. The aim of this research was to provide a theoretical basis and data
support for the comprehensive control of soil erosion in key ecologically vulnerable areas of
the Yellow River Basin and the establishment of a scientific runoff and sediment regulation
system at the basin level in China.

2. Study Area

The Wuding River is a primary tributary of the Yellow River, located in the southern
edge of the Maowusu sandland and the northern part of the Loess Plateau. The main
stream has a total length of 491.0 km, and the watershed covers an area of 30,261 km?
(Figure 1). The Baijiachuan hydrological station, located in the lower reaches of the Wuding
River, controls an area of 29,662 km?2, accounting for 98% of the total watershed area.
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Figure 1. Location and characteristics of the studied watershed.

The Wuding River Basin belongs to the temperate continental arid and semiarid
monsoon climate type, characterized by a dry climate, loose soil, and sparse vegetation.
According to meteorological data from 1960 to 2020, the average annual precipitation in
the Wuding River Basin is 475 mm. The distribution of precipitation within the year is
extremely uneven, with over 80% of the rainfall occurring from May to September, mostly
in the form of short-duration and high-intensity rainfall. This has resulted in severe soil
erosion and intense sediment transport. The area of soil and water loss in the basin is
23,137 km?, with an average erosion modulus of 6090 t/ (krn2 -a), making it one of the main
sources of coarse sediment in the Yellow River.

The Wuding River Basin has a long history of comprehensive management of small
watersheds. Since the initiation of soil erosion control work in 1950, the scope of basin
management has been expanding. The 1950s to 1960s marked the initial stage, during
which the management scope was limited, and a preliminary completion of 2153 km? was
achieved. The 1970s to 1980s witnessed the stage of scaled-up management, focusing on
channel improvement and the construction of numerous check dams. A total of 5929 check
dams were built, accounting for 51.1% of the total number of check dams. In the 1980s, the
Wuding River Basin was designated a key area for national soil and water conservation,
and a series of comprehensive soil and water conservation measures were carried out
with small watersheds as the management units. While intensifying management efforts,
advanced practical techniques and achievements were actively promoted and applied. By
2010, the Wuding River Basin had constructed 2322.35 km? of farmland, 6234.68 km? of
soil and water conservation forests, 975.18 km? of economic fruit trees, 1775.05 km? of
grassland, and 360.70 km? of afforested areas. The forest and grass coverage rate reached
68.13%. Additionally, 7508 check dams, 19,628 reservoirs and wells, and 11,969 ponds and
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bunds were constructed. According to the latest statistics, by 2018, the cumulative area of
soil erosion control in the Wuding River Basin reached 12,996 km?, achieving a soil erosion
control rate of 50.93%.

3. Data and Methodology
3.1. Data Description

The annual runoff and sediment data from the Baijiachuan hydrological station at
the outlet control station of the Wuding River Basin during 1960-2020 were obtained
from the “Yellow River Basin Hydrological Yearbook”. The daily meteorological data
from four meteorological stations (Yulin, Hengshan, Suide, and Jingbian) within the basin
during 1960-2020 were obtained from the China Meteorological Data Service Center (http:
//data.cma.cn (accessed on 15 March 2023)). The digital elevation model (DEM) of the
basin with a spatial resolution of 30 m x 30 m was obtained from the Loess Plateau
Scientific Data Center of the National Earth System Science Data Sharing Service Platform
(http:/ /loess.geodata.cn (accessed on 1 May 2023)). The normalized difference vegetation
index (NDVI) used the GIMMS global vegetation index data provided by ECOCAST
(https:/ /poles.tpdc.ac.cn/en (accessed on 9 January 2023)) with a spatial resolution of 8 km
and a temporal resolution of 15 days. The land use data for 1990-2020 were obtained from
the Landsat-derived annual China land cover dataset (CLCD) [22]. The Wuding River
Basin covers various counties and cities in Yulin city, Shaanxi Province. The population,
GDP, and other socioeconomic statistics were sourced from the “Statistical Yearbook of
Shaanxi Province” and the “Statistical Yearbook of Yulin City”. The water consumption
data for Yulin city were obtained from the “Water Resources Bulletin of Shaanxi Province”
(2000-2015). The nighttime light remote sensing data product used was the “Prolonged
Artificial Nighttime-light Dataset of China (PANDA)” published by the National Tibetan
Plateau Data Center (https://data.tpdc.ac.cn/home (accessed on 2 February 2023)). This
dataset covers the time series from 1984 to 2020 with a spatial resolution of 1 x 1 km and a
temporal resolution of one year.

3.2. Methodology

This study employed mainstream research methods, such as the Mann-Kendall test,
Pettitt test, Morlet wavelet analysis, and double mass curve method, for comparison
with previous relevant research results. Additionally, the random forest regression model
was used to analyze the primary driving factors influencing the variability of runoff and
sediment transport in the Wuding River Basin. Through a comprehensive review of the
literature related to runoff and sediment changes in the Wuding River Basin, this study
represents the first application of this method in the region.

3.2.1. Mann-Kendall Rank Correlation Trend Test

The Mann-Kendall rank correlation trend test method (hereinafter referred to as the
M-K test) is a widely used and effective nonparametric statistical method for analyzing
trends in time series data. It is commonly employed in the trend analysis of hydrological,
meteorological, and other time series due to its simplicity, robustness, and high level of
quantification [23-27]. This method disregards the distribution characteristics of the sample
series and is unaffected by a few extreme values, making it suitable for detecting trends in
time series [28].

For a time series variable (X1, Xy, ..., X;;), where n represents the length of the time
series, the M-K test introduces a statistical parameter denoted as S.

n=1 n
S=1Y ) sgn(xj—x) (1)
k=1 j=k+1
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where sgn() is the sign function and is shown as follows:

1 X]'—xk>0
sgn(x]- —xk) = 0 X]‘ — X = 0 (2)
-1 x—x <0
] k

When S is a normal distribution, then the variance Var(S) = n(n —1)(2n + 5) /18. For
values of n > 10, the statistical measure of the normal distribution is:

S—1
Var(s) 5>0
Zmk =4 0 S=0 3)
S+1
Va:r(S) 5<0

The trend is examined using the Zyx value. A positive (negative) value of Zyx
indicates an upwards (downwards) trend in the series being tested. When the absolute
value of the test statistic is greater than 1.28, 1.64, and 2.32, the series passes the significance
test at the 90%, 95%, and 99% confidence levels, respectively. The larger the absolute value
of the test statistic is, the more significant the trend of the series is.

3.2.2. Theil-Sen Median Estimator Linear Model

The Theil-Sen median estimator linear model, also referred to as Sen’s slope estimator,
is a robust nonparametric statistical technique utilized for calculating trends. This method
is computationally efficient and insensitive to measurement errors and outliers, making it
well suited for the trend analysis of lengthy time series data [29,30]. The Theil-Sen model
is utilized to determine the slope of the series, denoted as . The slope 8 represents the
average rate of change and trend in the time series. A positive value of § indicates an
upward trend, while a B value of 0 suggests an insignificant trend. Conversely, a negative j3
value indicates a downward trend. The calculation formula for Sen’s slope of a time series
x, = (x1,X2,...,%y) is as follows:

ﬁ:M&?:f)w>i )

where Mf is the median function.

3.2.3. Pettitt Change-Point Test

The Pettitt change-point test is used to determine whether there is a significant change
point in a hydrometeorological time series, even when the exact timing of the change is
unknown. For a hydrometeorological time series X = (x1, ..., x;), assuming the change
point occurs at X;, the original time series can be divided into two parts: x1, xp, ..., x; and
Xt+1, Xt42, - - ., Xn. The statistic U; ,, is defined to assess the possible occurrence of a change
point at time ¢:

n
Uy = U1, + Z sgn(xt — X]) t=2,...,n 5)
=1

n
U, = X% sgn(xl- — xj) and sgn(-) denote the sign function, which is calculated ac-
j=1
cording to Equation (2).
To determine the probable occurrence time, f, of a mutation point, the statistical
measure K; is defined to locate the most likely mutation point.

(6)

Ky = max |Uy
1<t<n
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After identifying the mutation point using Equation (6), the significance level P; is
calculated using the following formula:

—6K7?
Pt _ZEXP<M) (7)

For a given confidence level g, if Py > «, the null hypothesis is accepted, indicating
no significant mutation at time ¢; if Py < &, the null hypothesis is rejected, indicating a
significant mutation at time ¢. In this paper, a confidence level of a = 0.5 was chosen.

3.2.4. Double Mass Curve

The double mass curve method (DMC) is commonly used to examine the consistency
and evolution trends of hydrological elements [31]. It plots the cumulative values of one
variable over a specific period against the corresponding cumulative values of another
variable on a Cartesian coordinate system. The cumulative relationship curve is analyzed
to determine the changing trends, timing, and magnitude of the response relationship
between the two variables. The double cumulative curve of runoff and sediment transport
can be used to study the abrupt changes and trend intensity of sediment transport caused
by human activities in rivers [32]. If the slope of the cumulative curve significantly deviates,
it indicates that human activities have a significant impact on the changes in runoff and
sediment transport. The year corresponding to the deviation point is identified as the year
of the abrupt change, and the greater the deviation in slope is, the higher the degree of
human interference is [33].

The curve can be represented as two variables, x () and y (t). Within a certain
observation period length ¢, there are observed values x; (t) and y; (t), wherei=1,2,3, ...,
n. The cumulative values of the time series for the variables x (t) and y (¢) are calculated as
¥'; (t) and y/;(t), respectively, using the following formulas:

x'i(t) = ixi(t), i=12,...,n (8)
i=1

y'i(t) = iyi(t), i=12...,n ©)
i=1

The cumulative values of the two variables are plotted on the x-axis and y-axis of a
Cartesian coordinate system, resulting in a double cumulative curve. In this study, the
cumulative annual runoff is plotted on the x-axis, and the cumulative annual sediment
transport is plotted on the y-axis, resulting in a graph of the cumulative curve of runoff
and sediment transport.

3.2.5. Copula Function

The theoretical foundation of the copula function lies in the decomposition of an #-
dimensional joint distribution function into #n marginal distribution functions and a copula
function that describes the dependency structure between variables. It can be expressed
as follows: let X = (xq, x2, ..., x;) be an n-dimensional random variable with marginal
distribution functions Fy, Fy, .. ., Fy; then, the n-dimensional copula function C satisfies the
following formula:

H(xl, X2,.. .,Xn) = C[Fl(xl),Fz(xz),.. .,P2(xn)] (10)

Function C in the equation represents a joint distribution function that is uniformly
distributed in the interval [0, 1]. In hydrological frequency analysis and calculations, com-
monly used copula functions are the elliptical and Archimedean types (Table 1). Elliptical
copula functions have elliptical contour line distributions and are not limited by the depen-
dence structure between variables. Archimedean copula functions, on the other hand, have
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a simpler form and strong symmetry. In this study, we selected three single-parameter
distributions from the most commonly used Archimedean copula functions in hydrological
research [34-36], namely, the Gumbel copula, Clayton copula, and Frank copula, to fit the
joint distribution function. The fitting performance of these three copula functions was
evaluated using the squared Euclidean distance (d;) and the Akaike information criterion
(AIC method) for model selection.

Table 1. Expression of copulas and their parameters.

Classification Names Distribution Functions and Parameters
Gaussian C(u,v) = ®p(® 1 (u), @ 1(v)), 0 represents a parameter
Elliptical Studentst Cw0) = tox(tx—(u),ty~1(v)), 0 represents a parameter,
k represents the degrees of freedom
1
Gumbel C(u,v) :exp{—[(—lnu)e—&-(—lnv)ﬂ e},Gzl
Archimedean Clayton C(u,0) = w4 f_1 4 L 0>0
Ou
Frank C(u,v) = -1 gln {1 + %} 0#£0

3.2.6. Continuous Wavelet Analysis

Wavelet analysis, a powerful statistical tool, was originally utilized in the field of
signal processing and analysis and is currently widely applied in various disciplines,
including hydrology and ecosystems [37-39]. Wavelet transformation can be categorized
into continuous wavelet transform (CWT) and discrete wavelet transform (DWT). Among
these, the continuous wavelet transform is particularly suitable for feature extraction. The
equation for the continuous wavelet transform is shown as follows:

The continuous wavelet transforms of a discrete time series x,(n =1,...,N) with
equal time steps ¢; are defined as the convolution of the wavelet function x,, under scale
and translation.

W (s Z X+ [ m] (11)

In the equation, the symbol * represents the complex conjugate, and N represents the
total number of data points in the time series. (é;/ s)l/ 2 is a factor used to normalize the
wavelet function, ensuring that the wavelet function has unit energy at each wavelet scale
s. By transforming the wavelet scale s and localizing it along the time index 1, a waveform
can be obtained that displays the fluctuation characteristics of the time series at a certain
scale and their variation over time, which is known as the wavelet power spectrum.

When conducting a wavelet transformation on a time series, the choice of the mother
wavelet is highly important. Typically, when analyzing a time series, it is desirable to obtain
smooth and continuous wavelet amplitudes, making nonorthogonal wavelet functions
more suitable. Additionally, to obtain information regarding both the amplitude and phase
aspects of the time series, complex-valued wavelets should be selected, as complex-valued
wavelets have an imaginary component that can effectively express the phase [40]. The
Morlet wavelet not only possesses nonorthogonality but also is an exponential complex-
valued wavelet modulated by a Gaussian function, with its equation expressed as follows:

Po(t) = =/ Aeiwnt =/ (12)

In the equation, f represents time and wy is a dimensionless frequency. When wy = 6,
the wavelet scale s is approximately equal to the Fourier period (A, A = 1.03 s), allowing for
interchangeability between the scale and period terms. This balance in localization between
time and frequency is a key feature of the Morlet wavelet. It is evident that the Morlet
wavelet contains additional oscillatory information, as the wavelet power can encapsulate
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both positive and negative peaks within a broad peak. In this study, the Wavelet toolbox in
MATLAB software (Version: R2022a, MathWorks, Portola Valley, CA, USA) was utilized
to calculate the wavelet coefficients for streamflow and sediment transport. The resulting
wavelet transform real part distribution and variance plots were generated using OriginPro
software (Version: 2021b, OriginLab, Northampton, MA, USA).

3.2.7. Random Forest Model

The random forest model is a widely used nonparametric regression machine learning
algorithm in various fields. It consists of decision trees, which contribute to its high accuracy.
To address overfitting, the random forest model utilizes a random sampling method with
replacement when selecting feature attributes from the dataset [41]. The determination of
the number of decision trees and randomly selected features is based on the model’s fitting
performance during the benchmark period. Ultimately, the best model is selected based on
the coefficient of determination and the Nash efficiency coefficient. The basic form of the
random forest model can be expressed as follows:

gi= 12 hi(m;) (13)

i3

In the equation, g; represents the predicted value, 1 represents the total number of
samples, h;(m;) represents the training function for each decision tree, and m; represents the
measured data.

This study selects the Bootstrap resampling method for training set sample processing.
According to the rules, the sample set is divided into two parts and the decision tree model
is built using the binary recursive method. Each decision tree in the model is independent
and does not interfere with other trees. Finally, the well-grown decision trees are combined
to obtain a classifier, namely, random forest. The classification results of the model data are
determined by voting to determine the category of new samples, in order to achieve data
prediction. A decision tree is a typical single classifier, which deduces the classification
rules of decision trees for the classification of data from a large and disorderly set of samples
by the recursive method, and then it analyzes data using these rules. This study uses the
Classification and Regression Tree (CART) to implement the node splitting of the decision
tree. The CART algorithm measures the data partition standard based on the Gini index
and uses the feature value with the smallest Gini index as the splitting attribute of the node,
which can explain the generated rules.

The calculation formula for the Gini coefficient is as follows:

[p(ilt)]? (14)

M-

Gini(T) =1—

i=1

In the equation, T represents the sample; k represents the number of categories in the
sample; and p(i|t) represents the probability of category i at node .
Calculate the index of the partition:

Gini(T) = i %Gini(i) (15)
i=1

In the equation, m represents the number of child nodes; 1; represents the number of
samples at child node 7; and 7 represents the number of samples at the parent node.

During the attribute splitting process, the CART algorithm calculates the parameters,
namely, the Gini coefficient, based on Formulas (14) and (15). According to the calculation
results, the priority attribute for node splitting is selected, which is the attribute with the
smallest Gini coefficient. Through recursive iteration, the decision tree is continuously
updated until a complete decision tree is generated.
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4. Results

Random forest regression analysis enables the ranking of the relative importance
of influencing factors, thereby identifying the main controlling factors that significantly
affect variations in runoff and sediment transport. This process facilitates the prediction
of streamflow and sediment transport. The importance of variables is determined by the
increase in the prediction error resulting from permuting the variable data. The percentage
reduction in prediction error (IncMSE) serves as an indicator, measuring the extent to
which the accuracy of random forest predictions diminishes when a variable’s value is
changed to a random number. A higher IncMSE value indicates a greater importance of
the corresponding influencing factor and a higher contribution to the model [42,43].

4.1. Runoff and Sediment Variation Characteristics

The trends of precipitation, annual runoff, and annual sediment transport at the Baiji-
achuan hydrological station during the period from 1960 to 2020 were examined through
the application of the M-K test (Figure 2, Table 2). The outcomes of the statistical analyses
revealed that there was relatively limited interannual variability in precipitation. However,
both annual runoff and sediment transport exhibited substantial fluctuations on an interan-
nual basis. Over the span of the past six decades, the average multiyear precipitation in
the Wuding River Basin amounted to 475 mm, with the highest recorded value reaching
698 mm and the lowest reaching 264 mm. The annual precipitation demonstrated a slight
upwards trend, although it did not pass the threshold for statistical significance. Sen’s
slope analysis indicated that the annual precipitation experienced a gradual increase at a
rate of 1.25 mm-a~!. The multiyear average runoff at the Baijiachuan hydrological station
stood at 10.55 x 108 m3, with the maximum value recorded at 20.15 x 10® m? and the
minimum at 6.086 x 108 m3. The annual runoff, however, exhibited a significant decreasing
trend, with an average reduction of 0.12 x 10® m3.a~!. The multiyear average sediment
transport at the Baijiachuan hydrological station was 0.81 x 10 t, with the maximum
recorded value at 3.75 x 108 t and the minimum at 0.0267 x 108 t. The annual sediment
transport showed an average decline of 0.02 x 108 t-a~!, and this downwards trend was
highly significant at the 0.001 level of significance. Since the 1970s, when soil and water
conservation measures in the watershed began to take effect, sediment transport in the
basin has gradually diminished as a result of the impact of these measures and reduced
water supply.
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Figure 2. Temporal variations in annual precipitation (a), streamflow (b), and sediment transport (c).
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Table 2. MK test of annual precipitation, streamflow, and sediment transport for 1960-2010.

2000

Characteristic Value of Runoff and Sediment ZyK Sen’s Slope
Annual rainfall 1.21 1.25
Annual discharge —6.67 *** —0.12
Annual sediment load —6.14 *** —0.02

Note: *** denotes that the value of Z is significant at the 0.001 level.
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Pettitt tests revealed noteworthy change points (p < 0.001) for both the yearly runoff
and sediment load at the Baijiachuan hydrological station (Table 3). The transition point for
annual runoff transpired in 1971, while the transition point for sediment load transpired
in 1979. These transition points align with the era of rigorous soil and water conservation
measures implemented on the Loess Plateau, thus validating the outcomes of the transition
point analysis. By contrasting the interannual and intra-annual fluctuations in runoff
and sediment load before and after the transition points in the Wuding River Basin, the
following observations were deduced: (I). The average runoff for 1960-1979 and 1980-2020
in the Wuding River Basin was 523.62 m? and 488.83 m?, respectively, denoting a 33.9%
decline in runoff from 1980 to 2020 in comparison to 1960-1979. (II). The average sediment
loads for 1960-1971 and 1972-2020 in the Wuding River Basin were 1.88 x 10% t and
0.55 x 10® t, respectively, signifying a notable 70.7% decrease in sediment load from 1972
to 2020 in comparison to that of 1960-1971. The reduction in sediment load surpassed the
reduction in runoff.

Table 3. Pettitt test of the change point of annual discharge and sediment load.

Statistical Parameter Annual Discharge Annual Sediment Load
Change-point year 1979 *** 1971 ***
Prechange year 13.66 x 108 m3 1.88 x 108 t
Postchange year 9.03 x 108 m? 0.55 x 108 t
Relative change —33.9% —70.7%

Note: *** denotes that the Pettitt test results are significant at the 0.001 level.

By utilizing Morlet continuous wavelet analysis, the temporal variation in runoff
and sediment data in the basin was assessed to identify the underlying cycles of runoff
and sediment changes. The wavelet coefficients and wavelet variances in annual runoff
and sediment transport at the Baijiachuan hydrological station are depicted in Figure 3.
The diagram shows two extensive alternations of wet and dry periods in the annual
runoff and sediment transport at the Baijiachuan hydrological station. The annual runoff
predominantly displays three “wet-dry” cycles: 3 years, 9 years, and 28 years. Among
them, the 28-year cycle of annual runoff had relatively stable behavior throughout the entire
time domain, and the peak of wavelet variance transpired at this time scale, indicating
that the primary period of annual runoff variation at the Baijiachuan hydrological station
was 28 years. The annual sediment transport primarily exhibits three cycles: 2 years,
13 years, and 30 years. Among them, the 30-year cycle of annual sediment transport had
relatively stable behavior throughout the entire time domain, and the peak of sediment
transport variance transpired at the 30-year scale, indicating that 30 years was the dominant
period of annual sediment transport variation at the Baijiachuan hydrological station.
The temporal characteristics of annual runoff and sediment transport sequences bore
similarities; however, there were also disparities, with the sediment transport cycle slightly
surpassing the runoff cycle.
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Figure 3. Coefficients and variance in annual runoff and sediment transport at the Baijiachuan
Hydrological Station from 1960 to 2020.

4.2. Diagnosing the Variability in the Sediment—Discharge Relationship

Based on the aforementioned analysis findings, the reference period was established
from 1960 to 1972 (Period 1), followed by 1973 to 2001 (Period II), and culminating with
2002 to 2020 (Period III). The cumulative sediment-discharge curve at the Baijiachuan hy-
drological station exhibits a distinct convex form (Figure 4), signifying that the fluctuations
in runoff and sediment within this basin occurred asynchronously. The extent of sediment
attenuation surpassed that of runoff, with a discernible decline in sediment concentration.
Furthermore, the cumulative curve manifests inflection points for approximately 1972 and
2000. The findings of relevant studies [20] also indicate a significant decrease in annual
runoff in the Wuding River Basin from 1996 to 2007, with a sudden change occurring in
1971. Prior to the abrupt change, the trend in runoff was not significant, but after the
change, a significant decrease in runoff was observed. These results are generally consistent
with the findings of this study. In the 1970s, large-scale sediment control interventions,
including silt dams and terraces, were implemented in the Wuding River basin, resulting in
notable reductions in sediment. The cumulative sediment-discharge curve during Period
I deviates significantly from Period I, showcasing a more substantial decrease in sediment
load in comparison to runoff. After 2000, despite an augmentation in precipitation and
subsequent runoff, the implementation of land conversion initiatives to foster forests and
grasslands further curtailed sediment yield, leading to a subsequent downwards shift in
the cumulative curve.

The period spanning from 1960 to 1972 was utilized as the reference point, and a
comparative analysis was conducted on the variations in monthly average runoff and
sediment discharge between the intervals of 1973 to 2001 and 2002 to 2020 (Figure 5). In
comparison to Period I, both Period II and Period IlI displayed varying degrees of reduction
in the multiyear average monthly runoff, particularly in March and July to September.
Furthermore, a discernible trend towards a more equitable distribution of monthly runoff
throughout the year was observed, with the proportion of flood season runoff declining
from 41.5% in the baseline period to 37.9% in Period II and further declining to 35.9%
in Period III. In stark contrast, when the mean monthly sediment discharge between the
periods of 1960-1971 and 1972-2020 were contrasted, a substantial decline in sediment
discharge was evident for each month; however, the pattern diverged from that of runoff.
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Sediment discharge exhibited a greater concentration during the flood season, with the
proportion of flood season sediment discharge escalating from 90.4% in Period I to 97.6%

in Period II.
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Figure 5. Analysis of the annual distribution characteristics of runoff (a) and sediment discharge (b)
at Baijiachuan hydrological station.

The co-occurrence of runoff and sediment discharge was assessed through the uti-
lization of the widely employed Kolmogorov-Smirnov (K-S) test and Akaike information
criterion (AIC) (Table 4). The K-S test yielded p values exceeding 0.05, affirming that the
fitting outcomes successfully met the test criteria. Consequently, only the AIC test outcomes
are presented in the table to further determine the optimal joint distribution. Table 4 shows
that the joint distribution of runoff-sediment discharge at the Baijiachuan hydrological
station during Periods I, II, and III adheres to Gaussian, Gumbel, and Clayton distribu-
tions, respectively. This finding underscores the dynamic nature of the runoff-sediment
relationship, as the joint distribution undergoes alterations. The correlation between runoff
and sediment discharge during Period I exhibited a significantly greater magnitude than
that of Period II and Period III. Transitioning from Period I to Period III, the correlation
coefficient between annual runoff and sediment discharge demonstrated a continuous
decrease, which is particularly pronounced in Period III. This observation suggests that the
hydrosediment relationship within the watershed becomes increasingly intricate amidst
intensified human activities.

100



Water 2024, 16, 26

Table 4. Goodness-of-fit test of five candidate copulas according to AIC.

Spearman .

Stage Coefficient Gaussian  Student-T  Gumbel Clayton  Frank
Period I 0.90 —17.53 —15.36 —13.94 —16.21 —17.43
Period I 0.72 -1291 —11.01 —16.94 —491 —13.12
Period I1I 0.41 —5.81 —3.66 —2.82 -1.23 —8.37

4.3. The Response of Runoff and Sediment to Climate and Human Activities

Table 5 demonstrates a gradual intensification of the impact of human activities on
runoff and sediment discharge in the Wuding River Basin from Period I to Period IIL
This trend coincides with the implementation of extensive soil and water conservation
measures in the basin, including the construction of silt dams during the 1970s and the
initiation of the Grain for Green program in 1999. These measures have exerted a profound
impact on the hydrological and sedimentary dynamics within the basin. As these man-
agement practices expanded in scale, they brought about changes in surface morphology,
consequently exerting a significant influence on the processes of runoff generation and
sediment production. In comparison to Period I, the cumulative reductions in runoff and
sediment discharge during Period II in the Wuding River Basin amounted to 4.6 x 108 m3
and 1.02 x 10® t, respectively. Climate factors accounted for 11.94% and —14.5% of the
variations observed in runoff and sediment discharge, respectively, while human activities
contributed 88.06% and 114.5%, respectively. Remarkably, during this period, there was a
substantial decrease in runoff and sediment discharge despite there being no significant
decline in precipitation. Moving into Period III, the total declines in runoff and sediment
discharge in the Wuding River Basin reached 6.4 x 10 m3 and 1.55 x 10% t, respectively.
Climate factors contributed —11.9% and —17.7%, while human activities accounted for
111.9% and 117.7% of the variations. Human activities emerged as the primary driver
behind the reduction in sediment and water, with a more pronounced impact on sediment
discharge, whereas the influence of climate change on sediment discharge within the basin
remained relatively weak. The results of relevant studies [21,33] indicate that after 2001,
due to the implementation of policies such as land reclamation and afforestation, human
activities have intensified. Although there has been an increase in rainfall in the Wuding
River Basin since 2007, the runoff and sediment transport continue to decrease. From 2001
to 2020, human activities contributed to over 110% of the reduction in runoff and sediment.
Measures like check dams, land reclamation and afforestation, and reservoir construction
and irrigation are among the factors causing the decrease in runoff and sediment in the
Wuding River Basin, with check dams and reservoirs playing a major role in reducing
sediment transport. These findings are consistent with the results of this study.

Table 5. The contributions of climate and human activities to changes in runoff and sediment

discharge.
Tvoe Time Observation Decrement Contribution Rate from Contribution Rate from
M Climate Change/% Human Activity/%
Period I 14.7 x 108 m3 - - -
Runoff Period 11 10.1 x 108 m® 4.6 x 108 m® 11.94 88.06
Period 111 8.3 x 108 m® 6.4 x 108 m°3 —11.9 111.9
Period I 1.78 x 108 t - - -
Sediment Load Period 11 0.76 x 108 t 1.02 x 108 t —145 114.5
Period 111 0.23 x 108 t 1.55 x 108 t -17.7 117.7

The impact of human activities on the alterations in runoff and sediment within river
basins is intricate and diverse. The influence of human activities on runoff primarily stems
from the modification of land use, which in turn affects climate and underlying surface

101



Water 2024, 16, 26

conditions. Conversely, the effect of human activities on sediment transport mainly arises
from measures such as the construction of check dams and the restoration of vegetation.
Therefore, it is imperative to deeply study the human activities that instigate changes in
runoff and sediment to effectively manage soil erosion and achieve the objectives of water
conservation, soil preservation, and the mitigation of runoff and sediment transport.

In this study, we meticulously selected 10 indicators that holistically depict the in-
tensity of human activities, encompassing the arable land area, GDP, population, NDVI,
forest area, grassland area, water area, nighttime light remote sensing, watershed soil
erosion control area, and irrigation water consumption, through an extensive literature
review and yearbook consultations. We subsequently investigated the driving impact of
human activities on changes in runoff and sediment within the Wuding River Basin. Due
to the insufficiency of pre-1990 data pertaining to human activity factors, we constructed a
random forest model utilizing runoff and sediment transport as dependent variables for
the period of 1990-2015, with human activity indicators serving as independent variables
to ensure temporal consistency.

To evaluate the accuracy of the fitted values obtained from the random forest regression
model, we computed the R? value and mean absolute error (MAE). The analysis and
validation of the predicted values derived from the random forest regression model, in
comparison with the measured values, are presented in Figure 6. Notably, both the R?
values of the fitted curves for annual runoff and sediment transport from the random forest
regression model and the measured values reached 0.8, indicating a close approximation
between the fitting results and the actual values, thus asserting their reliability.
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Figure 6. The fitting and validation of the random forest model.

The runoff and sediment transport data were used to fit a random forest regression
model. To discern the relative importance of each human activity factor in influencing
runoff and sediment transport, the percentage reduction in prediction error (IncMSE) was
plotted for the 10 factors, as illustrated in Figure 7. The findings revealed that the NDVI
and grassland area had the most profound impact on runoff, with IncMSE values of 14.63%
and 14.26%, respectively. Following closely were the forest area (6.90%) and arable land
area (5.93%). In terms of sediment transport, the NDVI and forest area emerged as the most
significant human activity factors, with IncMSE values of 15.93% and 14.97%, respectively.
These were trailed by the soil erosion control area (6.48%) and grassland area (6.07%).

Notably, the NDVI exhibited a significant negative correlation with both runoff and
sediment transport, while the arable land area displayed a positive correlation with runoff.
The continuous proliferation of forest and grass vegetation intercepted more precipitation,
subsequently impeding the flow rate through the interception of dense litter. Moreover,
a small portion of the precipitation replenished the groundwater, leading to a consistent
decrease in runoff. This perpetual increase in water storage and soil conservation effects
attributed to vegetation culminated in a more pronounced reduction in sediment transport.
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Figure 7. Ranking the importance of factors influencing annual runoff and sediment transport.

5. Discussion
5.1. Variation in Runoff and Sediment in the Wuding River Basin and a Comparative Analysis of
Their Influencing Factors

This study unveils noteworthy inflection points in the annual runoff and sediment
discharge in the Wuding River Basin over the past six decades, with 1971 marking the
change in runoff and 1979 marking the change in sediment discharge. Human activities play
a dominant role in diminishing both runoff and sediment, with a greater impact observed on
sediment discharge reduction. These findings are consistent with the majority of previous
studies [19,21,33]. Previous research has commonly employed attribution analysis and
other methodologies to examine natural factors, including climate and precipitation, as well
as human factors, such as afforestation and check dam construction, which influence soil
erosion. The results demonstrate that human factors play a leading role in the variations
in runoff and sediment in the Wuding River Basin. Among these factors, irrigation and
afforestation primarily contribute to runoff reduction, while afforestation, grass planting,
and check dam construction aid in sediment reduction. The NDVI and cumulative annual
check dam control area are significantly negatively correlated with sediment transport.
Moreover, the cumulative annual check dam control area has a greater direct impact
on sediment transport than the NDVL. It is identified as the primary factor influencing
sediment transport variability. Further research indicates that the annual variability of
sediment transport in the Wuding River Basin is jointly driven by check dam construction
and NDVI changes. The mean jump variability is mainly influenced by precipitation and
check dam construction changes. Variance variability is primarily caused by changes
in precipitation and NDVI. For annual runoff, trend variability is driven by changes in
evaporation, check dam construction, reservoir construction, and agricultural irrigation
water consumption. Mean jump variability is mainly influenced by changes in precipitation,
reservoir construction, and agricultural irrigation water consumption. Variance variability
is primarily caused by changes in precipitation.

This study also identifies the factors with the most significant impact on runoff, such
as the NDVI and grassland area, and the most substantial human activity factors that affect
sediment discharge, such as the NDVI and forest area. Related studies suggest [44,45]
a close negative correlation between annual runoff in the Wuding River Basin and the
extent of soil and water conservation measures. The contributions of maximum monthly
cumulative precipitation, maximum daily precipitation, annual precipitation, and weighted
average of the area of soil and water conservation measures to the variation in annual
runoff in the Wuding River Basin are 37.5%, 26.9%, 9.4%, 14.5%, and 11.8%, respectively.

103



Water 2024, 16, 26

Based on relevant reports on sediment accumulation in the Wuding River Basin, it has
been found that there is localized sediment accumulation in some sections due to floods,
but there is no large-scale, long-lasting sediment accumulation. This finding suggests
a direct relationship between the decrease in sediment production and the reduction in
sediment discharge in the Wuding River Basin [46]. In comparison with other research
findings, this study reveals that the erosion area and high-intensity erosion area in the
Wuding River Basin are still larger than those in the Jing River, Beiluo River, Wei River,
and Fen River in the middle reaches of the Yellow River. However, the rate of reduction in
the soil erosion area is significantly higher than that in the middle reaches of the Yellow
River, especially in the Huangfuchuan River, Jialu River, Jiaohe River, Qiushui River, and
Beiluo River, which are key tributaries in the area with high sand and coarse sediment
contents. Therefore, the current state of soil erosion and the effectiveness of soil and water
conservation in the Wuding River Basin have significant implications for conducting soil
and water conservation work in the middle reaches of the Yellow River.

5.2. Limitations of This Study

Due to certain constraints, specifically the limited duration of monitoring basic data
for soil and water conservation engineering measures, this study was unable to conduct a
thorough investigation into the contribution rates of different types of water conservation
measures that promote runoff and sediment reduction. Additionally, it did not quantita-
tively analyze the impact of extreme rainfall events on changes in runoff and sediment.

The Wuding River Basin lies in a transitional zone, transitioning from arid to semiarid
to semihumid regions, which renders the ecological environment extremely delicate. As a
result, the pressure exerted by human activities on the ecological environment is escalating.
With the ongoing development and progress of the social economy within the basin, the
need to strike a balance between the protection of the ecological environment and high-
quality economic development has become increasingly prominent. At present, human
activities that significantly influence runoff and sediment production in the basin include
the construction of check dams, reservoirs, terraced fields, and the conversion of farmland
to forests and grasslands. Consequently, future research should focus on investigating the
effects and evolutionary trends of different types of soil and water conservation measures
in the basin, unveiling profound underlying issues, and offering decision-making support
to enhance the effectiveness and sustainability of various soil and water conservation
measures in the Wuding River Basin.

The frequent occurrence of extreme rainfall in the Loess Plateau raises important
questions that must be addressed in research on the ecological management of soil and
water conservation in the Yellow River Basin. It is crucial to determine the resilience of
soil and water conservation engineering in the face of extreme rainfall and the potential
benefits it can provide during such events. In the middle reaches of the Yellow River, the
effectiveness of soil and water conservation measures under extreme rainfall has been a
topic of debate. According to some researchers [47], the sediment reduction benefits of soil
and water conservation measures in most basins of the Loess Plateau exceed 80%, reaching
as high as 96% in some cases, even in the presence of severe rainfall events. However,
numerous other researchers argue that the benefits of watershed soil and water conservation
under extreme rainfall conditions are limited and may even be negative [48]. Therefore,
future studies are urgently needed to address this issue and conduct comprehensive
assessments of the sediment reduction benefits of soil and water conservation measures in
the Wuding River Basin during extreme rainfall conditions.

6. Conclusions

The Wuding River Basin, located in the middle reaches of the Yellow River, serves as
the subject of investigation in this case study. The study utilizes measured data on runoff
and sediment from the period spanning 1960 to 2020, aiming to analyze the characteristics
of variability and investigate the underlying causes of changes in runoff and sediment. In
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addition, the study employs quantitative methods to assess the contribution rates of climate
change and human activities to these changes and to explore the impact of human activity
factors on runoff and sediment. The main findings of this study reveal differences in the
periodic characteristics of annual runoff and annual sediment transport in the Wuding
River Basin. The variation period of annual sediment transport (30 years) is slightly longer
than that of annual runoff (28 years). Human activities play a dominant role in reducing
sediment and water in the Wuding River Basin. Grass planting and afforestation contribute
significantly to the decrease in runoff, while large-scale siltation dam construction plays a
major role in reducing sediment transport. The impact of climate change on sediment trans-
port in the basin is relatively weak. NDVI is significantly negatively correlated with both
runoff and sediment transport, while cultivated land area shows a positive correlation with
runoff. The continuous increase in forest and grass vegetation results in more precipitation
being intercepted by the vegetation canopy and the dense litter intercepting and slowing
down the flow rate, with a small amount of precipitation replenishing groundwater, lead-
ing to a continuous decrease in runoff. The water storage and soil conservation effect of
vegetation continues to increase, resulting in a more significant reduction in sediment. The
specific conclusions are as follows:

(1) The annual precipitation in the Wuding River Basin from 1960 to 2020 exhibits a
slight upward trend. Due to the implementation of large-scale soil and water conservation
measures, both annual runoff and sediment transport show a significant downward trend.
Notably, there are distinct change points in both annual runoff and sediment transport,
occurring in 1971 and 1979, respectively.

(2) The double cumulative curves reveal a turning point in approximately 1972 and
2000. The decline in sediment transport is much more pronounced than that of runoff, and
there is a noticeable decrease in sediment concentration. Comparing the reference period of
1960 to 1972 (Period I), the distribution of monthly runoff tends to be more uniform during
the years 1973 to 2001 (Period II) and 2002 to 2020 (Period III), while sediment transport
becomes more concentrated during the flood season. Moreover, the joint distribution of the
runoff-sediment relationship also undergoes changes before and after these periods.

(3) In comparison to the reference period, climate change contributed 11.94% and
—14.5% to runoff and sediment transport during Period II, respectively. Meanwhile,
human activities contributed 88.06% and 114.5% to the same parameters. For Period
III, climate change’s contributions to runoff and sediment transport were —11.9% and
—17.7% respectively, while human activities contributed 111.9% and 117.7% to the same
parameters. Human activities are predominantly responsible for reducing sediment and
water, with a particularly significant impact on sediment transport reduction. In contrast,
the impact of climate change on sediment transport in the basin is relatively weak.

(4) The factors that exert the greatest influence on runoff are the NDVI and the area of
grassland, with IncMSE values of 14.63% and 14.26%, respectively. Additionally, the area
of forest contributes 6.90% and the area of cultivated land contributes 5.93%. In terms of
sediment transport, the most significant human activity factors are the NDVI and forest
area, with IncMSE values of 15.93% and 14.97%, respectively. Furthermore, the area of soil
and water erosion control contributes 6.48% and the grassland area contributes 6.07%.

In future research, there is a need to further collect and filter natural and socio-
economic indicators. Additionally, it is necessary to innovate and optimize research meth-
ods in order to explore and establish the coupling relationship between “hydro-sediment-
ecological-economic”. This will provide a better theoretical basis and methodological
support for ecological conservation and sustainable social development in the Wuding
River Basin.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16010026/s1, Figure S1: A prolonged artificial nighttime-light
map of Wuding River Basin from 1995-2015; Table S1: Annual rainfall, discharge and sediment load
from 1960-2020; Table S2: Water use, population and GDP of Yulin city from 1991-2015.
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Abstract: Sap flow is one of the most important physiological water transport processes of trees, and
the characteristics of sap flow are greatly affected by the spatial and temporal distribution of water in
the SPAC (soil-plant-atmosphere continuum). However, different precipitation characteristics have
great influence on the water environment of forest trees, which causes considerable differences in sap
flow. Therefore, researching the response of sap flow to precipitation type is the key to accurately
determining plant transpiration in semi-arid areas. We used K-means clustering analysis to divide
the rainfall during the study period into three rainfall types (the highest rainfall amount and intensity
(types I), medium rainfall amount and intensity, with a long duration (types II); and the lowest rainfall
amount and intensity (types III)) based on the rainfall amount and intensity in order to compare the
differences in the response of sap flow trends and influencing factors of Pinus tabulaeformis and Robinia
pseudoacacia under different rainfall types. The results showed that, under the daily scale average
sap flow of P. tabulaeformis and R. pseudoacacia, rainfall type II decreased significantly relatively to
rainfall types I and III (p < 0.05). In rainfall type II, The sap flow characteristics of R. pseudoacacia were
positively correlated with solar radiation (p < 0.05), while those of P. tabulaeformis were positively
correlated with temperature, solar radiation, and VPD (p < 0.01). The sap flow of P. tabulaeformis and
R. pseudoacacia were significantly positively correlated with temperature, solar radiation, VPD, and
soil moisture content (p < 0.01) and negatively correlated with relative humidity (p < 0.05) in rainfall
type III. The hourly sap flow of P. tabulaeformis and R. pseudoacacia on rainfall days was higher than
before the rainfall. Rainfall type I promoted the daily sap flow of both species, and the proportion
of the sap flow in daytime was also higher. On rainy days, the sap flow rates of rainfall type
I'and IIT showed a “midday depression”. In type I rainfall events, the sap flow “midday depression”
after rainfall occurred an hour ahead compared to the sap flow “midday depression” before rainfall.
In type II rainfall events, the daytime sap flow rates of P. tabulaeformis and R. pseudoacacia were
obviously inhibited, but the nighttime sap flow rate increased. In type III rainfall events, the sap flow
before rainfall presented a unimodal curve versus time. The daily average sap flow of R. pseudoacacia
was more susceptible to rainfall type II, while P. tabulaeformis was more susceptible to rainfall types
I and III. The sap flow rate of R. pseudoacacia decreased on rainy days. The results show that the effects
of different rainfall types on the sap flow trends of P. tabulaeformis and R. pseudoacacia were different.
They revealed the responses of their sap flow trends to meteorological factors under different rainfall
types, which provided basic data and theoretical support for further predicting the sap flow trends
on rainy days, clarifying the effects of rainfall amount, rainfall duration, and rainfall intensity on sap
flow trends and accurately estimating the transpiration water consumption of typical tree species in
the sub-humid climate regions of China.

Keywords: sap flow; rainfall types; K-means clustering; sub-humid climate
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1. Introduction

Water plays an important role in vegetation distribution and plant life activities [1].
Precipitation, as a crucial element of climate conditions, is straightforwardly linked to the
growth of plants, biodiversity, and the stability of forest ecosystems, fundamentally impact-
ing almost all hydrological processes within the forest ecosystem [2—4]. Under the action of
transpiration pull, plants absorb moisture in the soil through roots, transport it to various
parts through ducts, and output it into the atmosphere through the transpiration of the
leaves [5,6]. Sap flow is not only one of the most important physiological processes of trees,
but it also reflects the plant’s water transport capacity and sensitivity to environmental
changes [7,8]. At the same time, sap flow is a key link in the SPAC (soil-plant-atmosphere
continuum), which transports the soil water absorbed in roots and determines the amount
of tree transpiration [9-11]. This can be used to analyze the characteristics of water con-
sumption and the water transport mechanism of trees [12,13]. Climate change affects
global hydrological processes and changes the spatial and temporal patterns of continental
precipitation [14-16]. The most important characteristics are the decrease in precipitation
frequency, the uneven spatial distribution of precipitation, the increase in extreme precipita-
tion, and the increase in seasonal drought in sub-humid climate regions [8,17]. Precipitation
is an important supplement to soil water, and changing temporal and spatial precipitation
patterns also affect plant water use and canopy transpiration [18,19]. The extent to which
vegetation is affected by rainfall patterns is related to different strategies through which
tree species deal with drought [20,21]. Therefore, it is of great importance to research the
correlation between precipitation patterns and soil water use of trees in seasonal arid areas
under climate change [22,23].

The sap flow characteristics of different tree species are greatly different under the
influence of physiological structures, water conditions, and meteorological factors [24,25].
In the long term, sap flow is mainly affected by root-related factors, while in the short
term, it is more sensitive to meteorological factors [26-28]. Therefore, the time-delay effect
of environmental factors can be used to simulate sap flow characteristics [29]. Previous
studies have shown that the characteristics of sap flow show different variation patterns
under the influence of weather [30-32]. On sunny days, the sap flow tends to be high in
the daytime and low at night, and the variation trend is a single-peak curve or double-peak
curve [8]. On rainy days, on the other hand, the curves fluctuate greatly or show gentle
trends [33]. Therefore, the sap flow is one of the most important physiological water
transport process of trees, and the characteristics of sap flow are greatly affected by the
water environment [34,35]. However, different precipitation characteristics have a great
influence on the water environment of forest trees, which leads to significant differences
in sap flow. The response of sap flow to rainfall types is the key to accurately calculating
plant transpiration [36,37].

In order to study the transpiration characteristics of trees, most studies on the rela-
tionship between sap flow and environmental factors were mainly conducted on typical
sunny days [34,38]. Other studies have found that other rainfall parameters, such as rainfall
duration and rainfall intensity, also affect plant transpiration in dryland ecosystems [35].
However, there have been few studies on the response of the sap flow characteristics of
trees to rainfall types. The main objectives of this study were: (i) to explore the differences
in the response of sap flow characteristics to different rainfall types and (ii) analyzing
the difference in sap flow between conifers and broad-leaf trees under different rainfall
types, as well as its influencing factors. Our purpose was to provide data supporting
the study of vegetation transpiration and hydrological process. Our study aimed to in-
vestigate the effects of different rainfall events on sap flow for the purpose of providing
water use efficiency, which is a supplement to the research on vegetation transpiration and
hydrological processes.
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2. Materials and Methods
2.1. Study Site Description

This study was performed in Jiu Feng National Forestry Park, Haidian District, about
30 km northwest of Beijing, China (39°540 N, 116°280 E) (Figure 1). It is a semi-humid
region situated 140 m above the mean sea level, with a 10-25° sloping terrain. The mean
daily temperatures range between 23 and 28 °C from May to mid-October, and between
—5 and +25 °C throughout the winter, with a mean annual temperature of 12 °C. The
mean annual precipitation is 630 mm, and the maximum rainfall occurs between June
and September. In the study area, P. tabulaeformis and R. pseudoacacia are the dominant
conifer and broad-leaved tree species. Most of these species were planted in the 1950s
and 1960s. Lolium perenne, the main herbaceous vegetation (mean 70% ground cover), is
widely distributed in the study area. The main shrubs were Grewia biloba, Vitex negundo,
and Broussonetia papyrifera, whose densities were 3-5 plants/m?2. The soil in the study
area was cinnamon soil, with an average slope of approximately 10% in the northeastern
direction.
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Figure 1. The location of Jiu Feng National Forestry Park in Beijing, China.

Three fixed observation stands (20 m x 20 m) of P. tabulaeformis and three fixed obser-
vation stands (20 m x 20 m) of R. pseudoacacia were selected and numbered. According to
the average DBH and height, three standard sample trees with good growth and straight
trunks without disease or insect pests were selected in each observation stand. The condi-
tions of the selected plots were similar, e.g., in terms of altitude, slope, and aspect, which
was advantageous for comparing the difference in sap flow between the two species under
the same environmental conditions. The basic information on the plots and trees is shown
in Table 1.

Table 1. Information of observation stands and average values of sample trees.

Standard Sample Trees

Species Stand Density/(Tree/hm?) Average Age/a Indices No.1 No.2 No.3
o Height/m 85 53 6.2

P. tabuliformis stand 1200 25 diameter/cm 18.47 1657 13.06
. Height/m 9.6 9.1 9.4

R. pseudoacacia stand 900 43 diameter/cm 23.89 17.83 14.65
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2.2. Sap Flow Measurements

A thermal dispersive sap flow measurement system (FLGS-TDP XM1000, Dynamax,
Houston, USA) was used for continuous monitoring (the monitoring period lasted from
April 2020 to September 2021). As for the calibration of Granier sensors, we have already
considered radial calibration and tested the accuracy of the flow when installing the Granier
sensors. Two kinds of probes (20 mm and 30 mm) were selected according to the xylem
catheter in the radial position to ensure the accurate position of the probe. The collection
frequency was set to 15 min to record once, and the sap flow rate was calculated according
to the empirical formula proposed by Granier [38].

_ 1231
dT) M

dTmax
Jo = 0.0119 x <dT

where J; is the sap flow rate (g~cm_2-s_1), dTmax is the maximum temperature difference
between the upper and lower probes within a day (°C), and dr is the instantaneous
temperature difference at the time of measurement (°C).

The daily sap flow (g-d ') of the whole tree was calculated according to the aver-
age sap flow rate and the sapwood area (cm?) of the sample tree, and the formula was
as follows:

SF = Jg x Ag x 3600 x 24 ()

Our research focuses on the influence of different rainfall events on sap flow, that is,
the difference analysis of sap flow before rainfall and after rainfall. According to some
rainfall events research literature [39,40], we defined the interval between two rainfall
events as more than 24 h; the sap flow before rainfall (or pre-rainfall) refers to the sap flow
within 24 h before a rainfall event begins, and the sap flow after rainfall (or rainfall) refers
to the sap flow within 24 h before a rainfall event stops. The sapwood area was calculated
according to sample trees with a similar DBH and height in the fixed observation stand,
and wood cores were taken with growth cones to measure DBH and sapwood thickness to
calculate the sapwood area. For basic information on the sample trees and sapwood area
calculation, we refer the reader to our previously published literature [39].

2.3. Soil Water and Meteorological Factor Measurements

According to the previous studies on the distribution range of rhizosphere and the
depth of root water absorption of two species of trees [40], we measured the average soil
water content (SWC) of 0-40 cm soil layers using soil water sensors (ECH2O-TE System,
Decagon Devices, Pullman, Washington, USA). At the same time, meteorological data,
which included the characteristic values of precipitation (rainfall R,, rainfall intensity R;,
rainfall duration Ry), net radiation (Ry,), air temperature (T,), relative humidity of the air
(RH, %) and wind speed (Ws), were recorded synchronously by the HOBO automatic small
weather station (U30, Onset, MA, USA). The data were recorded at 15 min intervals. The
vapor pressure deficit (VPD) was calculated from the air temperature and relative humidity,
and the formula is as follows:

VPD = 0.61078 x eTii0% x (1 — RH) 3)

2.4. Cluster Analysis of Rainfall Events

Compared with traditional rainfall classification, the clustering classification based
on rainfall characteristic values can more accurately depict the rainfall process. The mea-
surement period lasted 316 days (from April 21 to 28 September 2020 and from 4 April
to 5 September 2021). Therefore, 82 rainfall events (growing seasons for 2020 and 2021)
were characterized by three precipitation characteristic values, which included the rainfall
amount (R,(mm)), rainfall duration (R4(h)), and rainfall intensity (Ri(mm-h~1)), were
evaluated by the K-means clustering analysis method (Table 2). The classification met the
criteria for one-way analysis of variance (ANOVA) at the level of significance (p < 0.05),
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and the three clusters kept the overall intra-group variance to a minimum. Type I had the
highest rainfall amount and intensity and medium rainfall duration; type II had a medium
rainfall amount and the lowest intensity, but the longest rainfall duration; and type III had
the lowest rainfall amount and medium rainfall intensity, but the shortest rainfall duration.

Table 2. Statistical characteristics of different rainfall types.

Mean + Standard

Variation Coefficient

Rainfall Types Frequency Rainfall Characteristic Deviation %)
Rainfall amount/mm 77.60 £+ 74.10 95.43
Typel 3 (3.67%) Rainfall duration/h 783 £6.77 86.37
Rainfall intensity /mm h~! 13.27 £ 6.84 51.56
Rainfall amount/mm 15.64 + 14.55 93.03

Type II 28 (34.15%) Rainfall duration/h 13.40 £ 5.19 38.71
Rainfall intensity/mm h~! 1.27 £1.37 107.35
Rainfall amount/mm 2.37 £ 3.60 152.40
Type 11T 51 (62.20%) Rainfall duration/h 2.00 = 2.09 104.25
Rainfall intensity/mm h~! 1.48 +1.88 126.60

2.5. Data Analysis

Origin Pro 18, R and Minitab 19 were used to calculate the mean, standard deviation,
coefficient of variation, and other statistical data of various indicators under different rain-
fall types. ANOVA was used to evaluate the statistical differences of daily meteorological
factors under different rainfall types and the statistical differences of sap flow before and
during rainfall between different rainfall types. Pearson correlation analysis was used to
test the correlation between sap flow and influencing factors.

3. Results
3.1. Precipitation Characteristics and Meteorological Factors

Comparing the amount of rainfall and the duration and intensity of the 82 rainfall
events in the two growing seasons, as well as the classification results of the K-means
clustering analysis, it can be seen that rainfall events of type I occurred in July, August, and
September of the first growing season (Figure 2). The amount and intensity were higher
than the other types, but the occurrence frequency was low (3 events, 3.67%). Types Il and
III appeared alternately in two growing seasons, and the frequency of type III (51, 62.2%)
was higher than that of type II (28, 34.15%). Type Il was characterized by the lowest rainfall
intensity and longer rainfall duration (over 8 h), while type III had the shortest rainfall
duration (under 5 h) along with the lowest rainfall amount (less than 6 mm).
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Figure 2. Precipitation characteristics of 82 rainfall events during two growing seasons.
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The range of variation for T, (5.81-31.54 °C), Rn (0-494.36 W-m~2), RH (7.13-100%),
and VPD (0-4.30 kpa) during the two growing seasons showed obvious seasonal variations
(Figure 3). The lowest values of monthly mean T, (13.28 °C), RH (38.06%), and VPD
(0.99 kpa) appeared in April, and the highest values appeared in July and August (26.67 °C,
63.80%, 2.14 kpa). The lowest value of Rn appeared in September (94.03 W-m~2) and the
highest value occurred in May (145.40 W-m~2).
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Figure 3. Meteorological trends during two growing seasons.

The daily mean meteorological factors of the three rainfall types are shown in Table 3
(Rn in July of the second growing season was missing due to equipment failure). The
variation range of daily mean T,, Rn, RH, and VPD on rainy days were 7.16-29.26 °C,
4.1-240.62 W-m 2, 15.30-94.22%, and 0.18-2.65 kpa, respectively. The daily Rn of type
I was significantly higher than that of type III (p < 0.05), but there were no significant
differences in the T4, Rn, or VPD of the three rainfall types.

Table 3. Characteristics of daily mean meteorological factors within different rainfall types during
the growing seasons.

Rainfall Types T, (°O) Rn (w-m—2) RH (%) VPD (kpa)
Typel 23.65 +£3.76a 94.30 £ 106.80 a 49.53 £ 1591 a 1.51+£020a
Type I 20.05+4.49 a 45.71 £+ 41.31 ab 50.96 =19.49 a 119+ 0.60a
Type III 2220+ 4.84a 95.31 £70.99b 56.65 £ 17.08 a 117 £ 054a

Note(s): Different letters indicate significant differences in daily mean meteorological factors among the different
rainfall types.

3.2. Daily Sap Flow Characteristics within Three Rainfall Types

The characteristics of sap flow under three rainfall types are shown in Figure 4. Type
I only appeared in the growing season in 2020. Types II and III appeared to be evenly
distributed in the two growing seasons, and the daily mean sap flow of P. tabulaeformis and
R. pseudoacacia showed no obvious changes under the three rainfall types. The highest daily
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sap flow values of P. tabulaeformis and R. pseudoacacia occurred in type I (25,986 g-d ! and
42,931 g-d~ !, respectively), and the lowest values occurred in the type II (6905 g-d ~! and
14,656 g-d !, respectively). There were significant differences in the average daily sap flow
of Ptabulaeformis before and after type II (p < 0.05), but no significant difference in the other
two rainfall types.
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Figure 4. Daily sap flow characteristics of P. tabuliformis and R. pseudoacacia under three rainfall types
in two growing seasons (the value was measured 24 h after rain).

Both before and after rainfall, the average daily sap flow of P. tabulaeformis in type
II was significantly lower than that in types I and III (p < 0.05). Before rainfall, the aver-
age daily sap flow of R. pseudoacacia showed no significant differences among the three
rainfall types. After rainfall, the average daily sap flow of R. pseudoacacia in type I was
significantly higher than that in type II (p < 0.05), and that in type II was significantly
higher than that in type III (p < 0.05). The daily sap flow of R. pseudoacacia was higher
than that of P. tabulaeformis (Figure 5). Under type I, the daily values of P. tabulaeformis and
R. pseudoacacia after rainfall increased by 12.6% and 9.3% relatively to before rainfall, and
by 85.2% and 98.7% under type IL. But under type III, the daily values decreased by 29.1%
and 21.0%, respectively.
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Figure 5. Comparison of daily pre-rainfall and after rainfall sap flow characteristics of P. tabuliformis
and R. pseudoacacia under three rainfall types (different letters indicate significant differences in daily
mean sap flow between the different rainfall types).

The correlation between the sap flows of P. tabulaeformis and R. pseudoacacia for types
II and III, as well as the influencing factors, are analyzed in Table 4. The sap flow of
P. tabulaeformis was positively correlated with temperature, soil water content, and solar
radiation, and VPD (p < 0.01) for types Il and III, and was negatively correlated with relative
humidity for type III (p < 0.01). The correlation between the sap flow of R. pseudoacacia
and the influencing factors was not consistent between the two rainfall types. Under
type I, the daily sap flow of R. pseudoacacia was only positively correlated with solar
radiation (p < 0.05), while under type IlI, the daily sap flow of R. pseudoacacia was positively
correlated with temperature, solar radiation, VPD, and soil moisture content (p < 0.01). It
was negatively correlated with relative humidity (p < 0.05).

Table 4. Correlation coefficients between daily sap flow and influencing factors of P. tabuliformis and
R. pseudoacacia with rainfall types II and III.

Species

Rainfall Types T SR RH VPD

SWC

P.tabuliformis

Type II 0.60 ** 0.73 —0.25 0.52 **
Type IIT 0.37 % 0.68 ** —0.41 % 0.63 **

0.31
0.52 **

R.pseudoacacia

Type Il 0.37 0.46 * 0.17 0.09
Type III 0.50 ** 0.72 ** —0.34* 0.66 **

0.15
0.62 **

Note: * Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.05 level (2-tailed).

The linear relationship between the daily sap flows of P. tabulaeformis and R. pseudoaca-
cia and the influencing factors varied for different rainfall types, as shown in Figure 6. The
daily sap flows of P. tabulaeformis and R. pseudoacacia increased with the increase in solar
radiation under the two rainfall types. Under type II, there was no obvious correlation
between the daily sap flow of R. pseudoacacia and temperature or VPD, but under type I1I,
with the increase in temperature, solar radiation, VPD, and soil water content, the increase
in the daily sap flow of R. pseudoacacia was higher than that of P. tabulaeformis, and with the
increase in relative humidity, the decrease in the daily sap flow of R. pseudoacacia was also
higher than that of P. tabulaeformis.
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Figure 6. Correlation between daily sap flow and influencing factors of P. tabuliformis and R. pseudoa-
cacia with rainfall types II and III

3.3. Hourly Sap Flow Characteristics within Three Rainfall Types

The amount of hourly sap flow (g h!)

The hourly variation in sap flow for the three rainfall types is shown in Figure 7. The
sap flow rate was higher after rainfall than before rainfall for the three rainfall types, and
the difference in sap flow was the greatest for type II. The hourly sap flow of the two
species showed significant diurnal variation, and the characteristics of sap flow before the
rainfall showed a single peak curve only when type Il decreased. The daytime sap flow
of P. tabulaeformis and R. pseudoacacia accounted for 78.78-92.53% and 84.44-90.85% (from
5:00 to 19:00), respectively.
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Figure 7. Variation in hourly sap flow of P. tabuliformis and R. pseudoacacia with three rainfall types

(the values of mean diurnal curves were averaged among all rainfalls of this type and the % values

were the daytime sap flow of two special trees (from 5:00 to 19:00) accounted for whole day (24 h)).
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The amount of hourly sap flow (g h™)

In the case of type I, the before rainfall sap flow of the two species was higher than
that on the day of the rainfall for a short time at sunrise, and the “siesta” phenomenon of
a transient decrease in sap flow occurred from 10:00 to 11:00. In the case of type III, the
“siesta” phenomenon occurred at 12:00.

Three rainy days with similar sap flow characteristics were screened to illustrate the
hourly sap flow characteristics of the two species (Figure 8). Compared with type III, the
sap flow of R. pseudoacacia decreased, while P. tabulaeformis was relatively stable. The rapid
recovery of sap flow after type I rainfall indicates that the recovery of sap flow has little
relationship with the interval time after rainfall. In type II, the recovery of sap flow after
rainfall was slow and the recovery range was low, and the sap flows of the two species were
low, and R. pseudoacacia decreased more significantly than P. tabulaeformis. The decrease in
the sap flow of R. pseudoacacia was more obvious than that of P. tabulaeformis. After rainfall,
the nighttime sap flows of both species increased. In type III, the recovery of sap flow after
rainfall was fast and the sap flow of R. pseudoacacia also increased after rainfall, and that of
P. tabulaeformis was relatively stable. Therefore, the sap flow of R. pseudoacacia was more
susceptible to rainfall than P. fabulaeformis, and the two species were different under the
same rainfall types, with different rainfall distribution periods.
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Figure 8. Variations in hourly sap flow of P. tabuliformis and R. pseudoacacia with three rainfall types
(the three rainy days for type I were 21 July 2020, 4 August 2020 and 2 September 2020; the three
rainy days for type II were 21 April 2020, 4 April 2021 and 5 June 5 2021; the three rainy days for
type III were 28 July 2020 and 8 August 2020, and 4 July 2021.The time of all sap flow values was the
corresponding time 24 h after rainy day).
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4. Discussion
4.1. Response of Sap Flow Characteristics to Other Factors under Three Rainfall Types at the
Daily Scale

The average daily solar radiation of type I rainfall was significantly higher than
that of type III rainfall, while other meteorological factors (average daily temperature,
relative humidity, and VPD) showed no significant difference among the three rainfall
types. The highest daily sap flow values of the two species occurred with type I rainfall.
At the daily scale, solar radiation and VPD were the main influencing factors of sap flow
characteristics. The reason for this is that solar radiation changed the hydrothermal state
of the soil, vegetation, and atmosphere, and then affected the distribution characteristics
of the soil water content, soil water potential, and VPD. These factors have important
effects on sap flow. Some studies have shown that a 74.37% variation in sap flow for
broad-leaved trees in the Beijing mountain area of China was caused by solar radiation
and temperature [35,38,41,42]. The daily sap flow rate of R. pseudoacacia was higher than
that of P. tabulaeformis, which may be related to the difference in DBH between the two
tree species and the difference in the physiological structures of conifer species. In this
study, the tree height and DBH of R. pseudoacacia were higher than those of P. tabulaeformis.
Previous studies have found that the xylem sapwood area affects the sap flow rate of the
trunk, and the sap flow flux and sap flow rate of the large-diameter class were significantly
higher than those of the small-diameter class. Broad-leaved tree species have more efficient
water transport structures and larger leaves, and their sap flow characteristics are more
responsive to meteorological factors [43].

The daily sap flows of P. tabulaeformis and R. pseudoacacia decreased significantly under
type Il rainfall, which may be because type II rainfall was characterized by a longer rainfall
duration (more than 8 h). The long-term rainfall was usually accompanied by higher relative
humidity, lower temperature, and solar radiation, which attenuated the transpiration
pull and extended the drying time of the leaves. The increasing number of stomata and
prolonged closure time reduced the transpiration rate of the trees [44]. In addition, the
sap flow on the day after rainfall increased compared with the day before rainfall for the
three rainfall types. Under type II, the average daily sap flows of P. tabulaeformis and
R. pseudoacacia after rainfall increased by 85.2% and 98.7% compared with those before
rainfall, a greater difference than that of types I and III rainfall. This result was contrary to
other sap flow studies in sub-humid climate regions, where it has been found that the sap
flow of trees before rainfall is higher than that after rainfall. The reason may be that the
study samples were located in a relatively arid soil rock mountain area [45]. The lower soil
water and higher transpiration force caused the trees to close their stomata to prevent water
loss before rainfall, and the sap flow rate decreased. Rainfall replenished the soil water,
and the increased water accelerated the transpiration rate of the trees. Changes in the soil
water content led to greater nighttime sap flow on rainy days than on sunny days [42].

Type I rainfall is a special rainfall type in the study area, mainly composed of ex-
tremely heavy rainfall with a low frequency (three times). Types II and III rainfall were
more common in the study area. There were differences in the response of the sap flow
characteristics of P. tabulaeformis and R. pseudoacacia to meteorological factors under the
two rainfall types. Under type II rainfall, the sap flow characteristics of P. tabulaeformis
were positively correlated with temperature, solar radiation, and VPD, while those of
R. pseudoacacia were only positively correlated with solar radiation. Under type III rainfall,
the sap flow characteristics of the two species were also significantly positively correlated
with soil moisture content and negatively correlated with relative humidity. This indicates
that, compared with typical sunny days, on rainfall days, the influence of various meteoro-
logical factors on the sap flow characteristics of trees is restricted by the rainfall types. For
type Il rainfall, the rainfall duration was longer, and lower rainfall intensity usually leads
to higher relative humidity all day. The sap flow characteristics of the trees were more
affected by solar radiation. Under type III rainfall, the rainfall duration was shortest and
intensity was the highest. The tree sap flow characteristics were more susceptible to the

119



Water 2024, 16, 95

influence of relative humidity and soil water status. Previous studies have shown that the
root distribution of P. fabulaeformis and R. pseudoacacia was shallow, and in dry soil and rock
mountains, high-intensity rainfall exerts a significant impact on the sap flow characteristics
of shallow-rooted tree species by supplementing the soil water in shallow layers.

4.2. Response of Sap Flow Characteristics to Other Factors under Three Rainfall Types at the
Hourly Scale

Under three rainfall types, the hourly sap flow amounts of P. tabulaeformis and
R. pseudoacacia after rainfall were higher than before rainfall. Type I rainfall significantly
promoted the sap flow of these two species. Its daytime sap flow rate was also higher,
which may have been due to the high intensity of the rainfall supplementing shallow soil
water, while the short-term changes in sap flow were more susceptible to environmental
factors. VPD tended towards 0 during rainfall, resulting in the rate of sap flow tending
towards 0. As for the flow under type I rainfall, the sap flow also increased from 0 earlier,
which may be related to the higher solar radiation possessed by type I rainfall, or because
the higher solar radiation possessed by the type I rainfall start time of the sap flow lagged
behind the solar radiation. The time lag between the trunk flow and canopy transpiration
was less, almost negligible.

Both types I and III rainfall had the phenomena of a midday depression, mainly
because of the stronger solar radiation of these two types. The root water absorption
from the soil was less than the transpiration consumption. The strongest solar radiation
plants closed their leaf stomata to prevent water loss, which was consistent with the
change in solar radiation. As for type I at 11:00 and 10:00, the flow fluctuation was greater,
the midday depression on rainfall days occurred at 12:00, and the rainfall flow was a
single peak curve with no “midday depression” phenomenon. The characteristics of type
I rainfall flow before and after showed the biggest difference, and the daytime flow before
rainfall was significantly lower than that with other rainfall types. The flow fluctuation on
rainfall days was larger, which may be because the class rainfall lasted the longest, and the
change in environmental factors was relatively complex. Plants adapt to environmental
changes through their water capacity adjustment. Research has shown that unsteady flow
characteristics were mainly the result of their own regulation. Contrasting the three types
of rainfall represents the change in flow characteristics. For two tree species, type II rainfall
had decreased. The sap flow rate in the rainfall period was the result of transpiration
tension and soil water supplementation. The rainfall occurred in the daytime, although
two species of sap flow at night have significantly improved, and night hydrating may
occur.

4.3. The Difference in Sap Flow Characteristics between Conifer and Broad-Leaved Species under
Three Rainfall Types

The effects of different types of rainfall species on the rate of increase in sap flow were
different, with different influences on the soil moisture status and tree transpiration rate.
Rainfall significantly promoted an increase in sap flow rate, promoting the sap flow effect
of R. pseudoacacia over P. tabulaeformis. The type I rainfall promotion effect was small, but
still greater than R. pseudoacacia, which may suggest that different species of trees’” sap flow
characteristics respond differently to the three rainfall types.

The study shows that the flow characteristics of broad-leaf species are more susceptible
to environmental factors, but this study found that, under different rainfall types, the sap
flow was higher than P. tabulaeformis. However, P. tabulaeformis was more sensitive to
meteorological factors, which may be related to the responses of the two species to different
rainfall types, and the transpiration rate was more susceptible to environmental factors
other than solar radiation.

The daytime sap flow decreased after type I rainfall, and the suppression of the
R. pseudoacacia sap flow rate was more obvious, indicating that the R. pseudoacacia flow
rate on rainfall days was more likely to receive inhibition. The sap flow of R. pseudoacacia
rebounded significantly after rainfall, while the sap flow of P. tabulaeformis was relatively
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stable under the three types of rainfall. This may be related to the physiological structures
of R. pseudoacacia and P. tabulaeformis. The leaf structure can affect the plant’s interception
of precipitation, thus affecting the time consumed by leaf drying and stomatal opening and
closing [46].

5. Conclusions

The daily sap flow of R.pseudoacacia and P. tabulaeformis was significantly reduced
under the type Il rainfall (p < 0.05). The sap flow characteristics of R. pseudoacacia were
positively correlated with solar radiation (p < 0.05), while those of P. tabulaeformis were sig-
nificantly positively correlated with air temperature, solar radiation, and VPD (p < 0.01); the
sap flow characteristics of R. pseudoacacia and P. tabulaeformis were significantly positively
correlated with air temperature, solar radiation, VPD, and soil water content (p < 0.01), and
were negatively correlated with the relative humidity (p < 0.05).

The sap flows of both R. pseudoacacia and P. tabulaeformis after rainfall were higher
than before rainfall at the daily scale. Type I rainfall improved the sap flow of the two
tree species, and the proportion of the daytime sap flow was higher, whilst the sap flow
of R. pseudoacacia and P. tabulaeformis showed a “midday depression” phenomenon after
rainfall types I and III. For type I, the “midday depression” phenomenon after rainfall
occurred an hour earlier than that before rainfall type III. The flow of type III showed
a unimodal curve, while the type II rainfall significantly inhibited the daytime flow of
R. pseudoacacia and P. tabulaeformis. The flow rate rebounded at night after rainfall.

The daily sap flow of R. pseudoacacia was more easily affected by the type of rainfall,
while P. tabulaeformis was more susceptible to types I and III. P. tabulaeformis was more
sensitive to changes in meteorological factors, and the sap flow rate of R. pseudoacacia was
more easily inhibited on rainy days. P. tabulaeformis was relatively stable.

The main factors affecting the sap flow characteristics differed under different time
scales and rainfall types. When studying tree trunk sap flow characteristics in arid environ-
ments, the rainfall types should be considered in addition to conventional meteorological
factors to clarify the influence of various rainfall parameters on the sap flowing from the
tree trunk. The results further reveal the hydrological processes and some physiological
hydrological driving mechanisms of forest ecosystems in northern China, and provide a
technical reference for the accurate estimation of forest ecosystem water carrying capacity
and sustainable forest management under seasonal drought.
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Abstract: To analyze the operation risk of check dams under extreme precipitation conditions,
taking Ningxia area as an example, this paper carried out a risk assessment of check dams under
extreme precipitation conditions in Ningxia through data collection, hydrological statistics, numerical
simulation, and other methods. The conclusions are the following: (1) By the end of 2020, about
40% of the silt reservoir capacity of check dams in various water and soil conservation zones in
Ningxia has been accumulated. During 1966-2020, the extreme precipitation and frequency of
extreme precipitation in Ningxia increased while the intensity of extreme precipitation decreased.
The extreme precipitation in Ningxia increased year by year and lasted longer. (2) Under two future
scenarios of RCP4.5 (the full name of RCP is Representative Concentration Pathway) and RCP8.5,
the extreme precipitation threshold in Ningxia is gradually decreasing from south to north. Extreme
precipitation in the future will bring high risk to the operation of check dams in Ningxia. The results
of this paper can provide a scientific basis for the operation and management of check dams in
Ningxia.

Keywords: extreme precipitation; Ningxia check dams; operational risk assessment; climate model

1. Introduction

As an effective soil and water conservation facility, check dams can effectively intercept
and store floods, cement sand, and silt for farmland in the Loess Plateau region with severe
soil erosion [1-4]. However, due to the fact that most of the existing medium-sized and
above check dams were built in the 1960s and 1970s, their supporting flood discharge
facilities are not complete, and the flood control standards are not high, which cannot meet
the flood control requirements of current engineering construction. For example, in July
2017, the Wuding River Basin in Shaanxi Province experienced a once-in-a-century rainfall
with a maximum daily rainfall of 218.4 mm, resulting in the destruction of 337 silt dams in
Suide County by floods [5]. The various situations of precarious check dams pose a threat
to the safe operation of the project to varying degrees. If the removal or reinforcement
measures are not timely, not only will the main building of the project be damaged, but it
will also endanger the life and property safety of downstream residents [6].

In recent years, with the increase in temperature and precipitation in the northwest
region of China [7,8], the heat resources in the Ningxia Hui Autonomous Region located in
the eastern part of the region have been ever more abundant. At the same time, the amount
of evapotranspiration has also increased, resulting in an increase in extreme precipitation
events in Ningxia, and the precipitation pattern has undergone subtle changes [9-11]. The
non-stationary changes caused by extreme precipitation may cause a certain degree of
damage to the infrastructure of water conservancy construction projects that have been
in use for a long time, such as earth and rock dams and check dams, and even pose a
risk of failure [12]. Therefore, predicting whether impending climate change will affect its
reliability and other safety issues is urgent.
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The future situation of extreme precipitation is no longer optimistic, but there are
few scholars evaluating its impact on dam operation risk. Mallakpour et al. in the United
States [13] used the calculation method of historical and predicted flood return periods
to analyze the potential changes in the hydrological failure risk of major dams in Cali-
fornia under the background of climate warming, and estimated the probability of the
hydrological failure of dams. As for Chinese dams, some scholars [12] have calculated
the degree to which extreme precipitation intensity exceeds the dam design intensity
through non-stationary GP distribution, in order to analyze the potential impact level (R)
of non-stationary changes in extreme precipitation on the operational risk of Chinese dams.

Since most of these studies have not mentioned the impact of future extreme pre-
cipitation on the operational risk of check dams, this article refers to the above research
methods and ideas; that is, taking Ningxia check dams as the research object, using the
CMIP5 model to simulate future extreme precipitation data, using the non-stationary GP
distribution to analyze the future changes of extreme precipitation in Ningxia under differ-
ent climate scenarios, and evaluating the operational risks of Ningxia check dams under
extreme precipitation conditions and providing valuable suggestions for the management
and maintenance of check dams in the Ningxia region in the future. I hope to be able to
provide assistance in the operation and management of check dams in Ningxia, to ensure
their safety and functionality, and to cope with future climate change.

2. Materials and Methods
2.1. Study Area

The Ningxia Hui Autonomous Region (hereinafter referred to as Ningxia) is located in
the middle and upper reaches of the Yellow River in northwest China, covering a total area
of 66,400 km? with a distance of 456 km from north to south and about 250 km from east
to west. Situated at the junction of the Loess Plateau and the Inner Mongolian Plateau, the
average altitude of the whole territory is generally more than 1000 m, and the overall terrain
is high in the south and low in the north. The average annual precipitation in the entire region
ranges from 150 mm to 600 mm, with an average annual precipitation of around 300 mm. The
geographical location and elevation of Ningxia are presented in Figure 1.

The soil erosion in Ningxia roughly includes two types: hydraulic erosion and wind
erosion. As of the end of 2020, the total area of soil erosion in the entire region was
15,687.4 km?, accounting for 23.6% of the total land area of the region, and a decrease of
201.1 km? compared to 2019 and a decrease of 1.3%. Among them, the hydraulic erosion
area is 10,680.9 km?, accounting for 68.1% of the soil erosion area, and the wind erosion
area is 5006.6 km?, accounting for 31.9% of the soil erosion area. According to the functional
zoning of soil and water conservation, Ningxia is divided into 7 functional zones for soil
and water conservation, namely Zone I—Key Prevention Area for Helan Mountain and
Water Erosion, Zone II—Potential Key Prevention Area for Wind Erosion in Yinchuan Plain,
Zone IlI—Key Control Area for Wind and Water Erosion in Arid Grassland of Hilly Plateau,
Zone IV—Key Prevention Area for Liupan Mountain and Water Erosion, Zone V—Key
Control Area for Water Erosion in Loess Hilly Gully and Residual Plateau, Zone VI—Key
Control Area for Water Erosion in Loess Hilly and Gully, and Zone VII—Key Management
Area for Water Erosion Intersection in Huangtu Hilly Gully and Phoenix (Figure 2). In
order to develop more scientific measures for the operation and management of silt dams
in various regions, the precipitation and silt dam situation will be analyzed in the context
of soil and water conservation zoning in Ningxia.
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Figure 1. Geographical location and elevation of Ningxia.

2.2. Data Sources

The diverse data information of check dams in the Ningxia region mainly comes from
the latest survey and statistics of check dams in Ningxia (2020), organized and compiled by
the Soil and Water Conservation Monitoring Station of Ningxia Hui Autonomous Region.

The daily precipitation data of 20 stations in Ningxia from 1966 to 2020 are sourced
from the China Meteorological Science Data Sharing Service Network (http://cdc.cma.gov.
cn/) National meteorological station data provided. For future precipitation, accessed on
5 June 2020 to obtain the CMIP5 model data from https://esgf-node.llnl.gov/projects/
esgf-1Inl/, and the YSU-RSM climate model with good applicability to the Ningxia region
is selected [14]. The content covers historical simulations from 1980 to 2005 and daily
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precipitation data under RCP4.5 (the full name of RCP is Representative Concentration
Pathway, i.e., by 2100, greenhouse gas concentration corresponds to a radiation forcing
of 4.5 W/m?) and RCP8.5 (i.e., by 2100, greenhouse gas concentration corresponds to a
radiation forcing of 8.5 W/ m?) scenarios from 2006 to 2050.
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Figure 2. Functional zoning map of soil and water conservation in Ningxia (including county and
district names).

127

"E

39°0'0"N

38"0'0N

37°0'0'"N

36°0'0"N



Water 2024, 16, 258

2.3. Analysis Methods
2.3.1. Analysis Methods for Extreme Precipitation Events

1. Determination of extreme precipitation events and extreme precipitation indicators

This article defines extreme precipitation using 95% percentile values [15,16]. Consider
adopting the following three indicators to describe the basic characteristics of extreme
precipitation, and the definitions of each indicator are shown in Table 1.

Table 1. Extreme precipitation indicators and their definitions.

Serial Number Symbol Indicator Name Define Unit
o Th 1 1 ipitati f
1 p Extreme precipitation ¢ tota annua .pre.c1p1tat10n © mm
extreme precipitation events
o Th ber of days that ext
2 F Extreme precipitation frequency ¢ number of days that extreme d
precipitation events occur each year
TP . The ratio of ext ipitation t
3 I Extreme precipitation intensity € ratio ot extreme precipifation to mm/d

extreme precipitation days

2. Trend analysis of changes

Use the linear regression method to analyze the trend of extreme precipitation events
in the Ningxia region. The linear regression equation is shown in Equation (1) [17]:

g=a+bt 1)

In the formula, 7 is the extreme precipitation indicators; 4 is the regression intercept; and
the regression coefficient b represents the variable § trend inclination. When b is positive, it
indicates that as time # increases, 1 shows an increasing trend; when b is negative, it indicates
that as time ¢ increases, §j shows a decreasing trend; and ¢ is the time range.

3. Deviation correction of pattern data

This article adopts the Delta bias correction method to correct the bias of pattern
data [18,19]. The formula is shown in Equation (2):

Pstation,h,monthly

@

Pataton f ity = PGCM g daity p———ems
Jh,monthly

In the formula, Pstasion,f,dairy are the daily precipitation data of GCM under future
scenarios after down scaling; Pocu, f,daily are the original daily precipitation data of GCM
under future scenarios; Pstion,hmontniy 1S the annual monthly average precipitation of
meteorological stations in historical periods; and Pgcnmontny is the original monthly
average precipitation of GCM during the historical period.

2.3.2. Indicators and Calculation Methods for Evaluating Operational Risks

1. Evaluation indicators

This article uses the potential impact level R to conduct an operational risk assessment
on check dams in the Ningxia region. The definition of this evaluation index is shown in
Equation (3) [12]:

N(t)—S
= L x 100% (3)

In the formula, R(f) is the potential impact level, %; N(t) is the precipitation intensity
at time t calculated from the local non-stationary GP distribution, mm; and S is the design
strength of the dam body calculated from the locally stable GP distribution, mm.

From Equation (3), we can see that compared to the design intensity, the greater the

extreme precipitation intensity in the future, the greater the impact on the check dam.
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Therefore, the potential impact level R(t) can more intuitively represent the possible
influence of extreme precipitation changes on the operation process of check dams.

The critical value of the potential impact level R(t) can be determined based on the
anti-skid safety factor of the check dam [12]. Considering that the storage capacity of check
dams will show significant siltation over time, the design standards for various types of
check dams should be adjusted in future scenarios. The diagnostic values of the potential
impact levels R(t) for different types of check dams are listed in Table 2.

Table 2. List of critical values for potential impact levels R (t) of different types of check dams.

Type of Original Design Standard The Anti-Skid Safety =~ Adjusted Design Standards R(#) Critical
Check Dam (Return Period Tro/a) Factor for Normal Use (Return Period Tg/a) Value (%)
Key dam 20-30 1.25 10-20 20
Medium sized dam 20-10 1.20 10-20 20
Small dam 10-20 1.20 5-10 15

2. Method of calculation
e Stable GP distribution

For the calculation of the design strength S of the dam body, it can be seen from
Equation (3) that the locally stable GP distribution is used to analyze the design strength of
different types of check dams near numerous stations in Ningxia. Simulate future extreme
precipitation from 2016 to 2050 using two scenarios in the YSU-RSM climate model for each
site. Based on the adjusted design standards for different types of check dams, calculate
the corresponding design values at the design frequency, which will serve as the design
strength of the check dams. Due to the use of the ultra-quantitative method [18] for extreme
precipitation data, the relationship between the design frequency and the recurrence period
of the ultra-quantitative method is shown in Equation (4):

1

TR = —
R kp

4)

In the formula, Ty is the return period of the ultra-quantitative method, a; k means the
average number of selected data per year for the ultra-quantitative method; and p is the
design frequency, %.

e Non-stationary GP distribution

According to Equation (3), the upcoming extreme precipitation intensity N(t) of the
different types of check dams near each station can be calculated using local non-stationary
GP distribution. Similar to the method of calculating the design strength S of the dam body,
it is assumed that the model simulates the extreme precipitation from 2016 to 2050, which
follows a fixed parameter GP distribution every five years. The design values of different
types of check dams at corresponding design frequencies are analyzed every five years, and
this is used as the extreme precipitation intensity of the check dams during these five years.

3. Results and Analysis
3.1. Spatial Characteristics of the Distribution of Check Dams in the Ningxia Region
3.1.1. Spatial Distribution Characteristics of Check Dams

As of the end of 2020, there were a total of 1119 check dams built in Ningxia, of which
324 were backbone dams with a storage capacity of over 500,000 square meters, accounting
for 29.0% of the total number of check dams. There are 369 medium-sized check dams with
a storage capacity between 100,000 and 500,000 square meters, accounting for 33.0% of
the total number of check dams. There are 426 small check dams with a storage capacity
between 10,000 and 100,000 square meters, accounting for 38.1% of the total number of
check dams. The distribution of check dams in Ningxia is illustrated in Figure 3. It can be
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seen that check dams are mainly distributed in Zone III (Yanchi County, Shapotou District,
and Lingwu City), Zone V (Yuanzhou District and Pengyang County), Zone VI (Xiji County
and Longde County), and Zone VII (Tongxin County and Haiyuan County).
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Figure 3. Distribution map of check dams in Ningxia.
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The distribution of backbone dams, medium-sized check dams, and small check dams
in various cities and counties (districts) is shown in Figure 4, which shows the number of
check dams constructed according to the classification of soil and water conservation zones.
Overall, the maximum number of check dams in Zone VI is 448, followed by 319 in Zone V
and 187 in Zone VII, while the minimum number of check dams in Zone III is 156. It can be
inferred that the key area for the construction of check dams in Ningxia is the loess hill and
gully areas.
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v 400
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Figure 4. Statistics of the number of check dams constructed in different soil and water conservation
zones in Ningxia.

3.1.2. Current Situation of Sedimentation in Check Dams

Analyzing the siltation situation of the silt dam is beneficial for understanding the
operational status of the silt dam, providing technical support and a decision-making
basis for the planning and design, risk prevention and control, operation management,
and benefit evaluation of the silt dam. The total control area of backbone dams and
medium-sized check dams in Ningxia is 4561.0 km?, with a designed total storage capacity
of 412.245 million m?, including a flood control storage capacity of 243.078 million m?,
siltation storage capacity of 169.167 million m?, siltation storage capacity of 63.264 million
m3, and remaining siltation storage capacity of 105.903 million m3. In the current situation
of siltation in countless districts of Ningxia (Figure 5), the proportion of the control area in
Zone Il is relatively large. However, for aggregate storage capacity, flood control storage
capacity, siltation storage capacity, and already silted storage capacity, the proportion of
Zones Il and VI is relatively large. Overall, the silted storage capacity of the check dams in
each zone accounts for about 40% of the silted storage capacity, while the remaining silted
storage capacity accounts for about 60%.

3.2. Analysis of Extreme Precipitation Trends in the Ningxia Region
3.2.1. Analysis of Historical Precipitation Data

1. Threshold distribution

The distribution map of extreme precipitation thresholds during the historical period
of Ningxia (Figure 6) shows that the areas with higher thresholds are mainly located in the
southeast of Zone IV and Zone V, while the smaller areas are in the west of Zone II and
Zone III. The general distribution trend is slightly decreasing from southeast to northwest.
In Zone IV and V, the extreme precipitation thresholds for Jingyuan and Guyuan are
23.2 mm and 19.9 mm, respectively, while in Qingtongxia in Zone II, Zhongwei in Zone III,
and Xingren in Zone VII, they are all below 15.29 mm. This spatial distribution is basically
consistent with the distribution of the average annual precipitation in the climate (Figure 7).
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Figure 7. Distribution map of annual average precipitation in Ningxia from 1966 to 2020.
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2. The spatial distribution of extreme precipitation index trends

It can be observed in Figure 8a that the extreme precipitation in most regions of Ningxia
from 1966 to 2020 was mainly increasing, with a change range of —0.32 to 0.85 mm/a.
Among them, Zhongning in Area II, Jingyuan in Area IV, Xijji in Area VI, Ma Mount
Huangshan in Area VII, and other regions showed a slightly decreasing trend, with a
relatively large decrease range of 0.32 mm/a in Zhongning, and an increasing trend in
other regions. Pingluo in Area II was the largest, reaching 0.85 mm/a. According to
the approximate distribution in the graph, except for the VI zone where the extreme
precipitation from 1966 to 2020 showed a decreasing trend, all other zones had stations
with an increasing tendency.
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Figure 8. Distribution map of extreme precipitation index tendency in Ningxia from 1966 to 2020:
(a) extreme precipitation; (b) extreme precipitation frequency; (c) extreme precipitation intensity.

The distribution of the extreme precipitation frequency tendency rate (Figure 8b) is
approximately the same as the distribution of the extreme precipitation tendency rate.
Except for Zhongning in Zone II, Xiji in Zone VI, and Ma Mount Huangshan in Zone VII,
the distribution of the extreme precipitation frequency tendency rate shows an increasing
trend in most other regions, with a trend rate of —0.01~0.20 d/a. Helan in Zone II has the
most obvious increasing trend, with an increase rate of 0.20 d/a.

From Figure 8c, we can get the tendency rate of extreme precipitation intensity in Ningxia.
Except for Zhongning and Helan in Area II, and Ma Mount Huangshan in Area VII, the trend
is increasing, and most other areas are decreasing, in which Pingluo in Area II decreases
by 0.17 mm/(d-a), indicating that the extreme precipitation and the frequency of extreme
precipitation events in most water and soil conservation areas in Ningxia are increasing from
1966 to 2020, but the extreme precipitation intensity is decreasing.

3.2.2. Prediction of Future Change Trends
1. Result analysis under RCP4.5 scenario

e  Threshold distribution

As shown in Figure 9, the extreme precipitation threshold of each partition station
exceeds 19.46 mm, and the distribution range is consistent with the historical extreme
precipitation threshold, which gradually increases from the northwest of Ningxia to the

southeast; the central guard in Zone Il is the smallest, 19.46 mm, but larger than its historical
analysis of 14.56 mm, and the largest Jingyuan in Zone IV is 38.42 mm, which is also greater
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than its historical analysis of 23.2 mm. This indicates that under the RCP4.5 scenario, the
threshold for extreme precipitation in diverse regions of Ningxia is increasing.
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Figure 9. Distribution of extreme precipitation threshold under RCP4.5 scenario.

e  The spatial distribution of extreme precipitation index trends

From 2006 to 2050, the utmost precipitation in most areas of Ningxia showed an
increasing trend (see Figure 10a), with a range of —1.18 to 5.55 mm/a. Among them, the
stations in Zone Il showed a decreasing trend, with Wuzhong showing a relatively larger
decrease of 1.18 mm/a, while the other zones showed an increasing trend. Jingyuan in Zone
IV had the largest increase of 5.55 mm/a. From the rough distribution in the figure, the
tendency rate of extreme precipitation under the RCP4.5 scenario also shows a gradually
increasing distribution from north to south.

The extreme precipitation frequency trend of most stations in the region is positive
(Figure 10b), ranging from —0.020 to 0.117 d/a. Among them, Helan, Yongning, Lingwu,
and Wuzhong in Zone Il have negative values, while the trend rates of additional stations
are greater than 0. The inclination rate in the central and northern regions (from Zone I
to Zone III) is relatively low, and except for the larger values at stations such as Yinchuan,
Zhongwei, and Zhongning in Zone II, the rest are generally less than 0.036 d/a. The
frequency tendency of extreme precipitation in the southern region (from Zone IV to Zone
VII) is generally greater than 0.036 d/a. In the RCP4.5 scenario, there is a slight increase
in the frequency of extreme precipitation at each station, and it gradually increases from
north to south.

The trend rate of extreme precipitation intensity at each partition site ranges from
—0.22 to 0.74 mm/(d-a) (Figure 10c). Among them, the trend rates of Wuzhong and
Zhongning in Zone II, as well as Yanchi and Tongxin in Zone III, are relatively small,
ranging from —0.22 to —0.10 mm/(d-a), showing a decreasing trend. However, Xingren
in Zone VIl is relatively enormous, at 0.74 mm/(d-a). Therefore, it can be concluded that
the trend rates of extreme precipitation intensity in each partition of Ningxia are relatively
muted, In the RCP4.5 scenario, there is a gradually increasing distribution trend from east
to west.
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Figure 10. Distribution map of extreme precipitation index tendency in Ningxia from 2006 to 2050
under RCP4.5 scenario: (a) extreme precipitation; (b) extreme precipitation frequency; (c) extreme
precipitation intensity.

2. Result analysis under RCP8.5 scenario
e  Threshold distribution

As shown in Figure 11, it can also be seen that the threshold values of each partition
exceed the maximum historical threshold value of 19.46 mm, and the distribution situation
is basically the same as the historical threshold, which increases gradually from northwest
to southeast. Therefore, the extreme precipitation thresholds of various regions in Ningxia
gradually increase under the RCP8.5 scenario.
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Figure 11. Distribution of extreme precipitation threshold under RCP8.5 scenario.
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e  The spatial distribution of extreme precipitation index trends

The tendency rate of extreme precipitation at each station in each partition is assured
(Figure 12a), ranging from 0.31 to 4.85 mm/a. Among them, Zhongwei and Zhongning in
Zone 1I, Huinong in Zone III, and Xingren in Zone VII are smaller, ranging from 0.31 to
1.00 mm/a, while Jingyuan in Zone IV and Haiyuan in Zone VII are larger, ranging from
4.00 to 4.85 mm/a.
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Figure 12. Distribution map of extreme precipitation index tendency in Ningxia from 2006 to 2050
under RCP8.5 scenario: (a) extreme precipitation; (b) extreme precipitation frequency; (c) extreme
precipitation intensity.

The tendency rate of extreme precipitation frequency is also positive (Figure 12b), with
stations south of Yongning in Zone II having a smaller tendency rate, ranging from 0.026
to 0.030 d/a, while Jingyuan in Zone IV and Longde in Zone VI have a larger tendency
rate, ranging from 0.049 to 0.054 d/a. Under the RCP8.5 scenario, the frequency of extreme
precipitation at various sub stations in Ningxia also shows an increasing trend.

The variation range of the extreme precipitation intensity tendency rate at each station
is —0.44~0.55 mm/(d-a) (Figure 12c), in which Tongxin in Area III and Xingren in Area VII
are smaller, between —0.44 and ~—0.29 mm/(d-a), while Ma Mount Huangshan in Area
VIl is the largest, at 0.55 mm/(d-a). Therefore, the extreme precipitation intensity changes
in discrete zones under the RCP8.5 scenario are not entirely the same, showing a gradually
increasing trend from west to east.

3.3. Risk Assessment of Check Dam Operation under Extreme Precipitation

Based on the evaluation index of the probable impact level R(t) in Equation (4),
analyze the operational risks of different types of siltation dams in different regions of
Ningxia from 2016 to 2050 under different scenarios of RCP4.5 and RCP8.5. The latitudinal
distribution map of the check dam is shown in Figure 3.

3.3.1. Evaluation Results under RCP4.5 Scenario

As shown in Figure 13, due to the lack of the construction of check dams in the
northern part of Ningxia (the northern part of Zone I, II, and III), the R(#) value in this
area remains around 0, while it far exceeds 0 from 2026 to 2030. It is not excluded that
there may be deviations in the selected evaluation methods or model simulation data. It
is worth noting that the R(t) near the inner guard in Zone III has been consistently above
50%, far exceeding 20%. From 2016 to 2030, the R(t) in the southern part of Ningxia (from
Zone IV to Zone VII) moderately increased, reaching a maximum of 35% by 2030 and
gradually decreasing thereafter, but also exceeding 20%. In addition, considering that the
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extreme precipitation intensity in the central region of Ningxia is slightly higher than that
in the southern region, from 2016 to 2050, the R(t) value in the central region of Ningxia is
generally higher than that in the southern region. In short, in the RCP4.5 scenario, there
are certain operational risks for different types of check dams in various zones south of
Zhongwei in Ningxia.
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Figure 13. Changes in R(t) value of potential impact level of check dams in Ningxia region under
RCP4.5 scenario.
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3.3.2. Evaluation Results under RCP8.5 Scenario

From Figure 14, it can be seen that the northern part of Ningxia (the northern part of
Zone 1, 11, and III) shows a value of around 0, while the risk of the principal region varies
greatly at different ages. This may also be due to the weaker applicability of the evaluation
method in the fundamental region compared to the northern and southern regions. From
2021 to 2050, the R(t) of most areas in the southern region (from Zone IV to Zone VI) has
been almost consistently above 50%. Since 2031, the R(t) of the southern and seventh
regions of Zone III has also been between 10 and 20%, indicating that under the RCP8.5
scenario, the operation of different types of check dams in southern Ningxia, especially
from Zone IV to Zone VI, will be affected. Overall, the operational risk of silt dams in the
Ningxia region is higher under the RCP8.5 scenario.
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Figure 14. Changes in R(t) value of potential impact level of check dams in Ningxia region under
RCP8.5 scenario.
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4. Discussion
4.1. Analysis of Historical Extreme Precipitation Trends

The extreme precipitation threshold in Ningxia from 1966 to 2020, determined using
the percentile method, mainly shows a marginally decreasing distribution from southeast
to northwest. Zhang, M.]. et al. [20] also reached similar conclusions that the annual
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precipitation in Ningxia from 1951 to 2008 increased from north to south. Scholars such as
Chen, X.G. et al. [21] have shown that during the 45 years from 1961 to 2005, the number
of days with precipitation above 25.0 mm in the summer and autumn seasons in Ningxia
increased, and the frequency distribution of precipitation showed a clear trend towards a
higher level of precipitation, which is consistent with the analysis results in the article.

In addition, the distribution of historical extreme precipitation thresholds in Ningxia
is very close to the distribution of average annual climate precipitation, which is consistent
with the study by Li, E. et al. [22]. In the view of Yang, Y. et al. [23], climate and terrain may
be important factors affecting the north-south differences in extreme precipitation events,
or they may be influenced by particularly significant human activities.

From the research of Fan, K. [24] and Xin, Z.B. et al. [25], it can be concluded that
Ningxia belongs to an arid and semi-arid region. Once a long period of heavy rainfall
occurs, it means that the surface runoff generated by natural precipitation increases or
flood disasters intensify, which easily leads to urban waterlogging and soil erosion in
the region. Therefore, analyzing the trend of extreme precipitation changes in the region
and implementing corresponding protection and management measures can significantly
reduce the losses caused by natural catastrophes.

4.2. Operational Risk Assessment of Check Dams

Ma, L. et al. [26,27] found that under the condition of a rainstorm, the blocking dam
has an efficient sediment-retaining effect, but the dam with a small reservoir capacity very
easily has a large siltation depth, which poses a threat to the dam body, indicating that
extreme precipitation will cause dam break danger to the warping dam. Zu, Q. et al. [28]
also pointed out that different types of check dams have altered susceptibility to burst
debris flows caused by precipitation of different durations and frequencies. Overall, the
longer the precipitation duration, the lower the precipitation frequency, and the higher
the reservoir capacity, the higher the susceptibility level of debris flows formed by check
dams, and the higher the risk of dam failure. Therefore, when extreme precipitation occurs,
various types of check dams are given the opportunity to collapse. These studies [29]
further confirm the rationality of the operative risk assessment results of check dams under
extreme precipitation conditions in this paper.

At the same time, Gao, Y. et al. [30] and others pointed out that the extreme value of
rainstorm is one of the important bases for the design flood of large-scale water conservancy
projects. China’s Code for Design Flood Calculation of Water Resources and Hydropower
Projects (SL44-2006) emphasizes that attention should be paid to the collection of extremely
heavy rainstorm data in the region and adjacent areas, and the design results should be
compared with the rainstorm records to check whether the design data are safe and reliable.
For certain areas lacking flow data, the method of calculating design floods based on rainfall
can also provide a basis for design. Therefore, the study of the rainstorm extreme value is of
great significance for the planning, design, and safe operation of water conservancy projects.

5. Conclusions

(1) As of the end of 2020, there were a total of 1119 check dams in Ningxia, including
324 backbone dams, 369 medium-sized check dams, and 426 small check dams. These
completed check dams are mainly located in the soil and water conservation functional
zones (Zone 111, V, VI, and VII) of the Loess Hilly Gully. The silted storage capacity of
each zone’s check dams accounts for about 40% of the silted storage capacity, and the
siltation situation is relatively serious.

(2) During the period of 1966 to 2020, the threshold for extreme precipitation in the entire
Ningxia region gradually decreased from southeast to northwest, with an increase
in extreme precipitation of about 0.27 mm/a, an increase in extreme precipitation
frequency of about 0.10 d/a, and a decrease in extreme precipitation intensity of about
—0.02 mm/(d-a). The extreme precipitation in the entire region increased year by year
and its duration was prolonged.
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(3) Under the two future scenarios of RCP4.5 and RCP8.5, the distribution of extreme
precipitation thresholds in Ningxia is basically the same as in bygone periods. In the
RCP4.5 scenario, the extreme precipitation increases approximately by 2.19 mm/a, the
frequency of extreme precipitation increases roughly by 0.05 d/a, and the intensity of
extreme precipitation increases approximately by 0.26 mm/(d-a). In the RCP8.5 scenario,
the increase in extreme precipitation is slightly greater than in RCP4.5, while the increase
in extreme precipitation frequency and intensity is slightly smaller than in RCP4.5.

(4) Inthe RCP4.5 scenario, the check dams south of Zhongwei in Zone III and Zone VII
will be significantly affected (R(¢) much greater than 20%); in the RCP8.5 scenario,
there is a certain degree of risk (R(t) of over 20%) in the operation of check dams from
Zone IV to Zone VI. Therefore, in different future scenarios, the potential impact level
R(t) of the siltation dams in various regions of Ningxia is much higher than the critical
value of 20% (15%), and extreme precipitation will bring high risks to the siltation
dams in the entire region.
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Abstract: Rainfall intensity and slope gradient are the main drivers of slope surface runoff and
nitrogen loss. To explore the distribution of rainfall runoff and nitrogen loss on the Miyun Reser-
voir slopes, we used artificial indoor simulated rainfall experiments to determine the distribution
characteristics and nitrogen migration paths of surface and subsurface runoff under different rainfall
intensities and slope gradients. The initial runoff generation time of subsurface runoff lagged that of
surface runoff, and the lag time under different rainfall intensity and slope conditions ranges from
3.97 to 12.62 min. Surface runoff rate increased with increasing rainfall intensity and slope gradient;
compared with a rainfall intensity of 40 mm/h, at a slope of 15°, average surface runoff rate at 60
and 80 mm/h increased by 2.38 and 3.60 times, respectively. Meanwhile, the subsurface runoff rate
trended upwards with increasing rainfall intensity, in the order 5 > 15 > 10°. It initially increased
and then decreased with increasing slope gradient, in the order 5 > 10 > 15°. Total nitrogen (TN) loss
concentration of surface runoff shows a decrease followed by a stabilization trend; the concentration
of TN loss decreases with decreasing rainfall intensity, and the stabilization time becomes earlier
and is most obvious in 5° slope conditions. TN loss concentration in subsurface runoff decreased
with increasing rainfall intensity, i.e., 40 > 60 > 80 mm/h. The surface runoff rainfall coefficient was
mainly affected by rainfall intensity, a correlation between os and slope gradients S was not obvious,
and the fitting effect was poor. The subsurface runoff rainfall coefficient was mainly affected by slope
gradient, the R? of all rainfall intensities was <0.60, and the fitting effect was poor. The main runoff
loss pathway from the Miyun Reservoir slopes was surface runoff, which was more than 62.57%. At
the same time, nitrogen loss was subsurface runoff, more than 51.14%. The proportion of surface
runoff to total runoff increases with the increase of rainfall intensity and slope, with a minimum of
62.57%, and the proportion of nitrogen loss from subsurface runoff also decreases with increasing
rainfall intensity but does not change with slope gradient. The order of different runoff modulus
types was mixed runoff (surface and subsurface runoff occur simultaneously) > surface runoff >
subsurface runoff. The surface and mixed runoff modulus increased significantly with increasing rain
intensity under different rain intensities and slope gradients. Overall, rainfall intensity significantly
affected slope surface runoff, and slope gradient significantly affected nitrogen loss.

Keywords: rain intensity; slope gradient; runoff; total nitrogen

Water 2024, 16, 786. https:/ /doi.org/10.3390/w16050786 141 https:/ /www.mdpi.com/journal/ water



Water 2024, 16, 786

1. Introduction

Soil erosion occurs ubiquitously around the world and is a shared environmental
problem, although it is more severe in parts of China, the United States, Russia, Australia,
India, and Europe [1]. China is deeply affected by soil erosion, with about 5.29 gt of soil
lost or displaced annually. Human activities have accelerated soil erosion, resulting in the
erosion rate being much greater than natural soil formation. This has led to problems such
as cultivated field quality degradation, reduced crop yield, and ecological environment
quality decline, which seriously threatens food security and ecosystem stability [2,3]. The
water quality safety of Miyun Reservoir plays an important role in Beijing. Strengthening
the protection of its water resources is vital for a safe urban and rural water supply, smooth
city operation, peaceful citizens, peaceful lives and work, and the sustainable development
of the economy and society. The Miyun Reservoir area terrain is undulating, and soils
are thin and shallow [4]. Furthermore, the soils have weak fertilizer and water sorption
capacity, which makes them particularly prone to soil erosion and nutrient loss, as well as
eutrophication of the surrounding water bodies, which poses significant ecological risks.
Soil nitrogen is the most important indicator of soil nutrient levels [5] and also the main
factor causing eutrophication/pollution of water bodies [6]. However, there have been
few studies on soil nitrogen loss from slopes in the Miyun Reservoir area, especially the
temporal and spatial effects of surface and subsurface runoff on soil nitrogen loss processes
and mechanisms. The pathways and processes of soil nitrogen loss under different rainfall
intensities and slope gradients have not been adequately addressed.

Rainfall intensity is the main influencing factor of surface erosion, and generally, the
surface erosion rate is directly proportional to the intensity of rainfall [7]. Deng et al. (2018)
studied erosive weathered granite slopes and found that the proportion of total runoff that
was subsurface was greater than slope surface runoff [8]. Simultaneously, with increased
rainfall intensity, slope surface runoff also increased, and the interaction between raindrop
impact and runoff aggravated the erosion process. Studies have noted that rainfall intensity
has the greatest impact on slope surface runoff in the Miyun Reservoir area, accounting
for 21.84% of the total. Initial runoff generation time is also advanced with increased rain
intensity, and the two are clearly negatively correlated [9]. However, most researchers
believe that the greater the slope gradient, the greater the runoff [10]. Tan et al. found that
when the slope gradient increases, runoff velocity in the fine gullies generated by the slope
accelerates, runoff erosion intensity increases, and runoff and sediment yield increases [11].
Others have suggested that the slope rainfall-bearing capacity decreases with increased
slope gradient, so factors that promote increased runoff are canceled [12]. Additionally, it
has been documented that slope surface runoff and sediment yield increase initially, then
decrease, and then increase with increased slope gradient [13].

The migration of nutrients such as nitrogen and phosphorus carried by runoff sedi-
ment during soil erosion is the key cause of water eutrophication, which is an important
ecological threat in China [14]. Soil nutrients from the slope field mainly enter the down-
stream water body through slope surface runoff, subsurface runoff, and erosion sediment.
Deng et al. and Liu et al. found that the greater the rainfall intensity, the more nitrogen is
lost in runoff [15,16]. Chen et al. showed that under the same rainfall intensity conditions,
runoff and nitrogen loss are directly proportional to rainfall time [17]. In simulation experi-
ments, Wu et al. found that slope surface and subsurface runoff TN loss increased with
increased rainfall intensity or slope gradient. Subsurface runoff is the main source of TN
loss from slopes, and the loss ratio can reach 91.26 to 99.61%. The proportion of TN loss in
slope surface runoff to total TN loss on slopes increases with increasing rain intensity [18].
Qian et al.’s nitrogen loss study showed that in the early stage of runoff, nitrogen loss
was significant and then gradually decreased and tended to be stable. Dissolved nitrogen
was the main source of runoff at the beginning, and the proportion of insoluble nitrogen
increased with rainfall extension [19]. Presently, research on nutrient transport through
surface runoff is relatively common, but research on nutrient transport through subsurface
runoff is relatively rare.
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Therefore, this study selected the slope of Miyun Reservoir as the research object; using
artificial rainfall simulation, we explored runoff and nitrogen loss characteristics under
different rainfall intensities and slope gradients and analyzed the contribution of surface
and subsurface runoff to soil nitrogen loss, clarified the impact mechanism of rainfall
intensity and slope on runoff nitrogen loss. To provide some reference for the prevention
and reduction of agricultural non-point source pollution and water eutrophication on the
slope of Miyun Reservoir.

2. Materials and Methods
2.1. Test Equipment and Materials

The simulated rainfall equipment adopts the QYJY-502 model produced by China
Xi'an Qingyuan Measurement and Control Technology Co., Ltd. (Qingyuan, China), with
a rainfall height of 5 m and a rainfall adjustment accuracy of 7 mm/h. The simulated
rainfall instrument has an effective rainfall area of 11 m x 8 m, a rainfall intensity variation
range of 15-200 mm /h, and a rainfall uniformity coefficient > 0.80. The simulated rainfall
equipment has been recalibrated before the experiment. The experimental soil box is a
fixed variable slope steel box with a slope adjustment range of 0-30°. The length, width,
and height of the soil box are 2.0 m x 0.5 m x 0.6 m in sequence. The middle and bottom
of the steel trough are equipped with drainage holes for collecting subsurface runoff. The
top of the steel trough has a triangular outlet for collecting surface runoff (Figure 1).

Rain simulator

T T / 7
Rain sprinkler
Inlet
; Water
Soil sample
QYJY-
502
S Water
/ﬁ \ M gradient I
Surface runoff H
Subsurface Submersible
runoff pump

Figure 1. Schematic diagram and physical diagram of experimental structure.

2.2. Test Soil

Test soil was collected from Taishitun Town (117°6'42.08" E, 40°32'22.02" N), Miyun
District, Beijing (Figure 2). The climate type belonged to the warm temperate semi-humid
monsoon climate. The average annual rainfall of multiple years was about 624 mm; June
to August is the rainy season. The soil in trial areas mainly belongs to cinnamon soil. The
soil type was sandy loam soil. The basic physiochemical properties of soil are shown in
Table 1 [20]. To ensure the soil did not change, the sample and bag soil were placed at a
depth of 50 cm with 5 cm intervals. Based on field measurements of soil bulk density at
different depths, control the volume and quality of each layer of filled soil sample to ensure
that the compactness and bulk density of the soil sample are close to the natural soil. Once
it was close to natural soil bulk density, the artificial simulated rainfall test was carried out.
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Figure 2. Location of the study area.

Table 1. The soil’s basic physiochemical properties.

Soil Organic Available Avalla.ble Sand Silt Content Clay
pH Matter TN (g/kg) Phosphorous Potassium Content (%) %) Content (%)
(g/kg) (mg/kg) (mg/kg)
6.33 9.97 0.448 4.55 45.9 75.12 16.5 8.38

2.3. Experimental Design

The test was conducted from June to October 2022 at the Beijing Academy of Agricul-
ture and Forestry Sciences simulation test base, Haidian District, Beijing, China. Based on
field investigation results, the slope around Miyun Reservoir is mostly between 3° and 20°;
experimental slopes (S) are set at 5°, 10°, and 15°. By analyzing the year-round rainfall data
in Miyun District and based on the local rainfall intensity characteristics, the experimental
rainfall intensity (I) is set to 40, 60, and 80 mm/h. Design combinations (paired with
5°,10°, and 15° slopes and rainfall intensities of 40, 60, and 80) for a total of 9 trials. In
all treatments, the soil was bare. To ensure test accuracy, each treatment was repeated
3 times. Before the experiment begins, rainfall intensity calibration should be carried out,
and the experiment should start when the rainfall intensity and uniformity are greater
than 90%. Accurately record the initial time of surface and subsurface runoff. Each rainfall
time is 60 min, with a sampling interval of 5 min. Slope surface and subsurface runoff
samples collected from each rainfall were brought back to the laboratory and allowed
to stand at room temperature (25 °C) for 4 to 5 h for precipitation. After precipitation,
the amount of sediment was measured, and the nutrient content of the supernatant was
immediately determined. Finally, total nitrogen (TN) in runoff was detected by potassium
persulfate oxidation—ultraviolet spectrophotometry, and all tests were completed within
48 h. Determination of soil particle size by sieving and settling method. The soil density is
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determined using the ring knife method, and the soil moisture content is determined using
the drying method. The soil organ organic matter is determined using the dichromate
volumetry—outside heating method; available phosphorous is determined using the sodium
hydroxide melting-Mo-Sb colorimetry, and available potassium is determined by sodium
hydroxide melting—flame photometry [21].

2.4. Data Acquisition and Analysis

Data is analyzed using Excel 16.0 for statistics and Origin 2022 for plotting. The least
significant difference (LSD) method in the Statistical Package for the Social Sciences 19
(SPSS) was used to test for significant differences in TN loss from surface and subsurface
runoff at p < 0.05. The following formula was used to calculate the contribution rate of each
factor (PF) [22]:

- SSF — (DOFF X VEr)
B SSt

where Pr is the factor contribution rate (%); SS is type IIl sum of squares; DOF is the
factor degrees of freedom; Vg, is the sum of squares of the error; and SSrt is the sum of
squares of the total dispersion. SSg, SSt, DOFg, and Vg, values were obtained directly from
the analysis of variance using SPSS 19.0 software.

Pr x 100

3. Results and Analysis
3.1. Influence of Rainfall Intensity and Slope on Surface Runoff

Due to the influence of topographic conditions, land use patterns, and other factors,
initial runoff generation time will change, so understanding initial runoff generation time
during rainfall is vital for calculating soil erosion rate [23]. For the same slope gradients,
initial surface runoff generation time advanced with increased rain intensity, in the order
40 > 60 > 80 mm/h (Table 2). At a slope gradient of 5°, for example, initial surface runoff
generation time declined by 3.4 min and 0.87 min with increased rainfall intensity. Other
slopes also showed similar changes, but with the increase of slope gradient, showed a
gradual decrease. Subsurface runoff exhibited the same trend as surface runoff. With
increasing rainfall intensity under the same slope gradient, more rainfall infiltrates into the
soil groove per unit of time, and the soil quickly reaches saturation, which is conducive
to slope surface and subsurface runoff generation. Under the same rainfall intensity, the
initial surface runoff generation time advances with increasing slope gradient, in the
order 5 > 10 > 15°, and the initial surface runoff generation time decreases gradually with
increasing rainfall intensity. The initial subsurface runoff generation time was consistent
with that of surface runoff. However, the decrease in slope gradient was not obvious. The
initial subsurface runoff generation time lagged behind surface runoff, which is because
soil water content begins to produce subsurface runoff when it reaches saturation, and the
lag time decreases with increasing rainfall intensity and slope gradient.

Table 2. Initial surface and subsurface generation times of different treatments (rainfall intensities
and slope gradients) (mins).

Types of Runoff Rainfall Intensity Slope Gradient (°)
(mm/h) 5 10 15
40 6.23 4.76 3
Surface Runoff 60 3.83 1.75 0.97
80 1.96 1.12 0.24
40 18.85 14.42 10.79
Subsurface Runoff 60 13.33 9.14 7.55
80 10.92 8.65 421
40 12.62 9.66 7.79
Surface Runoff -
Subsurface Runoff 60 95 7.39 6.58
80 8.96 7.53 3.97
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The surface runoff rate increased with increasing rain intensity (Figure 3). Compared
with a rainfall intensity of 40 mm/h at a slope of 15°, the average surface runoff rate at
60 and 80 mm/h increased by 2.38 and 3.60 times, respectively. Under the same rainfall
intensity, the surface runoff rate increased with increasing slope gradient. At 60 mm/h,
for example, the average surface runoff of 5, 10, and 15° slopes was 2.90, 3.2, and 3.6 L,
respectively. Subsurface runoff rate showed an upward trend with rainfall (Figure 2).
Under the same rainfall intensity, the subsurface runoff rate was 5 > 15 > 10°; as the slope
increases, it tends to rise first and then decrease, which indicates a critical slope between
5 and 10°. Under the same slope gradients, the subsurface runoff rate decreased with
increasing rainfall intensity, in the order 5 > 10 > 15°.

There is a significant difference in surface runoff under different rainfall intensities
(p < 0.05), and there is no significant difference in subsurface runoff at 5° and 10° under
60 mm/h and 80 mm/h. There are also significant differences in surface runoff between
slopes under the same rainfall intensity (p < 0.05), while there was no significant difference
in subsurface runoff at 40 mm/h and 60 mm/h at 5° and 10° slopes (p < 0.05) (Table 3).

Table 3. Significant analysis of runoff under different slope gradient and rainfall intensity.

Slope Gradient Surface Runoff (L) Subsurface Runoff (L)
S/(°) 40 mm/h 60 mm/h 80 mm/h 40 mm/h 60 mm/h 80 mm/h
5 22.43 4+ 0.32 Cc 52.3 + 0.82 Bc 87.2 +0.82 Ac 7.17 + 0.7 Bb 8.27 + 0.61 Ab 11.37 £ 0.7 Ac
10 2593+ 0.61Cb 584+0.85Bb 9337 +085Ab 6.3 +0.66 Bab 7.3 = 0.8 Bab 9.63 + 0.61 Ab
15 27.77 +0.35 Ca 65.1 = 0.7 Ba 98.3 +0.79 Aa 5.77 + 0.55 Ba 6.67 = 0.75 Aa 74 +0.75 Aa

Note: value = mean =+ standard error (SE). Different capital letters in the same slope gradient denote significant
differences between different rainfall intensities of the same slope gradient (p < 0.05). Different lowercase letters
in the same column denote significant differences in different slope gradients of the same rainfall intensity (p <
0.05).

3.2. Effects of Rainfall Intensity and Slope Gradient on Nitrogen Loss on Slopes

Surface runoff N loss concentration initially decreased and then tended to stabilize
with time under different treatments, indicating that the initial rainfall period is critical
for nitrogen loss from surface runoff (Figure 4). This is because surface runoff initially
removes some particulate nitrogen that is easily washed away [24]. Thus, surface runoff
TN concentration will be relatively high at the beginning and show a sharp downward
trend. Then, runoff scours the nitrogen on the soil surface and takes it away, so surface
runoff TN eventually tends to be stable under different rainfall intensities. The lower
the rain intensity, the earlier the TN loss concentration tends to stabilize, and this was
most obvious in 5° slope conditions because higher surface runoff means faster runoff
rates, resulting in shorter contact time between runoff and soil and, thus, lower surface
runoff TN concentration. Under the same slope gradients, increased rainfall intensity
significantly increased surface runoff TN loss concentration, but under the same rainfall
intensity, surface runoff TN loss concentration increases showed a variation pattern of 10°
>15° > 5°.

Under the same rainfall intensity, subsurface runoff TN loss concentration initially
decreased and then stabilized after runoff occurrence on both 5 and 10° slope gradients,
and all of them tended to be stable after 60 min of rainfall. When the slope gradient was
15°, subsurface runoff TN loss concentration under different rainfall intensities initially
rose and then decreased in the early stage, and then rose slightly and stabilized in the
mid to late stage. This is maybe because the greater the slope gradient, the more water in
the soil can readily move, and the more contact with the soil particles, the easier it is to
dissolve nitrogen fixed on the soil particle surfaces and be lost with water runoff so that
subsurface runoff TN concentration is higher [24]. Under the same slope gradients, TN
loss concentration in the subsurface runoff decreased with increased rainfall intensity, i.e.,
40 > 60 > 80 mm/h. Under 40 and 60 mm /h, with extended rainfall, subsurface runoff
gradually decreased, then increased, and finally stabilized. However, under 80 mm/h,
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TN concentration loss decreased with extended rainfall time. This is because subsurface
runoff at the beginning was low; moreover, free TN concentration in the soil was higher,
and the greater the rain intensity, the more subsurface runoff, causing a dilution effect and
a decrease in subsurface runoff TN concentration with increasing rain intensity.
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Figure 3. Runoff rate under different slope gradient and rainfall intensity.
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Figure 4. Surface runoff and subsurface runoff TN loss under different slope gradient and rain-
fall intensity.

There is a significant difference in TN loss in surface runoff under different rainfall
intensities (p < 0.05), while there was no significant difference in TN loss in subsurface
runoff under a 5° slope (p < 0.05). Under the same rainfall conditions, there is a significant
difference in TN loss in surface runoff between different slopes (p < 0.05), and there is
a significant difference in TN loss in subsurface runoff among different slopes under
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Table 4. Significant analysis of runoff TN loss under different slope gradient and rainfall intensitys

and rainfall intensities.

Surface Runoff TN Concentration (mg/L)

Subsurface Runoff TN Concentration (mg/L)

Slope Gradient
S/(°) 40 mm/h 60 mm/h 80 mm/h 40 mm/h 60 mm/h 80 mm/h
5 22.41 +0.93 Cc 25.14 4+ 0.72 Bc 3276 057 Ac 2223 +£0.86Cc 43444+1.06Ba 50.29 +1.01 Aa
10 35.16 = 1.07 Ca 43354+ 086Ba 50.05+0.57 Aa 36.31 +1.08 Ba 3746 +1.07Bb  42.81 + 0.88 Ab
15 33.06 =053Cb 36.01 £0.24Bb 4263 +0.60Ab 3245+ 1.06Bb 4233 +1.03 Aa 4341 +0.97 Ab

Note: value = mean =+ standard error (SE). Different capital letters in the same slope gradient denote significant
differences between different rainfall intensities of the same slope gradient (p < 0.05). Different lowercase letters
in the same column denote significant differences in different slope gradients of the same rainfall intensity (p <
0.05).

3.3. Runoff Coefficients of Surface Runoff and Subsurface Runoff

At the same slope gradient, the surface runoff coefficient («s) increased with increased
rainfall intensity (Figure 5) and was linearly positively correlated with it (Table 5). Con-
versely, under the same rainfall intensity, as the slope increases, the subsurface runoff coef-
ficient (o) decreases and is linearly negatively correlated with rainfall intensity (Table 5).
Under the same slope gradients, «; decreased with increasing rainfall intensity, in the order
5>10>15°.
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Figure 5. Runoff coefficient under different slope gradients and rainfall intensity.
Table 5. Fitting results of runoff coefficients for runoff f under different slope gradients and rain-
fall intensity.
Types of Runoff Simulate Conditions Fitted Equation Fitting Degree R?

Surface Runoff

Subsurface Runoff

Slope Gradient S/(°)

Raionfall Intensity I/(mm/h)

5
10
15
40
60
80

o5 = 0.027591 — 0.41382
a0 = 0.031191 — 0.60653
o5 = 0.028661 — 0.34951
o5 = —0.0145S + 0.38083
a4 = —0.00167S + 0.11722
oq5 = —0.00213S + 0.10708

0.7836
0.8204
0.8072
0.9902
0.8242
0.9465

The effects of rainfall intensity and slope gradient on runoff coefficients were comple-

mentary. A correlation between «s and slope gradients S was not obvious, and the fitting
effect was poor (Table 5). At40 and 60 mm/h, as was 15> 5> 10°, but at 80 mm/h, it was
10 > 15 > 5°, and the correlation coefficient did not change. The fitting effect between ;
and slope gradient S increased with increasing slope under different rainfall intensities, the
R? of all rainfall intensities was <0.60, and the fitting effect was poor, while the correlation
coefficient decreased with increasing slope. The surface runoff coefficient o was mainly
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affected by rainfall intensity, while the subsurface runoff coefficient «; was mainly affected
by slope.

3.4. Slope Surface Runoff, Nitrogen Loss Distribution and Runoff Modulus

The slope remains unchanged, and the proportion of surface runoff in total runoff
increased with increasing rainfall intensity (Table 6). As rainfall intensity increases, the
effective precipitation per unit time also increases, which accelerates soil aggregate frag-
mentation, and the surface crust reduces the soil infiltration rate, increasing the proportion
of surface runoff and decreasing the proportion of subsurface runoff. On different slope
gradients, the proportion of surface runoff under the same rainfall intensity was basically
the same, which is caused by low rainfall infiltration. The sum of surface runoff and
subsurface runoff is the total runoff, so the proportion of subsurface runoff in total runoff
is the opposite of surface runoff.

Table 6. The proportion of surface runoff in total runoff (%).

Rainfall Intensity/(mm/h) 5° 10° 15°
40 62.57 67.5 79.13
60 93.66 93.85 94.95
80 94.16 95.09 95.53

Under the same slope conditions, the proportion of nitrogen loss in subsurface runoff
to total nitrogen loss decreased with increasing rainfall intensity (Table 7). This is because
subsurface runoff is generated by infiltration and can dissolve and migrate nitrogen in the
soil, while surface runoff can only take away nitrogen in the surface soil, which is easy
to lose, but the total amount is limited. There was no obvious nitrogen loss pattern in
subsurface runoff with slope at the same rainfall intensity, indicating that the critical slope
gradient differed under different rainfall intensities.

Table 7. The proportion of nitrogen loss to total nitrogen loss in subsurface runoff (%).

Rainfall Intensity/(mm/h) 5° 10° 15°
40 67.49 55.67 60.09
60 63.01 51.83 54.30
80 60.46 51.14 51.38

Subsurface runoff generation lags behind that of surface runoff, but there is a period
of time when they occur together, and total runoff in this period is called mixed runoff [25].
The order of different runoff modulus (runoff per unit area per unit time) types was mixed
> surface > subsurface runoff (Figure 6). On different slope gradients at the same rainfall
intensity, surface, subsurface, and mixed runoff moduli were basically the same. The mixed
runoff modulus was the highest under different slope gradients and rain intensities, and
it increased significantly with increasing rain intensity on the same slope gradients. The
runoff modulus variation of surface and mixed runoff was similar. With increasing rainfall
intensity, the subsurface runoff modulus initially decreased, then increased, but was lower
than surface runoff.

3.5. Factors Influencing Slope Surface Runoff and Nitrogen Loss

There is a highly significant positive correlation between rainfall intensity and surface
runoff (p < 0.01). Rainfall is the primary generator of surface runoff, and rainfall intensity
affects the amount of rainfall. When the underlying surface conditions are the same, slope
surface runoff is greater with higher rainfall, and the slope gradient, as a topographic
factor, cannot cause surface runoff; instead, it mainly affects runoff at the outlet in terms of
slope-rainfall bearing capacity and soil infiltration rate. Slope gradient and rainfall intensity
promote slope runoff and nitrogen loss.
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Figure 6. Variation trend of Surface runoff, subsurface runoff, and mixed runoff modulus with
rainfall intensity under different slopes.

To quantify the contribution rate of various factors to sediment production in slope
surface runoff, we calculated the interaction between different influencing factors on
nitrogen loss (Figure 7). Rainfall intensity and slope significantly affect runoff generation
and nitrogen loss. Contribution rates to surface and subsurface runoff were in the order
of rainfall intensity > rainfall intensity and slope gradient interactions > slope gradient
(Table 8). Among them, the contribution of rainfall intensity was the highest, with surface
runoff being 99.6% and subsurface runoff being 52.8%. Contribution rates to total nitrogen
loss of surface flow were in the order of slope gradient > rainfall intensity > slope gradient
and rainfall intensity interactions. The contribution rate of slope gradient was the highest,
at 66.8%. Contribution rates to total nitrogen loss in subsurface runoff were in the order
of rainfall intensity and slope gradient interactions > slope gradient > rainfall intensity.
Interactions between rainfall intensity and slope gradient contributed the most, at 44.1%.
Overall, rainfall intensity significantly affected slope surface runoff, and slope gradient
significantly affected nitrogen loss.

Surface runoff | Surface runoff . B
TN TN 0.8

0.6
Subsurface runoff Subsurface runoff 0
TN N
—0.4

Rainfall intensity| Rainfall intensity 0.98 -0. 54 - 0.2

Slope gradient Slope gradient -0.51

—-0.2

-0.4
Surface runoff -0. 64
-0.6
‘ ’ Subsurface runoff] 0.8

Surface runoff  Subsurface runoff Rainfall intensity ~Slope gradient ~Surface runoff ~ Subsurface runoff
N N

Surface runoff

Subsurface runoff]

% P<0.05 sk P<0.01

Figure 7. Correlation between rainfall intensity, slope, slope runoff, and nitrogen loss.
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Table 8. The contribution rate of factors influencing slope surface runoff and nitrogen loss (%).

Factor Surface Runoff Subsurface Runoff TN of Surface Runoff N OfRiL::)Sf;lrface
Rainfall Density 99.6 52.8 30.2 21.4
Slope Gradient 0.1 26.9 66.8 37.5
Rainfall Density x 03 2023 30 411

Slope Gradient

4. Discussion

The main factors influencing soil erosion on the slopes of Miyun Reservoir are rainfall
intensity and slope gradient. As rainfall intensity increased from light (40 mm/h) to
moderate (60 mm/h) to extreme (80 mm /h), both surface and subsurface runoff increased.
Compared with a rainfall intensity of 40 mm/h at a slope of 15°, the average surface runoff
rate at 60 mm/h and 80 mm/h increased 2.38 and 3.60 times, respectively. This may be
because during runoff, rainfall kinetic energy acts on the soil surface. The intensity of
rainfall determines the runoff magnitude [26]. Therefore, the soil erosion rate increases
with the increase in rainfall intensity [27]. The main form of runoff generation was surface
runoff, with a proportion of surface runoff in total runoff of 75.77 to 96.16%.

Rainfall intensity remains unchanged; the surface runoff rate increased with increasing
slope gradient, in the order 5 > 15 > 10°, and tended to initially rise and then decrease,
indicating that there was a critical slope between 5 and 10°. This may be due to a decreasing
slope gradient significantly increasing the time to reach the maximum surface runoff rate
while reducing the surface runoff. When the slope gradient increases, part of the water is
more permeable and flows down the slope by gravity. Consequently, surface runoff also
increases with increasing slope gradient, while subsurface runoff decreases. Compared
to slopes with high gradients, those with lower slope gradients better inhibit soil particle
loss with runoff during rainfall [28]. Slope gradient is also the main influencing factor of
soil erosion. As the slope increases, surface runoff increases, infiltration rate decreases,
and surface erosion increases [29]. In this study, surface, subsurface, and mixed runoff
modulus increased with slope gradient. However, the subsurface runoff, subsurface runoff
rate, and subsurface runoff modulus decrease with increasing slope gradient. Low slope
gradients better inhibit the downward loss of soil particles from runoff during rainfall [30].
Compared with single influencing factors, comprehensive interactions between rainfall
intensity and slope gradient had a more obvious impact on the slope surface runoff mode.
Furthermore, the need to comprehensively understand the interactions between influencing
factors in the slope erosion process was demonstrated.

The main influencing factors of soil nitrogen loss are rainfall and runoff. In this study,
runoff TN concentration fluctuated at the beginning of surface runoff and began to stabilize
after 60 min. For example, on a 5° slope, the average TN loss in surface runoff under
rainfall intensity of 80 mm/h was 1.28 times that of 60 mm/h, and in subsurface runoff
was 1.03 times that of 60 mm/h rainfall. Therefore, rainfall intensity had a significant
effect on soil nitrogen loss. On a 5° slope, below subsurface TN loss under 80 mm/h
and 60 mm/h rainfall conditions was 1.53 and 1.92 times greater than on the surface.
Therefore, subsurface runoff loss was greater than surface runoff loss, potentially making
pollution of groundwater sources more serious, especially in areas with shallow soils and
those with underground pores and fissures. Moreover, northern soils and those in rocky
mountainous areas are looser, and their water is more prone to infiltration, which washes
away the soil nitrogen. Therefore, in such areas, subsurface runoff often plays a decisive
role in nitrogen loss. In practical application, the occurrence of subsurface runoff should be
prevented or reduced, for example, by fertilizing to increase soil water-holding capacity.
The nitrogen loss in karst areas of South China is mainly carried by groundwater runoff,
and this experiment is consistent with this situation [31]. Gao et al. showed that the surface
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TN loss rate was greater when the rainfall intensity was >50 mm/h and was the main
cause of TN loss [32].

Our results show that slope gradient and rainfall intensity can promote runoff, with
rainfall intensity having the greatest impact on surface runoff, contributing 99.6%. The
slope gradient contributed the most to total nitrogen loss from surface runoff, at 66.8%.
The interaction between rainfall intensity and slope gradient contributed the most to total
nitrogen loss in the subsurface runoff, at 44.1%. As rainfall intensity increases, raindrop
erosion capacity increases, and soil particle dispersion increases. Increased rainfall intensity
will increase runoff erosive forces and sediment-carrying capacity [33]. The slope gradient
increases the slope rain-bearing area, which leads to increased runoff and flow velocity, and
then water flow erosion capacity increases, which promotes slope surface erosion in the
gullies. Compared with Li et al., who qualitatively studied the interaction between rainfall
intensity, slope gradient, and slope length, we considered the quantitative contribution
of rainfall intensity, slope gradient, and the interaction of various factors to runoff and
sediment production [34]. Our approach may better reflect the relationship between the
comprehensive effects of influencing factors and slope surface runoff and nitrogen loss.

The slope gradient in the Miyun reservoir area has an important impact on nitrogen
loss, especially on steep slopes, which could be slowed down by reducing the slope gradient.
However, we did not consider the underground migration of nutrients. Although the loss of
underground nitrogen is higher than on the surface, due to its special geographical location,
it is difficult to control the loss of underground nitrogen. Therefore, preventing and
controlling groundwater pollution is of great significance for controlling non-point source
pollution. Additionally, agricultural fertilizer use could be reduced [35], or alternatively,
increasing vegetation cover would reduce nutrient loss on the slope surface [36]. This may
help to mitigate the effects of rainfall on nitrogen and underground seepage in cultivated
soils, thereby increasing yields and preventing pollution.

Although the effects of rainfall intensity and slope gradient on slope erosion in the
Miyun Reservoir area were analyzed and a critical slope gradient determined, slope length
was not considered. In the future, slope length characteristics will be added, and runoff
and nutrient loss at critical slope lengths will be discussed. We only considered the
contributions of rainfall intensity and slope gradient to erosion, but the contribution
of one factor depended on changes in others, and these interactions need to be more
fully addressed.

5. Conclusions

Initial runoff generation time gradually decreases with increasing rainfall intensity
and slope gradient. Initial subsurface runoff generation time lags behind that of surface
runoff but decreases with increasing rainfall intensity and slope gradient. Surface runoff
rate increased with increasing rainfall intensity and slope gradient, and the subsurface
runoff rate showed an upward trend with increasing rainfall intensity, initially increasing
and then decreasing with increasing slope gradient. Surface runoff TN loss concentration
initially decreased and then stabilized with time. Rainfall intensity has a significant effect
on the change of TN loss concentration in surface runoff. The concentration of TN loss in
the subsurface runoff decreased with increasing rainfall intensity.

The effects of rainfall intensity and slope gradient on surface and subsurface runoff
coefficients were complementary. The main runoff loss path from slopes is surface runoff,
and the main path of nitrogen loss is subsurface runoff. The order of different runoff
modulus types was mixed > surface > subsurface runoff. Rainfall intensity significantly
affected the slope subsurface, and slope gradient significantly affected nitrogen loss.
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Abstract: Subsurface drainage pipes covered with filters and geotextiles are the key to preventing
clogging and ensuring efficient drainage. To improve the salt discharge efficiency of these subsurface
drainage pipes, different layers of geotextiles were set outside the pipes with the aid of uniform
gravel filters. This paper reports our findings from laboratory simulation of subsurface drainage
pipes and experiments. The study examined the influence of different layers of geotextiles on the
drainage efficiency, salt discharge effects of subsurface drainage pipes, and the effect of superimposed
geotextiles on the salt drainage efficiency as well as the anti-clogging effect of subsurface drainage
pipes. The results are as follows: (1) The geotextile and filter material wrapped around the subsurface
pipe facilitated the movement of water towards the subsurface pipe, which could promote the salt
discharge of the subsurface pipe. However, in the single leaching experiment, the reduction in soil
pH was not significant for different scenarios. (2) The salt removal rate of the geotextile-wrapped
subsurface pipes was more than 95%. The salt removal rate of the double-layer geotextile scenario
was the highest (96.7%), and the total salt content of soil profiles was 8.3% and 31.3% lower than
those of the single-layer and triple-layer geotextile scenarios, respectively. The drainage efficiency of
the double-layer geotextile scenario was the highest, and the salt distribution in the 0-60 cm profile
was relatively uniform, ranging from 2.3 to 3.0 g-kg_l. (3) The clogging in the triple-layer geotextile
scenario was caused by the geotextile, i.e., a dense filter cake layer formed on the surface of the
geotextile. The clogging in the single-layer and double-layer geotextile scenarios was the clogging
of the geotextile itself, i.e., soil particles retained in the fiber structure of geotextiles. (4) In the case
of the single-layer and double-layer geotextile scenarios, the soil particles failed to completely clog
the selected geotextiles, and there were still a large number of pores retained. The double-layer
geotextiles integrate filtration, clogging prevention, and drainage promotion to provide the best salt
drainage with the subsurface pipe. This study reveals the influence of the filter on soil water salt and
salt discharge and provides a theoretical explanation and technical justification for the application of
the subsurface pipes salt discharge technology in saline soil ameliorate.

Keywords: subsurface pipes drainage; salinity; geotextile; drainage rate; salt discharge rate; leaching
desalination rate

1. Introduction

Soil salinization is one of the factors that causes soil degradation, reduces food pro-
duction, and affects the ecological health of agriculture and forestry [1]. It is reported
that more than 100 countries and regions worldwide are affected by soil salinization, with
an area of 950 million hectares [2,3]. More than half of the arable land will experience
varying degrees of salinization by the middle of this century [4]. Saline soils in China cover
an area of nearly 100 million hectares and are mainly distributed in arid inland regions
of north China, northeast China, coastal regions, and northwest China [5]. Ningxia Hui
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Autonomous Region is located in the arid inland regions of northwest China. The Yellow
River irrigation region in the north is obviously characterized by high evaporation and
low precipitation, a flat and low-lying terrain, high groundwater levels, and salt migration,
which result in severe soil salinization. The area of saline-alkali-cultivated land is about
1.4 x 10° ha, accounting for 32.5% of the total arable land area in the Yellow River irrigation
area of Ningxia [6]. Rational utilization of saline-alkali land can serve as an alternative
for land resources for the sustainable development of agriculture and forestry, which is of
great significance for holding the red line of 1.2 billion ha of arable land. In the meantime,
the utilization of saline-alkali land plays an important role in improving the ecological
environment in the middle and upper reaches of the Yellow River, as well as promoting
ecological protection and high-quality development in the Yellow River Basin.

An efficient irrigation and drainage system can remove solutes and act as a barrier
for preventing salinity and alkalinity [7,8]. As an underground drainage facility, the
subsurface drainage pipe (SDP) has the advantages of high efficiency, water conservation,
and land conservation, which is conducive to mechanized operations [9-11]. SDP can
reduce soil salinity while controlling the groundwater level, overcoming the drawbacks
of traditional ameliorate that cannot discharge salts from the soil [12,13]. In 1980, the
technology of subsurface pipes was introduced in Ningxia Hui Autonomous Region. After
years of application, the area of subsurface pipes in the field has reached 1.7 x 10° ha, and
the subsurface pipes have become the preferred solution for addressing the salinization
hazards in the Yinbei Irrigation District [14]. Subsurface drainage systems promote salt
discharge by influencing soil-saturated hydraulic conductivity and effective porosity [15].
Climate and soil conditions are the main factors that determine the spacing and depth
of underground pipes [16]. Numerous scholars have proposed the depth, spacing, and
diameter of subsurface pipes under different desalination standards [17,18]. However, the
clogging of drainage pipes by soil particles, plant roots, and solutes during the operation of
saline-alkali land can restrict efficient salt discharge by the subsurface pipes. In the process
of long-term application of subsurface pipe drainage, mechanical clogging caused by soil
particles, chemical clogging caused by oxidative precipitation of ions by ions being oxidized
and precipitated, and biological clogging caused by microbial microorganism activities
during the long-term operation of subsurface pipe drainage will cause the blockage of
subsurface pipes, which is a non-negligible problem that cannot be ignored, and has become
one of the main factors restricting the long-term salt discharge of subsurface pipes. It is also
a problem that needs to be solved in for the promotion of subsurface pipe salt discharge
technology. Coarse sand or clay loam can form a natural anti-filter layer, which is less likely
to clog the filter material outside the subsurface pipes. Soils with a low clay content and
a higher finer particle content are more likely to clog the drainage pipe [19]. The soil in
the Yinbei region of Ningxia is mostly composed of sticky clay loam or loam clay, which is
more likely to cause clogging. At present, subsurface drainage mainly relies on external
geotextiles and filter materials such as sand, gravel, and straw to prevent or alleviate
siltation. External filter materials can form a highly permeable layer around the drainage
pipes to promote drainage and salt discharge [14]. A filter made of porous sand gravels,
straw, and furnace slag installed above the subsurface pipes can restrict the movement
of soil particles and screen and retain coarse particles around the filter to form a highly
permeable stable zone. Geotextiles have a three-dimensional fibrous net structure, which is
permeable and filtering, and during water flow, they screen the nearby soil particles and
induce the formation of a highly permeable soil skeleton above the geotextile, resulting
in a good filtration effect. The geotextile wrapped outside the subsurface pipes needs
to satisfy three principles of good filtration, strong permeability, and the fact that it is
not easy to block. The main considerations include the Ogy/dgg value (Ogyg is the pore
diameter of filter materials, of which 90% is smaller than this value; dg is the size of the soil
particles, of which 90% is smaller than this value, and should satisfy Ogg/dgg > 1.0), suitable
permeability coefficient, and thickness of geotextile [19]. In addition, geotextiles can be
pre-wrapped, which facilitates mechanized construction and is widely used for on-site
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subsurface pipes [20]. Superposition treatment of geotextiles can enhance the filtration
effect and achieve a high soil retention rate. How to use scientific and reasonable filter
materials wrapped around the subsurface pipes to fully utilize the anti-filter effect of filter
materials and to ensure efficient salt discharge of subsurface pipe are the bottlenecks that
need to be overcome urgently to eliminate the salt alkali barriers.

The wrapped filter materials are the key factor affecting the efficient drainage of
subsurface pipes. Field investigations were conducted to investigate the anti-clogging
effects of different filter materials of subsurface pipes. There are reports on the influence of
different geotextile specifications on salt discharge and clogging in subsurface pipes [21,22].
Geotextiles with a three-dimensional fibrous network structure need to be further investi-
gated to determine whether they can increase filtration and ensure efficient salt discharge
in subsurface pipes by stacking. For this purpose, this study systematically evaluated the
impact of the wrapped geotextile on the salt discharge efficiency and anti-siltation effect
of subsurface pipes by using a self-designed laboratory simulation device for subsurface
pipe drainage. The surface and internal structures of geotextiles were observed by using an
electron microscope, and the impact of geotextile stacking on salt discharge and the anti-
clogging effects of subsurface pipes were revealed. The findings provide a scientific basis
for optimizing the engineering parameters of subsurface drainage pipes and improving the
quality of low-lying saline soil.

2. Materials and Methods
2.1. Tested Soils

The experiment was conducted from May to September 2022. The soil used for exper-
iments was taken from salt wasteland in Haiyan Village, Yanzidun Township, Huinong
District, Shizuishan City, Ningxia (39°03” N, 106°54" E). This region belongs to the Yin-
bei Irrigation Area of the Ningxia Hui Autonomous Region, with low-lying terrain, high
groundwater levels, and severe soil salinization. The region has a temperate continental
climate and is an arid semi-desert saline land in the middle and upper reaches of the Yellow
River. The annual average precipitation and evaporation are 173 mm and 1755 mm, respec-
tively. The precipitation is sparse and unevenly distributed and is mainly concentrated
between July and September. The depth of groundwater ranges from 1.3 m to 2.0 m. Soil
samples were collected from 0 to 60 cm below the ground surface, with a high salt content
of more than 70 g-kg~! and a pH below 8.43 + 0.01 (Table 1). The 0-60 cm soil layer
contained 9.0% clay particles (<0.002 mm), 38.8% silt sand particles (0.002-0.02 mm), and
52.2% sand particles (0.02-2.0 mm). The soil dgg values for the 0-20 cm, 2040 cm, and
40-60 cm soil layers were 87.5 + 4.3 um, 95.4 + 2.9 um, and 99.6 £ 1.1 um, respectively.
dogg is the size of the soil particle, of which 90% are smaller than this value. The ratio of soil
clay content to silt content was 0.23, which was lower than 0.5 [19]. The soil was loamy soil
and had low cohesion. It is not easy to form a natural filter layer around the subsurface
drainage pipes, leading to a high possibility of clogging. Subsurface drainage pipes that are
not wrapped with geotextiles and filter materials are susceptible to mechanical clogging,
which affects the normal operation of the drainage system.

Table 1. Physical and chemical properties of soil at experimental Site.

Soil . Soil Dry Porosity/ Field Capacity/
Depth/(cm) Soil Texture pH Salinity/(g-kg~1) Density/(g-cm~3) (%) (%)
0-20 Loam soil 8.43 £ 0.01 99.86 + 6.04 1.47 £ 0.05 4453 £ 0.71 19.0 £ 0.50
2040 Loam soil 8.42 £ 0.01 5498 +3.13 1.53 £ 0.06 4226 + 0.68 19.1 +0.35
40-60 Loam soil 8.42 £ 0.01 71.17 + 5.39 1.56 = 0.04 4113 +0.74 20.3 4 0.80

2.2. Simulation Device for Subsurface Pipe Drainage

The referenced field project had a depth of 150 cm, a filter material thickness of 30 cm,
a backfill soil layer thickness of 112.5 cm, and an outer diameter of subsurface pipe of
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7.5 cm. With reference to the laboratory subsurface pipe drainages, simulated experiments
designed by Tao et al. (2016) with a 1:3 scale ratio were adopted for experiments [22]. The
designed laboratory simulation test device for subsurface pipe drainage consisted of a
water supply system, a seepage box, and a collector box. The seepage box was 1.0 m long,
0.6 m wide, and 0.8 m high (Figure 1). To prevent preferential flow along the wall during
the leaching process, the inner layer of the testing device was polished with sandpaper. The
depth of the subsurface pipe in the experimental device was 50 cm, and the thickness of the
filter material was 10 cm. The thickness of the backfill soil was 37.5 cm, and the diameter of
the subsurface pipe was 2.5 cm. The thickness of the organic glass around the seepage box
was 8 mm. An overflow port was installed 5 cm away from the top of the seepage box to
avoid excessive water accumulation during the leaching process, and three sampling ports
were installed on the box wall.

| 60 cm | | 100 cm
[ [ [ |
—— 3 —
7
20 cm o - - 20 cm — -
6 37 cm
37 cm
5
— v |
10 cm 4 10 cm
3 10
13 cm ? 13 cm
— —

1. Quartz sands, 2. Subsurface pipe, 3. Geotextiles, 4. Gravels, 5. Sampling port, 6. Soil, 7. Overflow port, 8. Water intake port, 9. Header tank,
10. Subsurface pipe outlet

Figure 1. Diagram of simulation device.

2.3. Experiment Design and Process

Geotextiles have a three-dimensional fibrous network structure made of short fiber
polypropylene material with a fluffy structure and large porosity, which makes them
permeable and filterable (Figure 2). To clarify the impact of geotextile stacking on the salt
discharge and anti-clogging effects of subsurface pipes, experiments were conducted in
the Yanzidun Township from May to September 2022 based on a self-designed laboratory
simulation device for subsurface pipe drainage. The geotextiles wrapped around the
subsurface pipes were designed with three different scenarios: single-layer geotextile (T1),
double-layer geotextiles (T2), and triple-layer geotextiles (T3), with three replicates for
each scenario. The geotextile used in the experiment was a short fiber needle-punched
nonwoven geotextile made of polypropylene, with a specification of 100 g-m~2, a density of
1.35 £ 0.12 g-cm 3, a thickness of 0.75 + 0.04 mm, a breaking strength of 2.5 +- 0.13 kN-m !,
a tearing strength of 0.08 4- 0.01 kN, a vertical permeability coefficient of 0.06 & 0.01 cm-s~,
and an equivalent diameter Ogg of 0.12 &= 0.01 mm. The geotextile used in the experiment
has good alkaline resistance and can be used below pH 9.0. The nonwoven geotextile is a
flake with good water collection and drainage performance.
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Figure 2. Initial scanning electron microscopy image of geotextile.

Plant residues and debris, such as gravel, were removed from soil samples. The
samples were then air-dried, ground, and passed through a 2 mm sieve. A 5 cm thick layer
of sand was placed on the bottom, and a subsurface pipe wrapped with geotextile was
placed on the quartz sand filter layer. The whole area percent of the subsurface pipe was
5%. The soil was loaded into the test box layer by layer and compacted layer by layer to a
thickness of 60 cm. Thereafter, it was left overnight to establish a water content equilibrium.
The leaching quota was calculated based on the formula suggested by Hu et al. (2010) [23].
The calculated leaching quota was 6750 m®-hm~2, which was equivalent to 0.4 m3 per
seepage box. The leaching process began on 19 May 2022 at 9:00 AM. Multiple leaching
was accomplished using the water injection method. The depth of the water layer during
the leaching process was maintained at 10 cm, and the water source was municipal tap

water. The conductivity of the leaching water was 0.55 mS-cm 1.

2.4. Sample Collection and Measurement

The anti-clogging effect of the geotextile in the subsurface pipe was demonstrated by
the weight of soil lost in the seepage box, as well as the amount and rate of clogging. Three
geotextile-treated subsurface pipes were weighed prior to the experiment. During the
experiment, the drained water and mineralization of the subsurface pipes were regularly
monitored every day, and the mineralization of the leaching water was regularly measured.
Upon completion of the experiment (i.e., when the drainage of the subsurface pipe ceased),
the soil profile was manually excavated, and samples were taken from both sides of the
subsurface pipes to measure the moisture content and salinity. The geotextile wrapped
outside the subsurface pipe was weighed, and the geotextile samples were taken from
the upstream surface for observation using a scanning electron microscope. Soil profile
samples were collected using an auger, and samples were taken every 20 cm from the
surface to the top of the filter material directly above the subsurface pipe. The samples
were taken at distances of 5 cm, 15 cm, and 25 cm from the center of the subsurface pipe,
and each soil sample was repeated three times.

2.5. Measurement and Methods

The moisture content of the soil was determined by the drying method. The super-
natant was fully shaken at a soil-to-water ratio of 1:2.5, and pH was measured using the
Mettler Toledo 5220 multi-parameter tester (METTLER TOLEDO, Switzerland. We bought
it in Shanghai, China. Microtrac S3000, York, PA, USA. Hitachi TM4000plus, Tokyo, Japan).
The supernatant was fully shaken at a soil-to-water ratio of 1:5 and was measured using a
DDS-307A soil conductivity meter, which was converted to the total salt content [24]. The
mechanical composition was measured by the laser particle size analyzer (Microtrac S3000).
The water filling amount was measured by a flow meter, and mineralization was measured
by a conductivity meter. The drainage duration was measured by a stopwatch, and the
drainage volume of subsurface pipes was measured by measuring cylinders. The structures
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of geotextiles were observed using scanning electron microscopy (Hitachi TM4000plus).
The quality of soil loss was the weight of soil lost through geotextiles after the completion of
experiments. The clogging amount refers to the soil mass adsorbed on the upstream surface
of the geotextile and retained inside the geotextile after the completion of experiments.
The clogging rate was the ratio of the amount of clogging to the original quality of the
geotextile.

2.6. Calculation Formulae

The formulae for calculating the drainage rate (v), drainage efficiency (Ry), salt dis-
charge rate (R;), desalination rate (Lg), discharge to removal ratio (R), and clogging rate (w)
of subsurface pipes are as follows [25]:

Q

U=TA ey

where v is the drainage rate of the subsurface pipe, with a unit of cm-h~!; Q is the drainage
volume of the subsurface pipe within a certain period of time, with a unit of cm3; T is the
drainage duration, with a unit of h; and A is the cross-sectional area of the seepage channel,
with a unit of cm?.

Qu

Ry = <= x 100% ()

where Ry, is the drainage efficiency of the subsurface pipe, with a unit of %; Qy is the total
amount of drainage from the subsurface pipe, with a unit of cm3; and L is the total amount
of leaching water, with a unit of cmd.

e
So + Ly

Rs x 100% 3

where R; represents the salt discharge rate of the subsurface pipe, with a unit of %; Qs is

the total amount of salt discharged from the subsurface pipe, with a unit of kg; Sy is the

initial total salt content of the soil, with a unit of kg; and Ly is the salt content of the leaching

water, with a unit of kg.

So—S¢
0

Lg = x 100% 4)
where L is the soil leaching desalination rate, with a unit of %; Sy is the total salt content
of the soil before leaching, with a unit of kg; and S; is the total salt content of the soil after
leaching, with a unit of kg.

— RS
T Lg

where R is the discharge rate of the subsurface pipe; R; is the salt discharge rate of the
subsurface pipe; and Ly is the soil leaching desalination rate.

R ©)

Wi — Wy
= ——— % 100%
w Wo x 100% (6)

where w is the siltation rate, with a unit of %; W; is the weight of the geotextile after the
experiment, with a unit of g; and Wy is the initial weight of the geotextile, with a unit of g.

2.7. Data Processing and Analysis

Microsoft Excel 2010 was used for data processing, while Surfer 10 was utilized to plot
nephrograms. SPSS 19.0 software to perform the significance test and correlation analysis.

3. Results
3.1. Soil Moisture Distribution under Different Scenarios

The measurements showed that the soil moisture contents in the depth of 0-60 cm
ranged from 15.5 £ 0.45% to 20.5 £ 0.55% for scenario T1, from 13.5 &= 0.20% t0 20.0 & 0.75%
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for scenario T2, and from 19.0 &+ 0.33% to 21.4 £ 0.88% for scenario T3, respectively
(Figure 3). The soil moisture content of the three scenarios follows a decreasing trend as
the soil depth increases. The moisture content in the region near the subsurface pipe was
significantly higher than that in the upper soil layer. The geotextile and filter material
wrapped around the subsurface pipe was conducive to the movement of water toward
the subsurface pipe. The soil moisture content of scenario T3 in the depth of 0-60 cm
was significantly higher than those of scenarios T1 and T2. There was a small difference
in the soil moisture content between scenarios T1 and T2 in the depths of 20-40 cm and
40-60 cm. Scenario T2 had double-layer geotextiles, and the soil moisture content in the
depth of 0-60 cm was the lowest among the three scenarios. The stacking of geotextiles
allowed for a richer three-dimensional structure and enhanced the effects of permeability
and filterability, especially in the triple-layer geotextile scenario.
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Figure 3. Distribution of soil moisture under different scenarios.

3.2. Soil Salt Distribution under Different Scenarios

The salt content of the tested soils ranged from 71.17 to 99.86 g-kg ™!, and the salt
content in the soil profiles of the three scenarios after leaching was below 4.8 & 0.55 g-kg ™!
(Figure 4). The salinity of the soils in the three scenarios experienced an increasing trend as
the soil depth increased. Scenario T1 had a soil profile salinity of less than 2.0 4- 0.22 g-kg ™!
in the 0-30 cm soil layer, which was the lowest among the three scenarios. The accumulated
salinity was below 40 cm in the soil layer. The soil salt content in the 0-60 cm profile of
scenario T3 was higher than those of scenarios T2 and T3. The soil salt content below 40 cm
was higher than 3.9 + 0.15 g-kg 1. The salt distribution in the 0-60 cm profile of scenario
T2 was relatively uniform, ranging from 2.3 to 3.0 g-kg~!. Compared with the scenarios
of the single-layer geotextile and the triple-layer geotextile, the salt leaching of scenario
double-layer geotextile was more uniform. Therefore, moderate geotextile stacking has
better effects on permeability and filterability, which could promote uniform salt leaching
in the soil profile.

162



Water 2024, 16, 1392

Soil salinity (g/kg)

Soil salinity (g/kg)

Soil salinity (g/kg)

Soil depth (cm) é)

|
=
=3
)

Figure 4. Distribution of soil salinity under different scenarios.

3.3. Analysis of the Effect of Soil Salt Leaching and Alkali Reduction under Different Scenarios

Before the experiment, the pH values of the tested soils at 0-20 cm, 20-40 cm, and
40-60 cm were 8.43 + 0.01, 8.42 + 0.01, and 8.42 £ 0.01, respectively, which indicated that
the soil pH distributions were relatively uniform. The pH values in the depth of 0-60 cm
varied from 8.29 to 8.36, from 8.30 to 8.36, and from 8.35 to 8.39 for scenarios T1, T2, and T3,
respectively. In the single leaching experiment, the reduction in soil pH was not significant
for different scenarios, and the difference among the three scenarios was not significant

(Table 2).

Table 2. Effects of different scenarios on soil salinity and pH.

Original Soil T1 T2 T3
Soil Depth Salinity Salinity Salinity Salinity
(gkg ) pH (gkg 1) pH (gkg ) pH (gkg 1) pH
020cm 9986+ 604 843+001 18+016b 836+002a 23+014b 835+002a 36+01la 835+00la
20-40cm 5498 +313  842+001 21+037b 829+008a 24+024b 830+002a 37+010a 835+00la
40-60cm  7117+539 8424001  31+08b 836+00la 30+019b 836+003a 41+010a 839+0.02a
TOtal(lf;mity 33.22 4+ 10.02 / 124006b / 1.1+ 0.06b / 1.6+002a /

Note: Different lowercase letters indicate differences between different scenarios in the same soil layer (p < 0.05).

Before the experiment, the salt content of the tested soils exceeded 70 g-kg ™!, and the
total salt content in the 0-60 cm depth was 33.22 £ 10.02 kg. After the leaching experiments,
the soil salt contents of the three scenarios were all less than 4.1 + 0.10 g-kg~!. The soil
salt contents of scenarios T1, T2, and T3 were between 1.8-3.1 g-kg ™!, 2.3-3.0 g-kg !, and
3.6-4.1 g-kg~!, respectively. After the leaching experiments, the total soil salt contents
in the seepage boxes for scenarios T1, T2, and T3 were 1.2 & 0.06 kg, 1.1 £ 0.06 kg, and
1.6 £ 0.02 kg, respectively, which were 96.4%, 96.7%, and 95.2% lower than those before
the experiment. After the leaching experiments, the soil salinity at 0-20 cm of scenario
T1 was 1.8 + 0.17 g-kg !, which was the lowest among the three scenarios. The highest
soil salinity was observed in scenario T3, which was significantly higher than those in
scenarios T2 and T3 (p < 0.05). The soil salinity of scenarios T1 and T2 at 20-40 cm was

lower than 2.4 g-kg~!, which was significantly lower than that of scenario T3 (p < 0.05).

The soil salinity at 40-60 cm of scenarios T1 and T2 was significantly lower than that of
scenario T3 (p < 0.05). The total soil salt content of scenario T2 was the lowest, at 8.3% and
31.3% lower than that of scenarios T1 and T3, respectively. The double-layer geotextile

scenario had the best salt leaching effect because of the reasonable geotextile stacking.
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3.4. Analysis of Salt Leaching Efficiency under Different Scenarios

The observations from the experiments are listed in Table 3. It can be seen that scenario
T2 has the highest values for the majority of the parameters except for the drainage rate (v).
The drainage rate (v) was the highest in scenario T1, and the drainage rates of scenarios
T1 and T2 were significantly higher than that of scenario T3 (p < 0.05). Scenario T2 had
the highest drainage efficiency (Ry) and salt discharge rate (Rg), with a subsurface pipe
drainage ratio of 0.98, which offered the best salt discharge effect. Scenario T1 had a higher
initial drainage rate (v), but the drainage efficiency (R,) was lower than the other scenarios.
Scenario T3 had the lowest drainage rate (v) and salt discharge rate (Rs) among the three
scenarios. This was because the thickness of the triple-layer geotextile wrapped around the
subsurface pipe was large, which increased the difficulty of water passage and affected the
drainage effect, leading to a poor salt removal effect of the subsurface pipe. Scenario T2
promoted the drainage of subsurface pipe and had a removal rate of 0.98, which provided
the best salt removal effect.

Table 3. The drainage rate and salt discharge rate of subsurface pipe under different scenarios.

Drainage Drainage Salt Discharge Desalination
Scenario Rate/v Efficiency/R, Rate/Rs Rate/Lgr (Rs/Lg)
(cm-h—1) (%) (%) (%)
T1 0.037 £ 0.002a  49.78 £ 0.80 b 83.40 £2.65Db 96.39 £4.39 a 0.87 +£0.02b
T2 0.034 £0.002a 5492 +1.74a 95.00 £2.34a 96.69 £3.94 a 0.98 £0.07 a
T3 0.023 £0.003b  54.01 £4.23a 7438 £149 ¢ 9518 £2.99 a 0.78 £0.04 c

Note: Different lowercase letters indicate differences in the same indicator between different scenarios (p < 0.05).

3.5. Geotextile Clogging and Soil Retention Effect

Particles in soils were entrained by moving water, with some particles passing through
the geotextile into the drainage system while others intercepted by the geotextile. The
soil particles were generally intercepted through clogging and siltation. Scenarios T1 and
T2 resulted in siltation inside the geotextile, where fine soil particles were trapped in the
fiber structure of the geotextile, leading to a decrease in its permeable area. Scenario T3
resulted in clogging of the upstream surface of the geotextile, where soil particles were
collected to form a layer of low-permeability filter cakes on the upstream surface of the
geotextile (Figure 5). Observations of the surface and internal structures of geotextile using
scanning electron microscopy revealed that the pores of the geotextile wrapped around the
subsurface pipe were clogged or blocked by the clusters composed of fine soil particles,
resulting in a decrease in the water surface of the geotextile. Scenario T3 resulted in the
formation of a clear and dense filter cake layer on the upstream surface. In scenarios T1
and T2, soil particles did not completely block the geotextile, and a large number of pores
were present.

Figure 5. Electron microscope scanning images of geotextile.

The results from the experiments are listed in Table 4, which demonstrates the differ-
ences between the scenarios and, more importantly, the order of the clogging rates was
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T3 > T2 > T1. After one drainage experiment, the soil loss of all three scenarios exceeded
110 g, with the highest soil loss in scenario T1 and the lowest in scenario T3. Soil loss in
scenario T3 was 35.3% and 17.0% lower than those in scenarios T1 and T2, respectively, with
significant pairwise differences among the three scenarios (p < 0.05). All three scenarios
exhibited different forms of clogging. Scenario T1 had the lowest clogging rate, which
was 7.0% and 18.5% lower than those of scenarios T2 and T3, respectively. The triple-layer
geotextile had a strong interception effect with less soil loss. However, it failed to form a
permeable coarse particle skeleton above the subsurface pipe, and more particles would
accumulate above the geotextile, making it easier to form filter cakes. The soil retention
and anti-clogging effects of geotextile-wrapped subsurface pipe were closely related to the
particle content of the tested soil and the thickness of the geotextiles. A smaller thickness
would cause some soil particles to form a natural filter layer, pass through the geotextile,
and enter the drainage pipes, resulting in soil losses. In practice, the soil particles lost
during the drainage process would lead to sedimentation within the drainage pipe. The
single-layer geotextile in scenario T1 had a small thickness, and the fine soil particles
were prone to enter the drainage pipes through the geotextile, leading to soil losses. The
triple-layer geotextile in scenario T3 had a larger thickness, which had a good soil retention
effect. However, it was prone to forming a dense filter cake layer on the upstream surface,
resulting in a high siltation rate. The double-layer geotextile in scenario T2 considered both
soil retention and anti-clogging effects.

Table 4. Soil loss and siltation on the subsurface pipe geotextile material.

. Weight of Soil Initial Weight Weight of Clogging
Scenario Loss/(g) of Geotextile/(g) Clogged Rate/(%)
Geotextile/(g)
T1 182.73 + 6.62 a 9.16 £0.11 ¢ 12.58 + 0.68 ¢ 37.33 £6.54c
T2 142.37 £3.70b 18.41 £ 0.58b 2580+ 1.16b 40.12£524Db
T3 118.17 £5.60 c 2796 =144 a 40.78 =242 a 4581 = 1.65 a

Note: Different lowercase letters indicate differences in the same indicator between different scenarios (p < 0.05).

4. Discussion

Within a short period of time after drainage onset, soil particles undergo directional
migration. Fine particles in the soil gradually move downwards to fill pores by the drag of
water flow. The redistribution of particles leads to continuous compaction of the soil, and
the drainage flow rate of the subsurface pipe gradually decreases. In severe cases, it can
lead to the loss of drainage function [22].

The interior of geotextile is a fibrous network with many small pores that can form
flow channels and block the passage of soil particles. The larger the equivalent pore
size of geotextiles, the greater the soil loss. The smaller the thickness, the stronger the
interception ability of soil. The stacking of geotextiles can improve the interception and
particle-screening ability of soil. The geotextile wrapped around the subsurface pipe is
used to screen nearby soil particles under the action of water flow. Large particles are
intercepted and gradually accumulate outside to form a soil-permeable skeleton with high
permeability, inducing the formation of a natural filter layer in the soil above [26,27].

The research found that geotextiles with a thickness of 0.41 mm had a better perme-
ability and anti-clogging ability than those with a thickness of 0.35 mm [28]. The clogging
rate of thick geotextiles alone was 16% lower than that of thin geotextiles. Thin geotextiles
not only experience significant clogging on their own but also have a tighter filter cake
formed on the surface of the geotextile. Reasonable filter materials could promote the
soil above the pipe to form the bridge, filter cake, and natural soil areas from bottom to
top, forming a good filter structure. Geotextiles can increase the characteristic particle
size (dgg) value of the soil by more than 20% through particle screening, inducing the
formation of a highly permeable soil skeleton on its surface [19]. However, the available
study pointed out that the surface of spun-bonded polypropylene geotextiles had smooth
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surfaces and was prone to producing thin particles called “pancakes” after contact with the
soil [29]. After long-term operation, the small particles in the soil accumulate in the filter
layer, causing mechanical clogging and affecting the drainage effect of subsurface pipes. In
this experiment, the scanning electron microscopy results showed that the utilization of
triple-layer geotextile formed a significant filter cake layer on the upstream surface, and
the presence of the filter cake layer continued to absorb smaller soil particles that moved
with water. The thickness of the filter cake gradually increased over time, leading to a
decrease in permeability. For the scenarios of single-layer and double-layer geotextile, the
soil particles were trapped in the fiber structure of the geotextile. The soil particles did not
completely block the geotextile, and there were still a large number of effective pores.

Subsurface pipes had a more significant effect on desalination of the upper soil layer
in the field, which could reduce the spatial heterogeneity of soil salinity and promote
the transformation of soil salinity from “high salinity heterogeneity” to “low salinity
homogeneity” [12]. The results of this experiment also verified the conclusion that the soil
desalination rate of the wrapped subsurface pipes exceeded 95%, and the desalination effect
was significant. The soil salt content changed from surface aggregation to desalination.
The pre-leaching water flow rate of the thin geotextile in this experiment was fast, and the
salt leaching of the upper soil was adequate. However, the interception effect of the thin
geotextile on soil particles was limited.

During water flow, soil particles were easily trapped in the geotextile or through the
geotextile into the subsurface pipe. The distribution of soil particles in the fiber structure
of the geotextile was not uniform. The thickness of the triple-layer geotextile scenario
increased the difficulty for soil particles to pass through the geotextile, making it easier
to form a filter cake layer on the upstream surface. This is also the main reason for the
different soil moisture movements in the three scenarios. In the early stage of the single-
layer geotextile scenario, the leaching water flow was faster due to the large pores of the
single-layer geotextile and the high drainage rate in the early stage. Over time, a large
amount of water carried sediment into the filter material, and soil particles could easily
stay in the geotextile fiber structure and block it, reducing drainage and salt discharge rates
in the later stage. The drainage rate of the triple-layer geotextile scenario was low, and the
salt removal effect was poor. The double-layer geotextile integrated filtration, anti-clogging,
and drainage promotion. The soil profile salt leaching was uniform, and the salt removal
effect was the best.

The long-term operation of the subsurface pipe drainage in the field has obvious effects
on controlling the groundwater level, reducing the salinity of groundwater, preventing the
occurrence of soil secondary salinization, and improving the surface ecological environment.
Small subsurface pipe spacing can weaken the spatial heterogeneity of soil salinity and
increase the dissolved oxygen content in the soil water, but it can also lead to the loss of soil
nutrients, especially nitrogen. Nitrogen loss in farmland is mainly total nitrogen, and the
loss of ammonium nitrogen is small [30]. The study pointed out that a reasonable increase
in the leaching rate could help enhance the salt removal effect of the subsurface pipes [25].
Since the simulation experiment was conducted in the open-air environment in summer,
and the evaporation was large in summer in the northwest arid region, the water loss
caused by evaporation during the waterlogging leaching process would lead to insufficient
leaching water volume. In this experiment, the salt leaching effect of 0—20 cm soil was
satisfactory, but the salt content of some soil layers in the profile exceeded 4 g-kg ™!, and the
salt content did not leach to the expected value. Therefore, it is necessary to fully consider
the water loss caused by evaporation during the summer waterlogging leaching process
and then adjust the amount of leaching water to obtain the expected results.

To deal with the problem of soil salt easily migrating upward in arid areas, it is par-
ticularly important to increase the surface coverage. Dense planting of crops or surface
covering with film can help to reduce surface evaporation [31]. With the advancement of
high-standard farmland construction projects, drip irrigation combined with a subsurface
pipe drainage system has been widely applied, and a subsurface pipe has played an impor-
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tant role in controlling groundwater levels. However, the amount of drip irrigation washing
water is limited, especially in arid areas where precipitation is scarce and evaporation is
large. Appropriate increase in the vertical porous flow pipes filled with straw or sand can
contribute to the salt drainage effect of subsurface pipes [32].

5. Conclusions

The desalination rate of the outside geotextile-wrapped subsurface pipes exceeded
95%, and the desalination rate of the stacked geotextile double-layer scenario was the
highest as the moderate geotextile stacking yielded better effects of permeability and
filterability, which could promote salt leaching in soil profile. The total salt content of
the soil profile was 8.3% and 31.3% lower than those of the single-layer and triple-layer
geotextile scenarios, respectively. The removal ratio with the double-layer geotextile
scenario was the highest, and the soil profile salt leaching was uniform. The clogging
caused by the triple-layer geotextile scenario was caused by the geotextile because the
large thickness increased the difficulty of water passage, which formed a dense filter cake
layer on the upstream surface of the geotextile. The siltation caused by the single-layer and
double-layer geotextile scenarios was due to the clogging of the geotextile itself. That is,
soil particles were retained in the fiber structure of the geotextile, the soil particles did not
completely block the pores of the geotextile, and there were still a large number of effective
pores. The thickness of the double-layer geotextile was moderate enough to provide a
suitable three-dimensional structure. It integrates the advantages of filtration, anti-clogging,
and drainage promotion to provide the best salt discharge effect for the subsurface pipe.
The study revealed the influence of wrapped geotextiles on the salt discharge efficiency
and anti-clogging effect of subsurface pipes, which provides evidence for the application
of subsurface pipe salt discharge technology to ameliorate saline soils.
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Abstract: Subsurface pipes covered with geotextiles and filters are essential for preventing clogging
and ensuring efficient drainage. To address low salt discharge efficiency due to subsurface drainage
pipes (SDPs) clogging easily, sand gravel, straw, and combined sand gravel-straw were set above
SDPs, respectively, within a setting of uniform geotextiles. The influences of different filter materials
on the drainage efficiency and salt discharge effect of the SDPs, as well as the effects of different
filter materials on the salt drainage efficiency and anti-siltation effect of the SDPs were studied by
performing simulation experiments in a laboratory. The results confirmed the following: (1) The
salt removal rates of the SDPs externally wrapped with materials exceeded 95%. The subsurface
pipe treated with the sand gravel filter material had the highest desalting rate (93.69%) and soil
profiles with total salt contents that were 17.7% and 20.5% lower than those treated with the straw
and combined sand gravel-straw materials, respectively. (2) The soil salinity of the sand gravel filter
material around the SDPs was between 1.57 and 3.6 g/kg, and the drainage rate (R) was 0.97, so its
salt-leaching effect was the best. (3) The sand gravel filter material increased the characteristic particle
size of the soil above the SDP by 8.4%. It could effectively intercept coarse particles, release fine
particles, and facilitate the formation of a highly permeable soil skeleton consisting of coarse particles,
such as sand particles surrounding the soil. (4) The use of the straw filter material produced dense
filter cake layers on the upstream surfaces of the geotextiles. When the sand gravel and combined
sand gravel-straw filter materials were used, soil particles remained in the geotextile fiber structure,
and a large number of pores were still retained. Therefore, the sand gravel filter material was the
most suitable for the treatment of Yinbei saline-alkali soil in Ningxia Hui Autonomous Region.

Keywords: subsurface pipe drainage; salinity; filter material; drainage rate; salt discharge rate;
leaching desalination rate

1. Introduction

Soil salinization is one of the factors that causes soil degradation, reduces food produc-
tion, and affects the ecological health of agriculture and forestry [1]. It has been reported
that more than 100 countries and regions worldwide are affected by soil salinization with an
area of 950 million hectares (ha) [2,3]. By the middle of the twenty-first century, more than
half of arable lands will experience different degrees of salinization [4]. Saline soils in China
cover an area of about 100 million ha and are mainly distributed in arid inland regions of
Northern, Northeastern, Northwestern, and coastal China [5]. Ningxia Hui Autonomous
Region is located in the arid inland region of Northwest China. The Yellow River irrigation
region in the north is clearly characterized by high evaporation and low precipitation levels,
a flat and low-lying terrain, high groundwater levels, and salt migration, resulting in severe
soil salinization. In the Yellow River irrigation region of Ningxia Hui Autonomous Region,
the area of saline-alkali cultivated land is about 1.4 x 10° ha, accounting for 32.5% of the
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total arable land area [6]. The rational utilization of saline—alkali land can be considered
as an alternative for land resources for the sustainable development of agriculture and
forestry, which is of great importance for holding the red line of 1.2 billion ha of arable land.
The amelioration and utilization of saline—alkali land can reduce groundwater levels and
prevent secondary salinization. Planting plants can improve the soil structure, increase the
level of coverage, and improve the field microclimate [7]. Especially with the intensification
of the greenhouse effect, arid areas are facing both salinization and water shortages, which
undoubtedly have an adverse impact on the economy, society, and ecological environment.
Therefore, utilization of saline—alkali land plays a key role in the improvement of the
ecological environment in the middle and upper reaches of the Yellow River as well as the
promotion of ecological protection and high-quality development in the Yellow River Basin.
An efficient irrigation and drainage system can eliminate solutes and serve as a
barrier to prevent salinity and alkalinity [8,9]. As part of underground drainage facilities,
SDPs are highly efficient and contribute to water as well as land conservation, giving
rise to mechanized operations [10-12]. SDPs can decrease soil salinity while controlling
groundwater levels and overcome the drawbacks of traditional amendment methods
that cannot discharge salts from soil [13,14]. A subsurface pipe drainage technique was
introduced in Ningxia Hui Autonomous Region in 1980. After years of its application, the
total area of SDPs in the field has reached 1.7 x 10° ha, and subsurface pipes have become
the preferred solution for solving salinization hazards in Yinbei Irrigation District [15].
Subsurface drainage systems promote salt discharge by affecting the saturated hydraulic
conductivity and effective porosity of the soil [16]. Climatic and soil conditions are the
main factors determining the spacing and depth of SDPs [17]. Several researchers have
proposed measurements for the depth, spacing, and diameter of SDPs based on different
desalination standards [18,19]. However, the clogging of SDPs by soil particles, plant roots,
and solutes in saline—alkali land can restrict their efficient salt discharge. Coarse sand or
clay loam can form natural anti-filter layers, which are less likely to clog the filter material
around SDPs. Soils with low clay contents and high finer particle contents are more likely
to clog SDPs [20]. The soil in the Yinbei region of Ningxia Hui Autonomous Region mostly
consists of sticky clay loam or loam clay, which are more likely to cause clogging.
Currently, the main components of the subsurface drainage system are external geo-
textiles and filter materials such as sands, gravels, and straw to prevent or alleviate siltation.
Filter materials can effectively prevent or reduce siltation caused by soil that enters the
SDPs with the water flow. The SDPs must be equipped with external filter materials to
form a high permeable layer around them to reduce the water flow resistance and head
loss [21]. Sand gravel filter materials are laid around the SDPs. Since the filter materials
wrapped around the SDPs are porous media of the same texture, a continuous soil-water
potential gradient field is formed around the SDPs. The water in the soil has a significant
hysteresis effect, while the water and salt in the soil accumulate at the bottom of the SDPs,
weakening the drainage effect. Sand-gravel filter materials are laid on top of the SDP.
The water conductivity difference between the fine sand mat and clay loam is employed
to slow down the soil water flow rate around the bottom of the SDP, so that a local sat-
urated zone is generated in the upper part of the SDP, promoting salt drainage through
the SDP [22]. Reasonable filter materials allow the soil above the SDP to form a bridge,
filter cake, and natural soil areas from bottom to top with a good filter structure. The main
considerations when setting up the filter material for the SDP include the following: the
Ogp/dgy value (Ogy is the pore diameter of the filter materials, of which 90% are smaller
than this value; dog is the size of the soil particles, of which 90% are smaller than this value;
and Ogy/dgp > 1.0 should be satisfied), suitable permeability coefficient, and thickness of
the filter material [20]. Research on the anti-siltation of SDP filter material mainly adopts
laboratory simulation experiments [23], involving seepage boxes, soil columns, soil boxes,
and so on. Research has also been conducted by sampling outdoor field surveys [24]. The
application of filter materials is greatly influenced by soil characteristics, and their reverse
filtration effect is closely related to the composition of soil particles and the pore size of
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filter materials [25]. The clogging type of geotextiles wrapped with sand and straw filter
materials as well as the formation of soil-permeable skeletons around filter materials are
bottlenecks that need to be investigated and resolved.

Filter materials are the key factor affecting the drainage efficiency of SDPs. Field
experiments have been performed to explore the anti-clogging effects of various SDP filter
materials. Laboratory simulation experiments have confirmed an improvement in drainage
and desalination by external adsorption materials [24,26]. However, it is worthwhile
to conduct further research on the effects of different filter materials, such as sand and
straw, on the salt drainage efficiency and anti-silting effect of SDPs by using typical saline—
alkali soil in the Yinbei region of Ningxia Hui Autonomous Region and a laboratory
simulation device.

Therefore, we designed a laboratory simulation device to systematically evaluate
the effects of sand gravel and straw filter materials on the salt discharge efficiency and
anti-silting effect of SDPs. The soil particle size composition above the filter materials was
analyzed. The surface and internal structures of the geotextiles were evaluated using an
electron microscope to reveal the clogging types of SDPs externally wrapped with different
filter materials, so as to guide the scientific development of SDP filter materials. Our
findings provide a scientific basis for the long-term drainage and desalination of SDPs as
well as an improvement in the quality of low-lying saline soil.

2. Materials and Methods
2.1. Tested Soils

Experiments were performed from May to October 2023. The soil samples used
for experiments were taken from Haiyan Village, Yanzidun Township, Huinong District,
Shizuishan City, Ningxia Hui Autonomous Region (39°03’ N, 106°54’ E, Figure 1). This
region belongs to the Yinbei Irrigation Area of Ningxia Hui Autonomous Region, with
low-lying terrain and high groundwater levels. Under the influence of the arid climate,
the soil salt in this region has risen significantly, and soil salinization is severe. The region
is an arid semi-desert saline land in the middle and upper reaches of the Yellow River
with a temperate continental climate. Annual average precipitation and evaporation rates
are 173 mm and 1755 mm, respectively. Precipitation in this region is sparse, unevenly
distributed, and mainly concentrated from July and September. The depth of groundwater
ranges from 1.3 to 2.0 m. Soil samples were collected from 0 to 60 cm below ground surface,
with high salt content up to 50 g-kg ~! and pH below 8.93 (Table 1). The 0-60 cm soil layer
contained 10.2% clay particles, 36.4% silt sand particles, and 53.4% sand particles, while
the soil texture was loam soil [27]. The dgy values of soil layers at depths of 0-20, 2040,
and 40-60 cm were 86.8, 94.7, and 99.4 um, respectively. The ratio of soil clay content to
silt content was 0.28, which was lower than 0.5 [20]. The soil type was loamy soil with
a low level of cohesion. It is not easy to form a natural filter layer around subsurface
drainage pipes, leading to a high possibility of clogging. SDPs that are not wrapped with
geotextiles and filter materials are susceptible to mechanical clogging, which affects the
normal operation of drainage systems.

Table 1. Physical and chemical properties of soil at the experimental site.

Soil Depth . Soil . 3 Porosity/ Field Capacity/
J(cm) Soil Texture pH Salinity/(g/kg) Dry Density/(g/cm?) (%) (%)
0~20 Loam soil 8.83 + 0.02 87.5+4.14 1.45 4+ 0.03 45.28 £0.52 18.7 £ 0.42
20~40 Loam soi 8.93 £0.05 59.6 +3.47 1.52 £ 0.04 42.64 £0.46 19.0 £0.37
40~60 Loam soi 8.79 + 0.03 58.4 + 3.85 1.58 £ 0.02 40.38 £ 0.38 20.1 £ 0.64

Note: Field capacity is water content by mass.
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Jianquan Farm, Huinong District,
Ningxia Hui Autonomous Region

Figure 1. Geographical position of the study area and photo of soil type [27] (Red represents
mountains in Ningxia, yellow represents hills in Ningxia, and green represents plains in Ningxia).

2.2. Simulation Device for Subsurface Pipe Drainage

The depth of the object at the studied site was 150 cm, the thickness of filter material
was 30 cm, the thickness of backfill soil layer was 112.5 cm, and the outer diameter of
SDP was 7.5 cm. With reference to laboratory simulations of subsurface pipe drainage,
simulation experiments designed by Tao et al. (2016) with a 1:3 scale ratio were adopted
for our experiments [28]. The designed laboratory simulation test device for subsurface
pipe drainage was composed of a water supply system, a seepage box, and a collector
box. Seepage box was 1.0 m long, 0.6 m wide, and 0.8 m high (Figure 2). To prevent
preferential flow along the wall during leaching process, the inner surface of testing device
was polished with sandpaper. In the experimental device, the depth of SDP was 50 cm, and
the thickness of filter material was 10 cm. The thickness of backfill soil was 37.5 cm, and
diameter of SDP was 2.5 cm. The thickness of the organic glass around the seepage box
was 8 mm. An overflow port was installed 5 cm away from the top of the seepage box to
prevent excessive water accumulation during leaching process, and three sampling ports
were installed on box wall.

60 cm
I ! | 100 cm |
I 1

20 cm

20 cm

37 cm

10 cm

13 cm

— W A

37 cm

10 cm

13 cm

(a) Front view (b) Side view

Figure 2. Schematic diagram of simulation device. 1. Quartz sands, 2. SDP, 3. Geotextiles, 4. Gravels,
5. Sampling port, 6. Soil, 7. Overflow port, 8. Water intake port, 9. Header tank, and 10. Outlet
of SDP.
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2.3. Experiment Design and Process

To determine the effects of sand gravel, straw, and combined sand gravel-straw
filter materials on salt drainage and anti-silting effects of SDPs, the laboratory simulation
experiments were conducted in Yanzidun Township from May to October 2023 based on
a self-designed laboratory simulation device for subsurface pipe drainage. Using unified
covering of geotextiles for subsurface drainage pipes, three scenarios with sand gravel
(T1), straw (T2), and combined sand gravel-straw (T3) as wrapped filter materials were
designed, with three tests repeated for each scenario. Average values of the data from three
tests were used to analyze the test results.

Plant residues and debris such as gravel were removed from soil samples. The
prepared samples were then air-dried, grinded, and passed through a 2 mm sieve. A 5 cm
thick sand layer was placed on the bottom, and a subsurface pipe wrapped with geotextiles
was placed on quartz sand filter layer. The hole area percentage of subsurface pipe was
5%. The soil was loaded into the test soil box and was compacted layer by layer to a
thickness of 60 cm. Thereafter, it was left overnight to establish a water content equilibrium.
Leaching quota was calculated according to the equation derived by Hu et al. (2010) [29].
The calculated leaching quota was 6750 m®-hm~2, which was equivalent to 0.4 m3 per
seepage box. Leaching process began at 9:00 AM on 7 June 2023. The leaching process was
repeated multiple times using water injection method. The depth of water level during
leaching process was maintained at 10 cm, and municipal tap water was used. Leaching
water salinity was 0.44 g-1.~!. Photos of simulation experiment are presented in Figure 3.

b

T L P
S el Bel K

(a) Simulated experiment

T1

Figure 3. Photos of simulated experiment.

2.4. Sample Collection and Measurement

The anti-clogging effect of geotextiles for SDPs was demonstrated by the weight of
the soil lost in seepage box as well as the amount and rate of clogging. Three SDPs treated
with geotextiles were weighed before experiments. During the experiments, drained water
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and mineralization of SDPs were regularly monitored every day, while the mineralization
of leaching water was regularly measured. Upon the completion of experiments (i.e., when
subsurface pipe drainage ceased), soil profile was manually excavated, and samples were
collected at distances 5, 15, and 25 cm away from the center of the SDP to measure water
content, salt content, and soil particle size. Each soil sample was collected three times.
The soil discharged through the SDP was collected and dried for weighing, the geotextile
wrapped around the SDP was removed and weighed, and geotextile samples were taken
from face water surface for observation by scanning electron microscopy.

2.5. Measurement and Methods

The water content of soil was determined by drying method. The supernatant was fully
shaken at a soil-to-water ratio of 1:2.5, and the pH was measured using a Mettler Toledo
5220 (METTLER TOLEDO, Greifensee, Switzerland) multi-parameter tester. The obtained
supernatant was fully shaken at a soil-to-water ratio of 1:5 and was measured using a
DDS-307A (INESA, Shanghai, China) soil conductivity meter, which was converted to the
total salt content [30]. The mechanical composition of the soil was determined by a laser
particle size analyzer (Microtrac S3000, Microtrac, York, PA, USA). Water filling amount was
measured by a flow meter, and mineralization was measured using a conductivity meter.
Drainage duration was measured using a stopwatch, and drainage volume of the SDP was
obtained using measuring cylinders. Geotextile structures were observed using scanning
electron microscopy (Hitachi TM4000plus, Hitachi, Tokyo, Japan). Loss of soil mass was
calculated as the weight of soil lost through geotextiles after the completion of experiments.
Clogging amount was considered as the soil mass adsorbed on the upstream surface of the
geotextile and retained inside it after the completion of experiments. Clogging rate was
defined as the ratio of the clogging amount to the original weight of the geotextile.

2.6. Calculation Equations

The equations for calculating drainage rate (Ry), salt discharge rate (R;), desalination
rate (Lgr), discharge-to-removal ratio (R), and clogging rate (w) of SDPs are expressed as
follows [31]:

_ Quw

w =" % 100% 1)
where Ry, is the drainage rate of SDP, in %; Qy is total drainage amount from SDP, in cm?;
and L is total leaching water amount, in cm?.

Qs
Rs = x 100% 2
S SO + Ls ( )

where R; is the salt discharge rate of the subsurface pipe, in %; Qs is the total amount of
salt discharged from the subsurface pipe, in kg; Sy is the initial total salt content of soil, in
kg; and L; is the salt content of leaching water, in kg.

_ S0—5;

L
R 3

% 100% 3)

where Ly is the soil leaching desalination rate, in %; Sy is the total salt content of soil before
leaching, in kg; and S; is the total salt content of soil after leaching, in kg.

R — %
Lg

(4)

where R is the discharge rate of SDP; R; is the salt discharge rate of SDP; and Ly is the soil

leaching desalination rate.

Wi — Wy
— 1 OO
w = W * 100% (5)
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where w is the siltation rate, in %; W; is the weight of the geotextile after experiment, in g;
and Wy is the initial weight of the geotextile, in g.

2.7. Data Processing and Analysis

Microsoft Excel 2010 was employed for data processing while Surfer 10 was used
to plot nephograms. SPSS 19.0 software was applied to perform significance tests and
correlation analyses.

3. Results
3.1. Soil Moisture Distribution under Different Scenarios

Our measurements showed that the water contents of the soil at a depth of 0-60 cm
ranged from 12.6 4 0.23% to 19.9 £ 0.32% for scenario T1, from 15.5 4 0.15% to 19.8 £ 0.28%
for scenario T2, and from 13.7 % 0.24% to 19.6 = 0.36% for scenario T3 (Figure 4). The water
content of the soil layer at a depth of 0-20 cm under scenario T1 was the lowest, while that
under scenario T2 was the highest. The water content of the soil layer at a depth of 0-60 cm
under scenario T2 was higher than those under scenarios T1 and T3, and the difference in
the water contents of the soil layers at depths of 2040 cm and 40-60 cm between scenarios
T1 and T3 was small. The water contents of the soil under the three scenarios increased with
the increase in soil depth, and the water content of the area near the SDPs was remarkably
higher than that of the upper soil. The SDPs were coated with sand, straw, and other filter
materials, which may have resulted in the movement of water towards them.
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Figure 4. Soil moisture distributions under different scenarios.

3.2. Soil Salt Distributions under Different Scenarios

The salt contents of the tested soils ranged from 58.4 to 87.5 g-kg~!, and the salt
contents in the soil profiles under the three scenarios after leaching were below 3.9 g-kg~!
(Figure 5). The salt content of the soil profile under scenario T1 was between 1.57 &+ 0.15
and 3.60 £ 0.17 g/kg, while those under scenarios T2 and T3 were between 2.70 £ 0.25
and 3.92 £ 0.08 g/kg and between 2.35 £ 0.15 and 3.75 £ 0.30 g/kg, respectively. The salt
contents of the soil profiles of the three scenarios increased with the increase in soil depth.
The salt content of the soil immediately above the SDPs was remarkably lower than that
on both sides of the SDPs, with the lowest value. The salinity of the soil profile at a depth
of 020 cm under scenario T1 was lower than 2.4 g/kg, which was the lowest among the
three scenarios. The salt accumulated in the soil layer at a depth below 40 cm. The salt
distribution of the soil layer at a depth of 0-60 cm under scenario T3 was uniform, and the
salinity of the soil profile ranged from 2.4 to 3.8 g/kg.
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Figure 5. Distributions of soil salinity under different scenarios.

3.3. Analysis of the Effects of Soil Salt Leaching and Alkali Reduction under Different Scenarios

Before the experiment, the pH values of the samples collected from the soil layers
at depths of 020, 20—40, and 40-60 cm were 8.83 £ 0.02, 8.93 & 0.05, and 8.79 £ 0.03,
respectively, which indicated that the pH distributions of the soil were relatively uniform.
The pH values at depths of 0-60 cm under scenarios T1, T2, and T3 varied from 8.52 to 8.76,
from 8.46 to 8.77, and from 8.50 to 8.76, respectively. In the single leaching experiment, the
reduction in soil pH was not significant under the different scenarios, and no significant
differences were found among the three scenarios (Table 2).

Table 2. Effects of different scenarios on soil salinity and pH.

s =

Original Soil T1 T2 T3
Soil Depth/(cm)
Salinity (g/kg) pH Salinity (g/kg) pH Salinity (g/kg) pH Salinity (g/kg) pH
0~20 875+ 4.14 8.83 £ 0.02 1.75+0.16 8.52 £ 0.02 243 +0.14 8.53 £ 0.02 2.78 £ 0.07 8.53 £ 0.03
20~40 59.6 + 3.47 8.93 £ 0.05 2.70 +0.26 8.76 &+ 0.03 3.42 +0.08 8.77 £ 0.04 3.36 + 0.30 8.76 +0.03
40~60 58.4 £3.85 8.79 +0.03 3.45 £ 0.09 8.53 £0.01 3.75+0.25 8.46 +0.01 3.78 £0.16 8.50 + 0.02
Total salinity (kg) 30.03 +0.17 / 1.16 £0.07 / 1.41 £0.07 / 1.46 £0.03 /

Before the experiments, the salt content of the tested soils exceeded 58 g-kg !, and the
total salt content in the soil layer at a depth of 0-60 cm was 30.03 kg. After the leaching
experiments, the soil salt contents under the three scenarios were all less than 3.8 g-kg 1.
The soil salt contents under scenarios T1, T2, and T3 were between 1.75 and 3.45, 2.43
and 3.75, and 2.78 and 3.78 g-kg !, respectively. After the leaching experiments, the total
soil salt contents in the seepage boxes under scenarios T1, T2, and T3 were 1.16 &+ 0.07,
1.41 £ 0.07, and 1.46 £ 0.03 kg, which were 96.1%, 95.3%, and 95.1% lower than those
before the experiments, respectively. After the leaching experiments, the soil salinity at a
depth of 0-20 cm under scenario T1 was 1.75 + 0.16 g-kg ~!, which was significantly lower
than those under scenarios T2 and T3. The soil salt content of the soil layer at a depth of
20-40 cm under scenario T1 was 2.70 =+ 0.26 g/kg, which was much lower than those under
scenarios T2 and T3. The soil salt content of the soil layer at a depth of 40-60 cm under
scenario T1 was lower than those under scenarios T2 and T3, and no significant differences
were observed among the three scenarios (p > 0.05). The total soil salt under scenario T1
was the lowest, which was 17.7% and 20.5% lower than those under scenarios T2 and T3,
respectively. The sand—gravel scenario had the best salt-leaching effect.
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3.4. Analysis of Salt-Leaching Efficiency under Different Scenarios

Table 3 summarizes our experimental observations. It was seen that the drainage rate
(Rw) was the largest (34.42%) under scenario T1 and the lowest under scenario T2 and
that the R, values of the three scenarios were significantly different (p < 0.05). Scenario T1
had the largest Ry, salt discharge rate (Rs), and ratio of drainage rate (R) among the three
scenarios, and there were significant differences in the Ry, and Rs indexes among the three
scenarios (p < 0.05). The desalination rate (Lg) under scenario T1 was 96.16%, which was
significantly higher than those under scenarios T2 and T3 (p < 0.05). Scenario T2, in which
straw filter material was used, had a higher initial Ry, value but lower Ry, and Rs values
than those under the other two scenarios, which was due to the large pores of the straw
filter material and its high drainage rate in the early stage. With the passage of time, a large
amount of water carried sediment into the filter materials, the soil particles were prone to
stay in the straw filter material, and clogging occurred, causing a decrease in Ry, and Rs
values in the later stage. The drainage ratio (R) under scenario T1 was 0.97, which was the
best for salt drainage.

Table 3. Drainage rate and salt discharge rate of SDPs under different scenarios.

Scenario Drainage Rate/Ry, (%) Salt Dlscl:e:/r‘)ge Rate/Rs Desalination Rate/Lg (%) R (Rs/LR)
T1 3442 +0.17 a 93.69 +0.14 a 96.16 £ 0.15a 0.97 + 0.0002 b
T2 3252+ 0.27 ¢ 8772+ 0.17 ¢ 95.31 +£0.14b 0.92 4+ 0.0004 a
T3 3343 +0.19b 89.72 £ 0.18b 95.16 £ 0.16 b 0.94 4+ 0.0004 ¢

Note: Different letters indicate significant differences among different scenarios at 0.05 level.

3.5. Geotextile Clogging and Soil Retention Effect

After one leaching test cycle, the soil losses under the three scenarios exceeded 120 g
(Table 4). The soil loss under scenario T1 was the highest, while that under scenario T2
was the lowest. The soil loss under scenario T1 was 34.9% and 10.2% lower than those
under scenarios T2 and T3, respectively, and significant differences were found among the
three scenarios (p < 0.05). All three scenarios exhibited different clogging degrees, and the
clogging rate under scenario T1 was the lowest, which was 22.2% and 6.3% lower than those
under scenarios T2 and T3, respectively. Compared with the original soil, after leaching, the
clay and silt contents of the soil above the filter material under scenario T1 were decreased,
while the sand content was increased. However, the clay and silt contents of the soil above
the filter material under scenario T2 were increased, while the sand content was decreased
(Table 5). The dgy value of the soil above the filter material under scenario T1 was 8.4%
higher than that of the original soil. Under scenario T1, the clogging rate was decreased,
and the dgg value of the soil above the filter material was significantly higher than those
under scenarios T2 and T3 (p < 0.05), which presented a good filtration performance. The
straw filter material scenario had a strong interception effect, in which more particles
were gathered above the geotextiles, a filter cake was more likely to form, and the soil
preservation effect was good. However, a dense filter cake layer could be easily formed on
the upstream surface, resulting in high clogging rates. The pores of the sand-gravel filter
material were more uniform, which could intercept coarse soil particles and release fine
particles, forming a good filter body structure and improving the filtration effect.

Table 4. Soil loss and siltation on geotextile materials around SDPs.

Scenario Weight of Soil Loss/(g)  Initial Weight of Geotextile/(g) = Weight of Clogged Geotextile/(g) I({:::ﬁ)%;;%
o
T1 198.78 £2.33 a 9.12+0.13Db 12.57 £0.09 c 3775+ 0.01c
T2 12943 £5.32 ¢ 9.30 £ 0.06 ab 13.81 £ 0.03 a 48.51 £0.01a
T3 14413 £594Db 9.35+0.10a 1312 £0.13b 40.28 £ 0.02b

Note: Different letters indicate significant differences among scenarios at the same soil depth at 0.05 level.
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Table 5. Analysis results of soil particle size above the filter material.

Mass Fraction/(%)

Scenario - dgo/(nm)
Clay Silt Sand
Original soil 1022 £1.24 36.41 +1.45 5341 +1.29 94.70 + 4.10
T1 8.02+031c 24.06 £7.28b 6792 +743a 108.25 +5.32a
T2 1820+ 1.54a 4293 +425a 38.87 £5.78b 7425+ 271 ¢
T3 1398 + 1.35b 27.23 +2.68b 58.79 + 381 a 89.83 + 4.58 b

Note: Different letters indicate significant differences among treatments at the same soil depth at 0.05 level.

3.6. Clogging Types of Geotextiles under Different Scenarios

The particles in the soils were entrained by flowing water; some particles passed
through the geotextiles into the drainage system, while others were intercepted by the
geotextiles. The soil particles were generally intercepted through clogging and siltation.
Under scenarios T1 and T3, siltation occurred inside the geotextiles, in which fine soil
particles were trapped in the geotextile fiber structure, decreasing its permeable area.
Under scenario T2, clogging occurred in the upstream surface of the geotextile, where soil
particles were accumulated to form a low-permeability filter cake layer (Figure 6). Our
observations of the surface and internal structures of the geotextile using scanning electron
microscopy showed that the pores of the geotextile wrapped around the SDPs were clogged
or blocked by clusters of fine soil particles. Under scenario T2, a clear and dense filter cake
layer was formed on the geotextile upstream surface. Under scenarios T1 and T3, the soil
particles did not completely block the geotextile, and a large number of pores were present.

Figure 6. Electron microscopy scanning images of geotextiles.

4. Discussion

The SDPs had stronger effects on the desalination of the upper soil layer in the field,
which could decrease the spatial heterogeneity of the soil salinity and transform the soil
salinity from “high-salinity heterogeneity” to “low-salinity homogeneity” [13]. The results
also verified that the soil desalination rates of the wrapped SDPs exceeded 95% and that
the desalination effect of the soil immediately above the SDP was obvious. The pores of
SDP filter material were closely related to the migration laws of the water and salt in the
soil. Tao et al. (2016) showed that a filter layer with a good particle gradation was one of
the key factors in the reverse filtration effect [28]. The clogging degree of the filter material
was found to affect the drainage efficiency and the total displacement of SDPs, resulting
in differences in the distributions of water and salt in the soil profile. In this experiment,
the sand gravel filter material yielded the lowest clogging rate, the highest drainage and
salt discharge rates, the largest total displacement, and the best salt-leaching effect for the
soil layer at a depth of 0-60 cm. The straw filter material presented a high silting rate,
leading to low drainage and salt discharge rates as well as a low total displacement. The
salt-leaching effect of the profile under the straw filter material was not as good as those
under other filter materials. The filter materials could reasonably facilitate the soil above
the SDP to form a bridge, filter cake, and natural soil areas from bottom to top, with a good
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filter structure. Some researchers have improved subsurface pipes’ drainage capacity by
improving the structure and material of the filter layer around the SDPs. However, some of
these techniques have only been at the stage of simulation tests and have not been applied
on a large scale in the field [25,26]. The medium porosity of the SDP sand filter material
mixed with fine sand and fine gravel could form a stable filter layer, resulting in water
stratification in the soil profile, improving the water retention rate in the subsurface soil
and preventing the salt from returning [32]. The experiments also confirmed that the sand
filter materials could form a good filter layer and promote the salt discharge of the SDPs.
In the straw filter material scenario, the leaching water flow was faster in the early stage,
which was due to the large pores of the straw filter material and high drainage rate in the
early stage. With the passage of time, a large amount of water carried the sediment into the
filter material, the soil particles could easily stay in the straw filter material, and clogging
occurred, which decreased the drainage and salt discharge rates in the later stage.

The directional migration of the soil particles occurred within a short period of time
after the drainage began. Fine particles in the soil gradually moved downwards by the drag
of the water flow to fill pores. This particle redistribution led to the continuous compaction
of the soil, and the drainage flow rate of the SDPs gradually decreased. In severe cases, this
could result in the loss of drainage function [25]. The interior of the geotextile is a network
of fibers with many small pores that can create flow channels and block the passage of
soil particles. Filter materials such as sand and straw can increase the soil’s likelihood
of interception and particle-screening ability. The filter materials wrapped around the
SDPs were used to screen nearby soil particles under the action of the water flow. Large
particles were intercepted and gradually accumulated outside to form a soil-permeable
skeleton with a high level of permeability, inducing the formation of a natural filter layer in
the soil above [21,33]. The geotextiles increased the characteristic particle size dg) values
of the soils by more than 20% through particle screening, resulting in the formation of a
highly permeable soil skeleton on their surfaces [24]. In our research, the sand—gravel filter
material increased the characteristic particle size dgy value of the soil above the SDPs by
8.4%, which effectively played the role of a filter material in intercepting coarse particles
and releasing fine particles and induced the surrounding soil to form a soil-permeable
skeleton consisting of coarse particles, such as sand particles.

Existing research has shown that spunbonded polypropylene geotextiles have smooth
surfaces and are prone to produce thin particles called “pancakes” after contact with the
soil [34]. After the long-term operation of SDPs, small particles in the soil are accumulated
in the filter layer, causing mechanical clogging and affecting their drainage effects. In this
study, the geotextiles” surface was clogged under the scenario of the straw filter material,
which might be due to the fact that the filter material did not have a significant screening
effect on the soil particles above it due to the non-uniformity of the pores of the straw,
which failed to form a highly permeable soil skeleton structure. Soil particles of different
sizes entered the straw filter material and eventually remained in the straw and geotextile.
In this study, our scanning electron microscopy results revealed that the straw filter material
scenario formed a dense filter cake layer on the upstream surface, and this filter cake layer
continued to absorb smaller soil particles that moved with the water. The thickness of the
filter cake gradually increased over time, decreasing the permeability. For the scenarios of
the sand gravel filter and combined sand gravel-straw filter materials, soil particles were
trapped in the geotextiles’ fiber structure. The soil particles did not completely block the
geotextiles, and there were still a large number of effective pores.

5. Conclusions

In order to solve the technical bottleneck of low salt discharge efficiency due to
SDPs clogging easily, this study systematically evaluated the influences of three kinds of
filter materials, namely sand gravel, straw, and combined sand—gravel straw, on the salt
discharge efficiency and anti-silting effect of SDPs by adopting a self-designed laboratory
simulation experiment device. The following conclusions were drawn:
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(1) The salt removal rates of the SDPs externally wrapped with the filter materials ex-
ceeded 95%. The sand gravel filter material scenario had the highest desalting rate,
and its soil profiles had total salt contents that were 17.7% and 20.5% lower than those
of the straw and combined sand gravel-straw scenarios, respectively. The soil salinity
of the sand gravel filter material around the SDP was between 1.57 and 3.6 g/kg, and
its salt-leaching effect was the best.

(2)  Under the straw filter material scenario, dense filter cake layers were formed on the
upstream surfaces of the geotextiles. Under the sand gravel and combined sand
gravel-straw scenarios, the soil particles remained in the geotextiles’ fiber structure,
and a large number of pores were retained.

(3) The sand gravel filter materials increased the characteristic particle size of the soil
above the SDP by 8.4%, which effectively intercepted coarse particles, released fine
particles, and induced the formation of a highly permeable soil skeleton consisting
of coarse particles, such as sand particles, surrounding the soil. Therefore, the sand
gravel filter material was the most suitable for the treatment of Yinbei saline—-alkali
soil in Ningxia Hui Autonomous Region.
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Abstract: Salt damage affects crop yields and wastes limited water resources. Implementing water-
saving and salt-controlling strategies along with amendments can enhance crop productivity and
support the development of salinized soils towards. In this study, we used “Jia Liang 0987” maize
as the test material, and a two-factor split block design was executed to investigate the effects of
synergistic management of irrigation volume (W1: 360 mm, W2: 450 mm, and W3: 540 mm) and
amendments (T1: microbial agent 816.33 kg~hm*2, T2: humic acid 6122.45 kg~hm*2, T3: microsilica
powder 612.25 kg-hm~2) on water, salt and soil indices, and growth characteristics. The combination
of 450 mm of irrigation with humic acid (W2T2) or with microsilica powder (W2T3) significantly
lowered the groundwater level by 0.24 m and 0.19 m, respectively. The soil mineralization was
significantly reduced by 2.60 g/L and 1.75 g/L with W2T2 and 540 mm of irrigation combined with
humic acid (W3T2), respectively. The soil moisture content increased with depth and over time,
showing the greatest improvement with W2T2. This combination also showed optimal results for
pH and total salt, organic matter, available phosphorus, quick-acting potassium, CI~, and SO42~
contents. W2T2 and W3T2 improved soil field capacity and HCO3;~ contents, and significantly
increased total nitrogen and phosphorus content, improving the soil nutrient grade. W2T2 showed
the greatest maize plant height (323.67 cm) and stem thickness (21.54 mm for diameter), enhancing
above-ground dry biomass (72,985.49 kg-hm~2) and grain yield (14,646.57 kg-hm~2). Implementing
water-saving and salt-controlling strategies with amendments effectively improved soil fertility and
crop yield in salinized soils, and the amendments factor played a major role. In saline-alkali soils
in the northwest of China, 450 mm of irrigation combined with humic acid is especially helpful for
enhancing soil fertility and maize productivity.

Keywords: irrigation; amendments; salinized soil; maize; soil fertility

1. Introduction

Salinization and water resource shortages are the two major obstacles to sustainable
agriculture in arid and semi-arid regions [1], and they are also global challenges [2]. The
high salinity and sodium levels in the soil cause the soil to inflate, disperse, and lose its
structural integrity. This has a detrimental effect on the permeability coefficient, water
infiltration, and porosity of the soil [3]. Thus, this causes the disintegration of the soil
structure, loss of organic matter, and a nutrient deficit, which results in decreased soil
fertility [4]. It also hinders soil water conductivity and air permeability. Furthermore, the
high pH and electrical conductivity and low permeability potential of saline-sodic soil have
a direct impact on the rate at which soil enzymes participate in biochemical processes and
on microbial activity. This has a detrimental effect on crop growth, because it further lowers
the nutrient content of the soil and prevents element cycling within the soil system [5].
According to incomplete statistics from the United Nations Educational, Scientific, and
Cultural Organization and the Food and Agriculture Organization of the United Nations
(FAO), the global area of saline-alkali soils is approximately 0.833 billion hm? [6]. The
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structural qualities of the soil are harmed by excessive soil salinity and alkalization, which
also hinder biological activity and microbial diversity and lower fertilizer application
efficiency [7]. These elements have a negative impact on soil-dwelling plants, reducing
corn and wheat crop yields. This severely restricts the sustainable development of irrigated
agriculture, which in turn, threatens human food security [8].

Salinized and secondary salinized soils are important land resources. Rational devel-
opment and improvement of these soils into arable land meet current requirements and
agricultural demands, providing researchers with a clear direction for exploration [9]. The
essence of salinized soil improvement is to use technical measures to enhance soil fertility,
improve the soil, and make it suitable for crop growth and development, thereby achieving
high crop yields [10]. This will be an important strategy for the sustainable development
of irrigated agriculture in China, and alleviate the status quo of “more people and less
land, and tight land resources” [11]. Such improvements will transform adverse factors
into favorable conditions; improve the ecological environment; and play a significant role
in promoting the sustainable development of regional economies, society, and ecology.

In recent years, strategies for reclaiming saline—alkali land have been studied and de-
veloped [12]. Such strategies mainly involve the cultivation of salt-tolerant crops [13], water-
saving irrigation [10], back filling of guest soil [11], modifying agent application [14], and
water conservation measures [15]. Particularly, water-saving irrigation (WSI) is widely used
in arid and semi-arid regions. In China, a number of WSI regimes have been implemented,
including controlled irrigation, drip irrigation, and rain-gathering irrigation [16-18]. It is
a highly efficient technology that modifies the physical state, microbial activity, and crop
growth of soil, resulting in reduced soil salinization risk and water consumption [19,20].
By optimizing the amount of irrigation, WSI has been shown to be effective at saving
water and increasing corn yield. It is also thought that WSI practice helps lower runoff
loads from non-point nitrogen and phosphorus contamination [21]. Therefore, it is crucial
to determine the optimal WSI quota for maximum crop yield and minimum water con-
sumption. Applying organic amendments is a useful strategy for enhancing saline soil
structure since they can provide sufficient organic matter [22]. Organic amendments, which
contain organic acids, act as soil aggregate binders and give microorganisms a source of
carbon [23]. Past research has confirmed that the availability and accessibility of organic
matter to microorganisms is strongly correlated with the particulate organic matter and the
C/N ratio of the organic amendment [24]. Applying nutrients can decrease the stability
of soil aggregates and speed up the process through which microorganisms break down
organic amendments. The second most common mineral element in the crust of the earth,
silicon (Si), improves a plant’s ability to respond to both biotic and abiotic stressors, hence
reducing salinity [25]. Crop plants generate resilience to stress in the presence of microsilica
by scavenging the harmful effects of reactive oxygen species, lowering excessive Na ion
absorption, and reducing electrolyte leakage and malondialdehyde concentration [26].
However, there are few studies showing that a combination of improvement methods is
more conducive to saline soils.

Mildly salinized soil is present in the northwest irrigation area of the Hetao Plain
in the upper reaches of the Yellow River, located in Liuzhong Village, Pingluo County,
in the northern part of the Yinchuan Plain, Ningxia. This area experiences drought and
low rainfall throughout the year, with high inherent soil salinity [27]. In the early 21st
century, local policies promoting ecological migration and irrigation from the Yellow River
led to extensive land reclamation for farming. However, the lack of rainfall to wash away
salts, combined with irrigation only reaching the topsoil, caused frequent water and salt
movement, resulting in salinization [28]. Coupled with drought and water scarcity, there
remains an urgent need to conserve water and control salt while ensuring crop yields, an
important way to promote high-quality development in the Yellow River Basin [29]. Using
soil salt-barrier-targeting technology and directional regulation technology, in combination
with agronomic practices and water and fertilizer management techniques, it is possible to
develop a comprehensive improvement plan for mildly salinized land that enhances both
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yield and quality. Therefore, this study compared different irrigation quotas and types
of amendments to analyze the interactions within the salinized soil-water—salt system.
It aimed to precisely select and assemble irrigation techniques and integrate soil fertility
improvement methods to enhance soil productivity. This research sought to improve
salinized soils and increase crop yields, providing technical insights and data support
for water-saving and soil fertility enhancement in mildly salinized soils in Ningxia. It
holds significant importance for promoting the sustainable economic, social, and ecological
development of the Yellow River irrigation region.

2. Materials and Methods
2.1. Overview of the Experimental Site

The study area is located in Liuzhong Village, Pingluo County, in the northern part
of Yinchuan Plain, Ningxia. It lies downstream of the Qingtongxia Irrigation District,
with Helan Mountain to the west and the Yellow River to the east, with the geographic
coordinates, 38°9'04” N, 106°5'45” E. The region has a temperate arid continental climate,
at an altitude of approximately 1090 m. It experiences drought and low rainfall throughout
the year, with an annual average precipitation of 173.2 mm, mostly occurring from June
to August. The annual average temperature is 9.0 °C, with a large diurnal temperature
variation. The region receives more than 2387.9 h of sunshine annually, with a frost-free
period of 171 d. The total annual amount of sunshine exceeds 2800 h, and the frost-free
period ranges from 150 to 170 d. Evaporation is intense, and the surface layer consists of
salinized irrigated alluvial soil, with a thickness of approximately 0.92 m and a relatively
clayey texture [30]. The characteristics of the soil before amendments are listed in Table 1.

Table 1. Basic properties of the soil in the study area.

Soil Layer - Total Salt SOM AH-N AP AK SO42- HCO;3;~ Cl~
N ¥

cm g/kg g/kg mg/kg mg/kg mg/kg g/kg g/kg g/kg

0~20 8.52 2.25 13.63 36.4 15.85 149.44 0.05 0.04 0.03
20~40 8.47 2 12.87 30.1 8.7 133.49 0.04 0.04 0.02
40~60 8.45 1.09 8.15 21.12 0.29 120.37 0.08 0.04 0.02
60~80 8.46 1.14 7.23 21.12 0.87 123.16 0.09 0.04 0.02
80~100 8.47 1.13 6.85 21.12 0.87 121.7 0.11 0.04 0.02

2.2. Experimental Materials and Design

The test crop was “Jia Liang 0987” maize, and the study period was from March to
November 2022. This study used a two-factor split block design, as detailed in Table 1.
The main plots were designated for irrigation quotas (W), using tap water drip irrigation
with three irrigation levels: W1: 360 mm, W2: 450 mm, and W3: 540 mm. The subplots
were designated for soil amendments (T), using three types of amendments: no treatment
(T0), microbial agent (T1), humic acid (T2), and microsilica powder (T3). Each treatment
had three replicates, totaling 36 treatment plots. The specific application rates of the
amendments are detailed in Table 2. Each treatment plot was enclosed with 50 cm wooden
stakes and lines, with labeled tags for differentiation. Each plot was 7 m long and 7 m wide,
with an effective planting area of 49 m?. The field trial arrangement is detailed in Table 3.

Microbial agent: The formulation was primarily composed of Bacillus subtilis, and
contained lactic acid bacteria and yeast, with a concentration of 2.00 x 107 colony-forming
units (CFU) per gram. It was produced by Ningxia Qiyuan Biotechnology Co., Ltd.,
Yinchuan, China.

Humic acid: The total humic acid content was >50%, the N content was >3%, and the
moisture content was <2%. It was produced by Ningxia Qiyuan Biotechnology Co.

Microsilica powder: The microsilica powder was a porous material with a particle size
of 0.1-10 um and a silica content of more than 90%. It was produced by Ningxia Qiyuan
Biotechnology Co.
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Table 2. Field trial arrangement.

Main Plot/Irrigation Quota Subplot/Amendments
T0 T1 12 T3
w1 T2 T3 TO T1
T0 T1 T2 T3
12 T3 T0 T1
w2 TO T1 T2 T3
T2 T3 T0 T1
TO T1 T2 T3
W3 T2 T3 TO T1
T0 T1 12 T3

Table 3. The dosage of the amendments.

Amendments Dosage/kg-hm—2
microbial agents 816.33
humic acid 6122.45
microsilica 612.25

Base fertilizer: urea, total nitrogen (TN) content of >46.0%, particle size range: (P)
0.85-2.80 mm, produced by Inner Mongolia Ordos United Chemical Co. All treatments
used conventional base fertilizer (914.29 kg-hm 2 of urea applied), consistent with other
field management practices.

2.3. Measurement Items and Methods
2.3.1. Physical and Chemical Properties of Soils and Their Measurement Methods

Soil samples were collected before (1 April), during (1 July), and after (1 October)
soil improvement at the study site in 2022 to determine various physical and chemical
properties. Physical properties included soil water content and field capacity. Chemical
properties included the following soil fertility indicators: pH and total salts, organic
matter, total nitrogen, alkaline hydrolyzable nitrogen, available phosphorus, and available
potassium content. The soil salt ions measured included HCO3~, C1~, and SO4%~.

Soil samples were collected from 0-20 cm, 2040 cm, 40-60 cm, 60-80 cm, and 80-100 cm
depths using the ring knife method before soil improvement (1 April). Soil samples from
a depth of 0-20 cm were collected using the ring knife method during soil improvement
(1 July) and after soil improvement (1 October). A portion of the fresh soil sample was
placed in a covered aluminum box, weighed, and then dried in an oven at 105 °C until
it reached a constant weight, after which it was weighed again to calculate the soil mois-
ture content. The soil field capacity was measured using the ring knife method. Other
collected soil samples were dried naturally, ground finely, and sieved through 1 mm and
0.25 mm sieves. With a 5:1 water-to-soil ratio to extract the soil water solution, soil salt
content was measured by a conductivity meter [31]. The pH value was measured us-
ing a PHS-25 precision acidity meter, and electrical conductivity was measured using
a conductivity meter, which was then converted to total soil salt content. Soil organic
matter (SOM) content was measured using potassium dichromate with external heating;
total nitrogen (TN) content was measured using the Kjeldahl method; total phosphorus
(TP) content was measured using the molybdenum-antimony colorimetric method; and
alkaline hydrolysable nitrogen (AH-N) content was measured using the alkali diffusion
method. Available phosphorus (AP) content was measured using the sodium bicarbonate
extraction-molybdenum-antimony colorimetric method. Available potassium (AK) content
was measured using the ammonium acetate-flame photometry method [32]. Soil salt ion
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content was measured as follows: SO,>~ content was measured using the EDTA indirect
chromogenic titration method, HCO3 ™~ contents were measured using the double indicator
titration method, and C1™ content was measured using the AgNOj titration method [33].

2.3.2. Groundwater Level and Mineralization, and Measurement Methods

In 2022, soil samples were collected before soil improvement (1 April), during soil
improvement (1 July), and after soil improvement (1 October). A sectional rotary soil
auger with a scale was used to drill from the surface downward until water was reached.
The depth at which the auger submerged was recorded as the groundwater level. The
muddy water extracted was collected using an automatic water suction pump and stored
in 500 mL polyethylene bottles, which were then taken to the laboratory for mineralization
measurements [34].

2.3.3. Maize Growth Characteristics and Their Measurement

Plant height, stem thickness, aboveground dry matter mass, and maize kernel yield
were determined at the time of maize harvest. After maturity, three representative maize
plants with uniform growth were selected. Plant height was measured using a telescopic
5 m tape measure, and stem thickness was measured using a vernier caliper. In the study
plots, six representative maize plants with uniform growth (three from the inner rows and
three from the outer rows) were selected. Yield measurement was conducted using the
high-yield creation method of the Ministry of Agriculture and Rural Affairs, measuring
grain yield for each treatment. Six representative plants (three plants in each inner and
outer row) with uniform growth were selected. Samples of the whole plant above ground
were taken back to the laboratory for weighing and rinsing with distilled water. They were
then placed in an oven to inactivate at 105 °C for 30 min, followed by drying at 70 °C
until a constant weight was achieved. The final weight measured was recorded as the
above-ground dry biomass.

2.4. Data Analysis

The study data were organized using Excel 2010 software, plotted using Origin2021
(OriginLab Corporation, Northampton, MA, USA). ANOVA, correlation analysis and
principal component analysis were executed with SPSS 25.0 software (IBM, Armonk, NY,
USA). All data were expressed as the mean =+ standard deviation (SD) of three replicates
and were compared using the least significant difference (LSD) method (p < 0.05). Using
the method of factor analysis with SPSS software, total explained variance and the core
coefficient matrix of each principal component was determined. The comprehensive score
of each treatment was calculated as follows:

N; =

=11

where F is the comprehensive score of each treatment, Nj is the weight of each principal
component, F; is the average core of each component, and f3; is the variance contribution
rate of each component.

The soil nutrient level was determined by the ‘“Technical specifications for assessment
and rating criteria of cultivated land quality” (DB 33/T 895-2013) [35].

3. Results
3.1. Characteristics of Groundwater Level Movement in Salinized Soils

After applying different irrigation quotas and amendments, the overall groundwater
level showed a decreasing trend, with an annual reduction of 0.06 m to 0.24 m (Figure 1).
Under the same amendment, the W2 irrigation quota showed a greater reduction in the
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groundwater level, while W1 had the least effect. At the same irrigation quota, the effect of
different amendments on soil groundwater level reduction was T2 > T3 > T1 > T0. After
amendment, the W2T2 treatment had the most significant effect on groundwater level
reduction, with a 0.24 m reduction, followed by W2T3, with a 0.19 m reduction.
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Figure 1. Migration characteristics of groundwater level in salinized soil. Note: W1: 360 mm
irrigation quota, W2: 450 mm irrigation quota, W3: 540 mm irrigation quota; TO: no conditioning, T1:
microbial agent, T2: humic acid, T3: microsilica powder. Uppercases indicate significant differences
among treatments with same stage at the 0.05 level and lowercases indicate significant differences
among stages with same treatment at the 0.05 level. Earlier stage: 1 April was before the improvement
period. Medium stage: 1 July was during the improvement period. Late stage: 1 October was after
the improvement period.

3.2. Variation Patterns of Groundwater Salinity in Salinized Soil

The groundwater salinity in the study area ranged from 5.88 to 11.43 g/L. Irrigation
leaching mitigated the degree of soil salinization to a certain extent, and the groundwater
salinity showed an initial increase followed by a decrease (Figure 2). W2 had the greatest
effect on groundwater mineralization reduction, W3 had a slightly smaller effect than W2,
and W1 had the smallest effect. At the same irrigation quota, the reduction in groundwater
mineralization was more significant with T2. As a result, W2T2 had the most significant
reduction in groundwater mineralization, with a reduction of 2.60 g/L.
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Figure 2. Migration law of groundwater salinity in salinized soil. Note: W1: 360 mm irrigation
quota, W2: 450 mm irrigation quota, W3: 540 mm irrigation quota; TO: no conditioning, T1:
microbial agent, T2: humic acid, T3: microsilica powder. Uppercase indicates significant dif-
ferences among treatments with same stage at the 0.05 level and lowercase indicates significant
differences among stages with same treatment at the 0.05 level. Earlier stage: 1 April was before
the improvement period. Medium stage: 1 July was during the improvement period. Late stage:
1 October was after the improvement period.

3.3. Characteristics of pH and Salinity Changes in Salinized Soils

During and after the improvement, both soil pH and total salt content showed a
decreasing trend (Table 4). During the mid-improvement period, the W2 irrigation quota
combined with the T2 amendment showed the best results for reducing soil pH, achieving
reductions of 0.26 to 0.35. This effect continued into the late-improvement period. The pH
of W2T2 was reduced by 0.98 from the pre-improvement level and significantly reduced by
0.10 to 0.71 from all other treatments. The soil total salt content was reduced from 8.00% to
28.00% and from 33.33% to 52.44% during and after the amendment, respectively, compared
to the pre-amendment period. Under the combined influence of irrigation quotas and
amendments, the W2T2 treatment showed the greatest reduction, significantly lowering the
total salt content by 21.74% and 28.67% compared to that of W1TO0. The direct improvement
effect of the amendments was more significant than irrigation and the interactions.
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Table 4. Variation characteristics of soil pH and total salt content in salinized soil.

pH Total Salt (g/kg)
Treatment ; . . .
Earlier Stage Medium Stage Late Stage Earlier Stage Medium Stage Late Stage
WITO 8.52 8.43 a 8.14b 2.25 2.07 a 1.50 a
WI1T1 8.52 8.23 ef 792c¢ 2.25 2.04a 1.36 bc
WIT2 8.52 8.20 ef 7.63 ef 2.25 1.73 abc 1.21 de
WI1T3 8.52 8.37 ab 7.96 c 2.25 1.93 efg 1.36 be
W2T0 8.52 8.33 bc 8.16 ab 2.25 1.97 ab 148 a
W2T1 8.52 8.27 cde 7.75d 2.25 1.89 bed 1.27 cd
W2T2 8.52 8.17 f 7.54 f 2.25 1.62 efg 1.07 f
W2T3 8.52 8.35 ab 7.72 de 2.25 173 g 1.22 de
W3T0 8.52 8.33 bed 825a 2.25 1.77 cde 1.43 ab
W3T1 8.52 8.25 ef 7.81d 2.25 1.76 def 1.21 de
W3T2 8.52 8.17 f 7.64e 2.25 1.67 def 1.12 ef
W3T3 8.52 8.25de 793¢ 2.25 1.82 fg 1.25d
Irrigation quota - 15.37 ** 48.47 ** - 54.92 ** 32.77 **
Amendments - 86.23 ** 458.35 ** - 55.61 ** 131.98 **
Interaction - 6.82 ** 11.17 ** - 8.40 ** 3.19%
Notes: W1: 360 mm irrigation quota, W2: 450 mm irrigation quota, W3: 540 mm irrigation quota; T0: no
conditioning, T1: microbial agent, T2: humic acid, T3: microsilica powder. Lowercase indicates significant
difference in soil properties among treatments at the 0.05 level. * indicates significant impact at the 0.05 level and
** indicates significant impact at the 0.01 level. Earlier stage: 1 April was before the improvement period. Medium
stage: 1 July was during the improvement period. Late stage: 1 October was after the improvement period.
Irrigation quotas combined with amendments effectively reduced the content of
various soil anions. The reduction effect on anions was more pronounced in the late-
improvement period compared to the mid-improvement period (Table 5). After the im-
provement, the concentrations of S042~,HCO;~, and Cl~ decreased by 64.54% to 87.32%,
12.53% to 72.40%, and 20.11% to 62.86%, respectively, compared to before the improvement.
In contrast, in the mid-improvement period, the decrease was only by 4.40% to 33.19%. At
the same irrigation quota, the effect of each amendment on the reduction in soil anions was
as follows: T2 > T1 > T3 > T0. Under the same amendment, the W2 irrigation quota had the
greatest effect, followed by W3. Overall, the W2T2 treatment showed the most significant
reduction in 8042’, HCO37, and ClI™. Amendments and their interaction with irrigation
quotas reduced soil anion content more significantly than irrigation factors alone.
Table 5. Anion migration in salinized soil.
S04%~ (mg/kg) HCO3~ (mg/kg) Cl~ (g/kg)
Treatment Earlier Medium Late Earlier Medium Late Stage Earlier Medium Late Stage
Stage Stage Stage Stage Stage 8 Stage Stage 8
WI1TO 54.40 5236 a 26.56 ab 39.35 35.78 ab 21.99b 35.76 33.52a 26.87 ab
WIT1 54.40 50.39 a 35.41 ab 39.35 27.90 bc 20.73 bed 35.76 28.99 bed 24.89 bc
W1T2 54.40 46.20 abc 32.32 ab 39.35 18.49d 16.40 cdef 35.76 23.89e 15.39 gh
WI1T3 54.40 49.51 a 19.52b 39.35 32.43 abc 21.01 be 35.76 28.22 bed 20.16 de
W2T0 54.40 52.45a 20.11b 39.35 26.65 ¢ 11.93 fg 35.76 31.09 ab 16.45 fg
W2T1 54.40 50.60 a 31.41 ab 39.35 17.02d 12.45 efg 35.76 29.499b 22.62 cd
W2T2 54.40 41.79 ¢ 19.29 b 39.35 14.92d 10.86 g 35.76 25.03 de 13.28 h
W2T3 54.40 48.81 ab 40.67 ab 39.35 17.37d 12.48 efg 35.76 28.80 bed 26.45 ab
W3TO0 54.40 52.07 a 49.65 a 39.35 37.62a 3442 a 35.76 29.19 bc 28.57 a
W3T1 54.40 46.80 abc 38.83 ab 39.35 29.99 abc 17.67 bede 35.76 27.79 bede 23.17 ¢
W3T2 54.40 42.48 be 39.76 ab 39.35 29.70 bc 11.11 fg 35.76 2543 cde 18.66 ef
W3T3 54.40 46.85 abc 43.65 ab 39.35 32.10 abc 15.41 defg 35.76 30.40 ab 2220 cd
Irrigation quota - 3.65% 12.09 ** - 1.29 1.29 - 0.40 37.33 **
Amendments - 22.18 ** 0.61 78.07 ** 78.07 ** - 36.43 ** 138.94 **
Interaction - 1.02 3.34* - 21.53 ** 21.53 ** - 3.96 ** 51.36 **

Notes: W1: 360 mm irrigation quota, W2: 450 mm irrigation quota, W3: 540 mm irrigation quota; TO: no
conditioning, T1: microbial agent, T2: humic acid, T3: microsilica powder. Lowercase indicates significant
difference in soil properties among treatments at the 0.05 level. * indicates significant impact at the 0.05 level and
** indicates significant impact at the 0.01 level. Earlier stage: 1 April was before the improvement period. Medium
stage: 1 July was during the improvement period. Late stage: 1 October was after the improvement period.
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3.4. Effects of Water and Salt Transport on Soil Fertility

Soil organic matter, alkaline hydrolysable nitrogen, available phosphorus, and avail-
able potassium contents showed an overall increasing trend during the improvement pe-
riod. The effect of soil fertility enhancement was more pronounced in the late-improvement
period (Table 6). During the improvement process, the optimal irrigation quota for improv-
ing each soil fertility indicator varied. In contrast, the effect of the W2 irrigation rating on
soil fertility enhancement was pronounced in the late-improvement period. Additionally,
the T2 amendment consistently outperformed other amendments at enhancing soil fertility
throughout the entire improvement process. Under the W2T2 treatment, the increases in
soil organic matter, alkaline hydrolysable nitrogen, available phosphorus, and available
potassium contents were 77.48%, 86.90%, 173.31%, and 31.10%, respectively. Other treat-
ments showed significant increases ranging from 0.46% to 32.08%. The direct effects of the
amendments were more significant than those of the irrigation factors and their interactions
with the amendments.

3.5. Effects of Water and Salt Transport on Maize Growth Characteristics

The plant height and stem thickness of maize plants were highly significantly affected
by irrigation rates, amendments and the interaction of irrigation rates and amendments
(Table 7). As the irrigation quota increased, the plant height and stem thickness of maize
initially increased and then decreased. The W1 and W2 irrigation quotas resulted in higher
values, with the W2 quota being the highest. Under the same irrigation quota, the T2
amendment had the most significant effect on increasing maize plant height. Therefore, the
W2T?2 treatment achieved the highest values, with plant height and stem thickness reaching
323.67 cm and 21.54 mm, respectively, which was significantly higher than the other treat-
ments by 1.36% to 24.38% and 4.82% to 23.44%, respectively. The trends in above-ground
dry biomass and grain yield were similar to those observed for plant height and stem thick-
ness. The yield increase effect of different amendments was T2 > T3 > T1 > TO, with the
W2 irrigation quota showing the best results. Consequently, the W2T?2 treatment achieved
above-ground dry biomass and grain yields of 72,985.49 kg-hm~2 and 14,646.57 kg-hm 2,
respectively, representing increases of 3.93% to 55.36% and 4.85% to 62.63% compared to
the other treatments. The singular effect of the amendments was still higher than that of
the irrigation quota and their interaction.
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Table 7. Effects of water and salt regulation on maize growth characteristics.

Treatment Plant Height Stem Diameter Aboveground Dry Grain Yield
/em /mm Matter Mass/kg-hm—2 /kg-hm—2
WITO 29411 £4.67 ¢ 17.45+£035e 49,697.35 £ 2550.86 e 9620.59 £ 191.95d
WIT1 315.22 +2.71 abc 19.40 £ 0.37 bed 69,816.50 + 4128.54ab  13,393.24 + 901.72 abc
WIT2 319.33 £9.02 ab 20.55 £ 0.30 ab 70,228.57 + 1012.36 ab 13,964.46 + 765.25 ab
WIT3 306.00 £ 3.48 abc 20.32 4 0.60 ab 58,497.13 £ 1933.73 cd 11,987.76 4 369.51 ¢
W2T0 260.22 £4.91d 18.11 + 0.67 de 47,27497 £1037.14 e 10,220.06 +357.93 d
W2T1 297.42 £ 8.98 bc 19.85 £ 0.88 bc 62,423.95 £ 2013.26 ¢ 10,204.58 - 464.11d
W2T2 323.67 == 2.85a 2154+ 024 a 72,985.49 4 632.73 a 14,646.57 + 165.15 a
W2T3 309.00 + 4.18 abc 20.75 £ 0.13 ab 64,378.98 £ 1221.55bc  13,462.67 + 368.84 abc
W3TO0 257.33 £19.88d 18.46 £ 0.35 cde 46,977.16 £ 5067.40 e 9005.85 + 454.86 d
W3T1 301.00 + 2.00 abc 20.40 £1.19 ab 52,012.99 + 1473.69 de 12,874.92 + 697.46 be
W3T2 293.78 £9.16 ¢ 20.15 £ 0.27 ab 64,986.51 £ 566.29 bc 12,037.73 +139.68 ¢
W3T3 300.78 £ 1.58 abc 19.81 £ 0.18 bc 61,136.75 £ 2025.60 ¢ 12,198.71 +776.92 ¢
Irrigation quota 20.42 ** 3.97 * 21.73 ** 2.38*
Amendments 51.28 ** 42.73 ** 125.96 ** 89.17 **
Interaction 5.95 ** 2.77* 11.82 ** 19.58 **

Notes: W1: 360 mm irrigation quota, W2: 450 mm irrigation quota, W3: 540 mm irrigation quota; TO: no
conditioning, T1: microbial agent, T2: humic acid, T3: microsilica powder. Lowercase indicates significant
difference in soil properties among treatments at the 0.05 level. * indicates significant impact at the 0.05 level and
** indicates significant impact at the 0.01 level. Earlier stage: 1 April was before the improvement period. Medium
stage: 1 July was during the improvement period. Late stage: 1 October was after the improvement period.

3.6. Influence of Water, Salt, and Soil Fertility on Crop Yield

Based on the correlation analysis of water and salt content and fertility indicators in
salinized soil with the above-ground dry biomass and grain yield of maize under different
irrigation quotas and amendments, it was found that an increase in pH and total salt
contents significantly inhibited the above-ground dry biomass and grain yield of maize. In
contrast, an increase in the water content, field capacity, and soil organic matter and alkaline
hydrolyzable nitrogen contents significantly increased the above-ground dry biomass and
grain yield of maize (p < 0.05).

To further explore the impact of different irrigation modes on the above-ground dry
biomass and grain yield of maize, principal component analysis was conducted on related
factors. The eigenvalue of the first principal component (PC1) was 12.67, with a variance
contribution rate of 60.34%. The eigenvalue of the second principal component (PC2)
was 2.70, with a variance contribution rate of 12.88%. Together, they explained 73.22%
of the variance. This indicates that the two principal components largely represent the
influence of various indicators on the above-ground dry biomass and grain yield of maize.
As shown in Figure 3 (right), available phosphorus content, available potassium content,
and field capacity had the most significant positive effects on promoting the above-ground
dry biomass of maize. The soil moisture content and available phosphorus content had
the most significant positive effects on promoting maize grain yield. The pH and total
salt content had the greatest negative impact on the formation of maize above-ground dry
biomass and grain yield.

After a comprehensive evaluation of crop yield indicators, the highest score was
achieved by W2T2, followed by W3T2, with W1T0 having the least effective outcome
(Table 8). Under the same conditions, the application of humic acid improved salinized
soil more effectively than the application of microbial agents, microsilica powder, or no
amendments. The 450 mm irrigation quota had a much greater effect on water-saving and
salt control in saline soil compared to the 540 mm and 360 mm irrigation quotas. That is,
the 450 mm irrigation quota with humic acid was most conducive to water conservation
and salt control, improvement of salinized soils, and regulation to enhance the productivity
of maize.
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Figure 3. Correlation analysis (left) and principal component analysis (right) of water-salt-fertility and
the interaction between fertility and crop yield. Note: * p < 0.05; ** p < 0.01. A—groundwater level;
B—salinity; C—moisture content; D—field capacity; E—pH value; F—total salt; G—organic matter;
H—alkaline hydrolysable nitrogen; I—available phosphorus; J—available potassium; K—total nitrogen;
L—total phosphorus; M—K*; N—Na*; O—Ca?*; P—Mg?*; Q—HCO;~; R—Cl~; S—S0,>~; T—above-
ground dry biomass; U—grain yield. V—pH value; W—total salt; X—mineralization, Y—organic matter;
Z—alkaline hydrolysable nitrogen; AA—available phosphorus; AB—available potassium; AC—total
nitrogen; AD—total phosphorus; AE—above-ground dry biomass; AF—grain yield.

Table 8. Evaluation value and ranking of each component.

Treatment Score Ranking
WI1TO0 —4.13 12
WIT1 —0.69 8
WIT2 2.51 3
WI1T3 —1.58 9
W2TO0 —3.06 11
W2T1 0.94 4
W2T2 4.49 1
W2T3 0.38 6
W3T0 —2.55 10
W3T1 0.88 5
W3T2 2.72 2
W3T3 0.09 7

Note: W1: 360 mm irrigation quota, W2: 450 mm irrigation quota, W3: 540 mm irrigation quota; TO: no
conditioning, T1: microbial agent, T2: humic acid, T3: microsilica powder.

4. Discussion

In saline-alkali soil improvement, soil water acts as both a solvent and carrier for soil
salts, making the study of water—salt balance and precise irrigation essential. Accurate
irrigation based on water—salt balance and the application of amendments are key to water
conservation, reducing salinity, improving soil texture, and enhancing crop yields [36].
This has become an important method for improving saline-alkali soils. Drip irrigation
can inhibit the upward movement of groundwater salts, reduce salinity near the crop root
system by leaching, loosen the soil to reduce evaporation and provide sufficient water for
good crop growth [37]. The findings of the current study support a similar view that drip
irrigation with different irrigation quotas can increase soil moisture content, effectively
reduce total soil salt content and the content of other salt ions, and decrease the sodium
adsorption ratio and alkalinity. These effects are more significant as the irrigation quota
increases. A previous study [38] found a negative correlation between groundwater level
and mineralization, where an increase in salinity driven by a rise in groundwater level
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triggered an increase in mineralization, and vice versa. This study supports a similar view,
as dynamic monitoring of water and salt revealed that changes in salinity in saline-alkali
soils corresponded to groundwater level changes. When the groundwater level rose (from
April to July), salinity increased, and when the groundwater level fell (from July to October),
salinity significantly decreased. The rise in groundwater levels was due to the high rainfall
in June and July. The combined effect of rainfall and drip irrigation caused the groundwater
level to rise, resulting in the leaching of salts into deeper soil layers and the accumulation
of salts in the surface soil, which increased the salinity of the soil [39]. As rainfall later
decreased, salinity also decreased relatively. Drip irrigation effectively promotes deep soil
water infiltration, increasing moisture content in the 0-40 cm soil layer. Previous studies
found that field capacity decreases with increasing soil depth [40]. In this study, a slight
decrease in field capacity was observed over time and depth, possibly due to the reduction
in rainfall.

The soil plays a crucial role in determining the suitability of water-saving irrigation
techniques and amendments. In China, sandy soils account for only 14.05% of paddy
fields, which are partly distributed throughout Ningxia Province [17]. Given the low soil
fertility and high penetration rate of sandy soils, it is inappropriate to design irrigation
regimes that solely conserve water [41]. In the soil aggregate-forming and stabilizing
process, soil carbon serves a crucially important role. By promoting fungal growth, organic
amendments with a high C/N ratio have been shown to be crucial in the formation of
water-stable aggregates [42,43]. Along with the use of soil amendments, it loosens the
soil’s aggregate structure, enhancing its water retention capacity and directing moisture to
accumulate around the maize root zone. Previous findings showed that the main elements
supporting the quicker formation and longer stability of coastal saline-alkali soil aggregates
are the characteristics of organic amendments, which can alter microbial communities by
raising soil C/N ratio and effective chemical compositions of solid-state SOM. Additionally,
the inclusion of inorganic amendments can enhance the stability and development of
microaggregates as opposed to macroaggregates [44]. Our results revealed that both
amendments and different drip irrigation quotas effectively reduced the total salt content
and the contents of C1~,SO4%~, and HCO; ~. The 540 mm irrigation quota showed the best
results, with humic acid being the most effective amendment. Combining irrigation with
amendments can reduce soil salinity and salt ions [45], effectively mitigating soil barrier
factors [36], and ensuring a favorable water—salt environment for crop growth. This study
also found that the main salt ions were Cl~, while K*, SO4%~, and HCO3~ were present in
smaller amounts, and CO32~ was almost nonexistent. The levels of C1~ decreased after the
application of amendments. This may be due to the ions being leached by drip irrigation
and the amendments conditioning the soil, as well as interactions between ions leading to
their precipitation and removal.

Soil fertility nutrient indicators are crucial factors for assessing soil fertility [46]. Ac-
cording to the national soil nutrient-grading standards (DB 33 /T 895-2013), soil is classified
into six levels (as shown in Table 9). Salinized soil was improved through irrigation leach-
ing and amendment conditioning, resulting in enhanced soil nutrient content, as detailed
in Table 10. Initially, the soil’s nutrient level was at level four. After improvement, the
nutrient levels in treatments other than W1T0, W2T0, and W3T0 increased by one level,
reaching level three.

Under the same amendment, the 450 mm and 540 mm irrigation quotas were more
effective at enhancing soil nutrients and reducing soil pH. This may be because higher
irrigation quotas can accelerate the dissolution of amendments and fertilizer, leading to
quicker reactions, improved soil texture, and enhanced soil fertility.

Water is essential for crop growth. Amendments such as humic acid, microbial
agents, and microsilica powder can improve soil texture, thereby promoting healthy crop
growth and increasing crop yield. This study found that drip irrigation with a 450 mm
quota combined with humic acid effectively increased maize plant height, stem thickness,
above-ground dry biomass, and grain yield. The conclusion of this study is that humic
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acid significantly improved maize physiology and increased grain yield compared to the
application of chemical fertilizers alone, similar to the findings of Ali et al. [47].

Table 9. Soil nutrient-grading standards.

Grade SOM AH-N AP AK TN TP
(g/kg) (mg/kg) (mg/kg) (mg/kg) (g/kg) (g/kg)
Ist >40 >150 >40 >200 >2 >1
2nd 30~40 120~150 20~40 150~200 1.5~2 0.8~1
3rd 20~30 90~120 10~20 100~150 1~1.5 0.6~0.8
4th 10~20 60~90 5~10 50~100 0.75~1 0.4~0.6
5th 6~10 30~60 3~5 30~50 0.5~0.75 0.2~0.4
6th <6 <30 <3 <30 <6 <6

Note: SOM: soil organic matter, AH-N: alkali hydrolysable nitrogen, AP: available phosphorus, AK: available
potassium, TN: total nitrogen, TP: total phosphorus.

Table 10. Ratings of improved soil nutrients.

Treatment SOM AH-N AP AK N TP Soil Grade
(g/kg) (mg/kg) (mg/kg) (mg/kg) (g/kg) (g/kg)

CK 13.63 36.4 15.85 149.44 0.85 0.84 4th
WI1TO0 17.54 33.40 14.20 173.38 1.00 1.11 4th
W1T1 21.58 48.10 41.46 161.58 1.08 1.27 3rd
WI1T2 22.77 62.47 45.22 192.40 1.08 1.80 3rd
WI1T3 20.64 42.40 23.86 155.16 0.88 1.40 3rd
W2TO0 18.32 4557 31.75 148.34 0.91 1.11 4th
W2T1 21.85 48.60 54.89 176.43 1.00 1.54 3rd
W2T2 24.19 68.03 57.32 195.92 1.16 2.09 3rd
W2T3 20.88 45.27 29.34 168.36 0.97 1.39 3rd
W3TO0 22.09 42.90 17.69 171.41 0.75 1.27 4th
W3T1 21.84 52.40 48.95 190.85 1.07 1.69 3rd
W3T2 22.63 43.73 44.64 195.03 1.17 2.03 3rd
W3T3 20.75 61.77 19.16 174.06 0.90 1.59 3rd

Note: W1: 360 mm irrigation quota, W2: 450 mm irrigation quota, W3: 540 mm irrigation quota; TO: no conditioning,
T1: microbial agent, T2: humic acid, T3: microsilica powder. SOM: soil organic matter, AH-N: alkali hydrolysable
nitrogen, AP: available phosphorus, AK: available potassium, TN: total nitrogen, TP: total phosphorus.

5. Conclusions

The application of humic acid or microsilica powder at a 450 mm irrigation quota
reduced the water table by 0.24 m and 0.19 m, respectively. The reduction in soil mineral-
ization and HCO3;~ at 450 mm and 540 mm irrigation quotas with humic acid treatment
was greatest. Soil pH and total salt, C1~, and SO4%~ content was most significantly reduced
with the 450 mm irrigation quota combined with humic acid. At the same time, this com-
bination maximized the increase in soil nutrients. Maize growth reached its maximum
values under the 450 mm irrigation quota combined with humic acid treatment. Moreover,
the improvement effect of the amendments on the soil was significantly higher than that
of the irrigation quotas and their interactions. Considering the comprehensive water and
salt indicators, total salts and salt ions, soil fertility indicators, and maize growth charac-
teristics, the 450 mm irrigation quota combined with humic acid showed the best results
for water-saving, salt control, and enhancing soil fertility and productivity. More efficient
amendments’ usage investigation is needed on water-saving irrigation in saline-alkali land
to achieve better productivity.
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Abstract: This study examined the agricultural water resource shortage and abundant ditch water
resources in the Yinbei region of Ningxia. The effects of ditch water and Yellow River irrigation
on the saline-alkali characteristics of soil and paddy were investigated using field monitoring and
indoor detection methods in Pingluo County, Ningxia (106°31’ E, 38°51’ N). In addition to monitoring
ditch water, four treatment groups were established: direct ditch water irrigation (T1), mixed ditch
water and Yellow River water irrigation (T2), alternate ditch water and Yellow River water irrigation
(T3), and irrigation solely with Yellow River water (CK). The results show the following: (1) The
salinity of ditch water samples collected from the experimental field during the rice growth period
was less than 1.60 g/L, and the pH of the samples was lower than 8.62; thus, they were classified as
mildly brackish water. The application of ditch water irrigation did not result in soil saline—alkali
aggravation and the accumulation of excessive amounts of heavy metals in soils and paddies in
Pingluo County, Ningxia. (2) The rice yields for the CK, T1, T2, and T3 treatments were 10,437.5,
8318.4, 9182.1, and 9016.2 kg/hm?, respectively. Compared with Yellow River irrigation, the rice
yields for the T1, T2, and T3 treatments were 20.3, 12.1, and 13.6% lower than that of CK, respectively,
with minimal differences observed among them. Hence, under the condition of a water resource
shortage in the Yellow River region, ditch water can be appropriately applied for mixed or alternate
irrigation to ensure food security. This research has revealed the influences of ditch water irrigation
on the saline-alkali properties of soil and the heavy metal contents of paddies.

Keywords: irrigation; ditch water; soil salinity and alkalinity; heavy metals in rice; Ningxia Yinbei
region

1. Introduction

Ningxia is located in the northwestern inland region of China, where rainfall is
scarce. More than half of the province is located in arid and semi-arid zones, and there
is a significant difference between the supply of and demand for water resources [1-3].
Agricultural water intake in Ningxia makes up about 5.86 billion m?, accounting for 83% of
the total water intake in Ningxia [4]. The irrigation area in northern Ningxia is low-lying
with strong water retention, making it suitable for rice cultivation [5]. However, it suffers
from water shortage problems in respect of the Yellow River region and prominent rice
irrigation differences. As an effective measure for alleviating regional water resource
problems and ensuring grain production, the rational application of water resources in
farmland drainage ditches has attracted increasing attention.

In China, fresh water resources are scarce and unevenly distributed in terms of time
and location. The application of poor-quality water such as groundwater and ditch water
for irrigation is a hot topic in agricultural research relating to arid regions. The application
of shallow underground brackish water for irrigation can not only supply necessary water
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for crop growth but also decrease groundwater levels [6,7]. Fan (2020) performed ditch
soil column-leaching experiments and found that high-salinity water could promote soil
flocculation and improve the soil structure. When irrigated water salinity is lower than
3 g/L, the salt in the soil profile is in an equilibrium state, while at salinity levels of above
3 g/L, salt accumulation occurs, mainly in 0—40 cm deep soil layers [8]. While ditch water
contains certain amounts of salt, brackish water delivers lower amounts of salt into soil
in a short period of time, and an alternative irrigation method involving brackish water
and Yellow River water can be used to avoid salinity aggravation in soil [9]. The authors
of [9] found that the heavy metal contents of soil after irrigation with reclaimed water
did not obviously change compared with those before irrigation; therefore, heavy metal
accumulation in soil did not occur in a short time, and the salt content of the surface soil
increased while that of the deep soil did not change much. In the coastal saline—alkali
areas of Hebei Province, shallow water resources with salt contents lower than 5 g/L could
be reasonably employed for the irrigation of winter wheat without causing secondary
salinization due to salt accumulation in a short time [10]. However, research has revealed
that compared with freshwater irrigation, brackish water irrigation brings in additional
salt. Continuous irrigation can cause salt accumulation, damaging the normal growth of
crops and affecting their yields over a certain limit [11]. Therefore, the scientific and safe
application of brackish water resources is of particular importance. Wang (2019) concluded
that irrigation with treated inferior water did not result in heavy metal pollution in rice, and
the heavy metal contents of lead, arsenic, and chromium in rice met the requirements of
the National Standard for Food Safety (GB 2762-2017) [12,13]. Wang (2022) concluded that
different irrigation water sources did not cause soil pollution, and the heavy metal contents
of rice grains did not present significant increases. Compliance with the limit requirements
of rice pollutants was verified through comparative tests on rice irrigation with clear water
from rivers, purified water from ecological ponds, and treated rural domestic sewage [14].

Currently, research in respect of ditch water primarily focuses on monitoring, while
studies relating to farmland ditch water emphasize soil infiltration, saline-alkali properties,
crop growth, and so on [15]. However, there is a lack of systematic research on water
quality monitoring, scientific utilization, and the effects of ditch water on soil and rice in
the Pingluo region of the fifth drainage ditch in Ningxia. Hence, in this study, experiments
were performed in the rice experimental field of the Pingluo county experimental station
(106°31" E, 38°51’ N) in Ningxia. By monitoring water quality and performing field ex-
periments, the effects of the variations in ditch water quality, direct ditch water irrigation,
mixed ditch water and Yellow River water irrigation, and alternate irrigation on soil salinity,
heavy metal contents, and rice heavy metal contents were evaluated. These experiments
provide a theoretical basis and technical support for the safe utilization of ditch water and
rice planting.

2. Materials and Methods
2.1. Overview of Study Area

The experimental field was located in Pingluo county experimental station (106°31" E,
38°51" N), Shizuishan City, Ningxia (Figure 1, drawn with ArcGIS 10.2 software). Pingluo
County has a long agricultural history, with favorable basic conditions and a sound agricul-
tural industry system, which makes it a representative self-flow irrigation area in respect
of the Yellow River. This area has an arid continental climate and is classified as an arid
semi-desert saline area in the middle and upper reaches of the Yellow River. The annual
average precipitation and evaporation of the area are 185 and 1841 mm, respectively, with
rare and unevenly distributed precipitation, mainly from July to September. In this study,
the underground water depth was determined to be 1.3~2.0 m. The fifth drainage ditch
on the eastern side of the experimental field is considered the main farmland drainage
ditch in Pingluo, and its water resources are rich. Before planting, obvious salt spots were
observed on the ground surface of each plot of land. According to a surface analysis, the
total salt content in the 0-100 cm soil layer was 0.91~4.2 g/kg, and obvious salt spots
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were observed in local fields with a total salt content of more than 15 g/kg and a soil
pH value of 8.17~9.50. In the 0-20 cm soil layer, the soil alkali-hydrolyzed nitrogen level
was 49.7 mg/kg, the available phosphorus level was 29.9 mg/kg, the available potassium
level was 317.95 mg/kg, the total nitrogen level was 0.79 g/kg, the total phosphorus level
was 0.82 g/kg, the total potassium level was 19.5 g/kg, and the organic matter level was
14.83 g/kg. The soil bulk density was 1.4 g/cm?. The soil texture was clay loam; no CO%f
was observed in soil salt ions, the cations mainly consisted of Na* and Ca?Z*, the anions
mainly included SOi_ and HCOj, and the ratio of C1™ / SOAZL_ was below 0.5. The soil in
the experimental area was sulfate saline soil.

Ningxia Hui
Autonomous Region

Figure 1. Geographical position of research area (Red represents mountains in Ningxia, yellow
represents hills in Ningxia, and green represents plains in Ningxia.).

2.2. Experimental Design and Implementation Process

Ningjing 47 was adopted as the experimental variety. Based on the unified planting
of rice, a random block design was prepared to set up four treatment groups: direct
ditch water irrigation (T1), mixed ditch water and Yellow River water irrigation (12),
alternate ditch water and Yellow River water irrigation (T3), and irrigation solely with
Yellow River water (CK). The experimental plots were 8.0 m long and 2.0 m wide, each
with a 16.0 m? area. High ridges were built between plots and plots were covered with
plastic film. Each treatment was repeated five times. In this research, dry rice planting
technology was used. This technology enables rice seeds to be directly sown into the
field using special machinery, following the application of a base fertilizer when the field
is dry, with subsequent irrigation until the field is sufficiently wet for seed germination.
Seeds were sown on 30th April, watered on 4th May, and harvested on 4th October.
Border irrigation was adopted as the selected irrigation method. Only ditch water was
used in the T1 treatment, 1:1 ditch water and Yellow River water mixed irrigation was
used in the T2 treatment, ditch water and Yellow River water alternating irrigation was
applied in the T3 treatment, and only Yellow River water was used in the CK treatment
during the rice growing period. Fertilization and field management were similar in all
regions. During the rice growth period, 225 kg/hm? urea, 375 kg/hm? compound fertilizer,
225 kg/hm? diammonium, and 225 kg/hm? ammonium sulfate were used. The total
irrigation water quantity for all treatments in the rice growth period except winter irrigation
was 1.65 x 10* m?/hm?.

2.3. Soil Sample Collection and Determination

In April 2023, soil samples were collected at depths of 0-20, 20-40, 40-60, 60-80,
and 80-100 cm from the surface of the experimental area to obtain the soil background
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value. Soil samples were collected using a ring knife to determine soil bulk density. Ditch
water was collected every month from May to August 2023 for inspection, soil and rice
samples were collected after rice harvesting in October 2023, and the yield was measured
in each district group with uniform growth and an area of 1 m2. Samples were collected in
triplicate.

Debris was removed from the collected soil samples, and the cleaned samples were
air dried, milled, and passed through a 2 mm sieve. The soil water content was determined
through the drying method, and the soil bulk density was measured using the ring knife
method. The supernatant was fully shaken with a soil-to-water ratio of 1:2.5, and the pH
was measured using a multi-parameter Mettler Toledo 5220 tester (METTLER TOLEDO,
Greifensee, Switzerland). The supernatant obtained from the previous stage was fully
shaken at a soil-to-water ratio of 1:5 and was analyzed using a DDS-307A soil conductivity
meter (INESA, Shanghai, China); the obtained value was converted to the total salt con-
tent [16]. The pH and salinity values of water samples were measured using a pH meter
and a conductivity meter, respectively. Soil organic matter was determined according to
the potassium dichromate method and alkali hydrolysis nitrogen was measured based on
the alkali hydrolysis diffusion method. The available phosphorus and available potassium
were determined using the sodium bicarbonate extraction—-molybdenum antimony anti-
colorimetric and ammonium acetate extraction flame luminosity methods, respectively.
Finally, the heavy metal mass fraction was determined via inductively coupled plasma
optical emission spectrometry.

2.4. Data Processing and Analysis

Microsoft Excel 2010 was applied for data processing and Surfer 10 was employed for
3D Wireframe drawing. SPSS 17.0 was used for significance tests and correlation analyses.

3. Results
3.1. Water Quality Variations of Gully Water and Yellow River Water

The ditch water pH in the rice growth stage from May to August 2023 ranged from
7.60 to 8.62, with the lowest value observed in June (p < 0.05), and the salinity value ranged
from 0.94 to 1.55 g/L. The ditch water salinity and pH values in May were significantly
higher than those in other months (Figure 2). Based on the grading standard of water
quality and salinity, the farmland drainage ditch water belonged to the category of weak
mineralized water and fresh water and could be directly applied for irrigation. During the
experiments, the characteristics of Yellow River water were relatively stable, with salinity
ranging from 0.41 to 0.51 g/L and pH ranging from 8.06 to 8.23. The Yellow River water pH
and salinity values were not significantly different in the time period from May to August
(p > 0.05). The irrigation season in this area spans from May to August. During this period,
the farmland drained more efficiently, and the quality of ditch water remained relatively
good. However, the salinity of ditch water was still higher than that of Yellow River water
during the same period (Figure 2). The pH value of Yellow River water was lower than
that of ditch water in May, and it was slightly higher than that of ditch water in the other
months. The quality of Yellow River water was good, with relatively stable pH and salinity
values, thus qualifying it as high-quality irrigation water. The concentrations of suspended
matter, zinc (Zn), nickel (Ni), selenium (Se), arsenic (As), mercury (Hg), cadmium (Cd),
lead (Pb), and chromium (Cr), as well as the values of the five-day biochemical oxygen
demand (BOD), chemical oxygen demand (COD), and anion surface active dose in ditch
water were significantly below the thresholds outlined in the Water Quality Standard for
Farmland Irrigation (GB 5084-2021) [17] (Table 1). The total phosphorus and nitrogen
concentrations in ditch water were 0.042 mg/L and 2.5 mg/L, respectively, which accords
with the requirements of the basic project standard of the Surface Water Environmental
Quality Standard (GB 3838-2002) [18].
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Figure 2. Variations in pH and salinity values of ditch and Yellow River water from May to August.
Note: Short lines in the figure represent corresponding average + standard error. Different letters
indicate significant differences among different months in one index at a significance level of 0.05.

Table 1. Water quality physical and chemical properties of ditch water mg/L.

Component Content Five-Day Chemical Anion
Biochemical
Oxygen Surface
Item Total Total Suspended . Oxygen i
. Phospho- P z N S A H cd Pb C Demand  Active
Nitrogen T Matter " ' ¢ ° & ' Derand (COD) Dose
VDviattCe}; 1.8 0.042 2.5 0.01 0.001 None  0.001 None None 0.001 0.004 4.5 7.5 None
Threshold <2.0 <0.2
value (Class V) (Class 1) <80 <2 <02  <0.02 <005 <0.001 <0.01 <02 <0.1 <60 <150 <5

Note: Except for the threshold values of total nitrogen and total phosphorus contents in the Surface Water
Environmental Quality Standard (GB 3838-2002), other thresholds are the threshold values of paddy field crops
presented in the Water Quality Standard for Farmland Irrigation (GB 5084-2021).

3.2. Effects of Different Treatments on Soil Saline-Alkali Properties

Variations in soil salinity and pH values before planting in April and after harvesting
in October are presented in Figures 3 and 4, respectively. Under the effect of the local
climate, the salt return was obvious before planting in spring, the surface salt content was
the highest (4.6 g/kg), and salt was accumulated on the surface. The soil salt contents of
the four treatments were significantly decreased compared with those in spring. The soil
salt contents of the 0-20 and 20-40 cm soil layers under CK treatment were 78.7 and 78.9%
lower than those before planting, respectively, and that of the 0-100 cm layer was lower
than 0.98 g/kg; this was the lowest among all treatments. The soil salinity of the 0-40 cm
soil layer treated with T1 was significantly higher than those of other treatments, and that
of the soil layer deeper than 40 cm exhibited little difference compared with that before
planting (p > 0.05). Compared with other treatments, direct ditch water irrigation increased
the surface soil salt content to a certain extent. The soil salt content values for the 0-20 cm
soil layer treated with T1 were 90.8, 23.1, and 14.7% higher than those of the CK, T2, and
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T3 treatments, respectively. The surface soil salt content of the T1 treatment after the first

year of rice harvesting was lower than 1.9 g/kg.
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3.3. Effects of Different Treatments on Soil Heavy Metals

As, Hg, Cd, Cr, and Pb contents in the 0-20 cm soil layer before planting met the
thresholds specified in the Secondary Standard for Soil Environmental Quality (GB15618-
1995) [19]. The contents of the above heavy metals in the soil treated with T1, T2, and

T3 after harvesting were increased. However, they were much lower than the thresholds
advised in the Secondary Standard for Soil Environmental Quality (GB15618-1995) (Table 2).

Table 2. Heavy metal contents in soil, mg/kg.

Item As Hg Cd Cr Pb
Before planting 15.53 £ 143 ab 0.04 £0.01b 0.13+0.01a 32.01 £3.26b 1533 +£0.82b
T1 16.87 £ 1.65 a 0.13 £ 0.02 a 0.17 £ 0.01 a 39.74 £ 4.06 a 2016 £142a
T2 16.32 £ 0.96 a 0.09 &+ 0.01 ab 0.15+0.01a 36.23 +3.12 ab 18.39 £ 1.06 ab
T3 16.57 £1.32a 0.11 £ 0.02a 0.14 £ 0.01a 37.76 £+ 2.86 ab 19.75 £ 0.97 ab
CK 1512 £ 1.13b 0.05+0.01b 012+ 0.01a 32.57 £ 1.68 b 16.17 £1.32b
GB15618—1995 25.0 1.0 0.6 250.0 350.0

Note: Different letters indicate significant differences among different scenarios in one index at 0.05 signifi-
cance level.

No significant differences were observed in Cd contents in any of the treatments
compared with levels before planting (p > 0.05). The As, Hg, Cd, Cr, and Pb contents in
the CK treatment were the lowest, and there were no significant differences compared to
those before planting (p > 0.05). The Hg, Cr, and Pb contents in the soil treated with T1
were significantly higher than those before planting (p < 0.05). Compared with Yellow
River irrigation, soil As, Hg, Cr, and Pb contents were increased to a certain extent after
ditch water irrigation, but were much lower than the thresholds specified in the Secondary
Standard for Soil Environmental Quality. There were no significant differences in the As,
Hg, Cd, Cr, and Pb contents between the T2 and T3 treatments (p > 0.05). Hence, direct
ditch water irrigation, mixed ditch water and Yellow River water irrigation, and alternate
irrigation during the rice growth period did not lead to excessive heavy metal contents in
the soil.

3.4. Effects of Different Treatments on Heavy Metals and Paddy Yield

After harvesting, the As, Hg, Cd, Cr, and Pb contents in rice corresponding to the
four treatments were all lower than the threshold values specified in the National Standard
for Food Safety (GB 2762-2017) (Table 3). The Cr content of rice under the T1 treatment
was significantly higher than that under the CK treatment (p < 0.05), but no significant
differences were observed in respect of the As, Hg, Cd, and Pb contents among the four
treatments (p > 0.05). The rice yields of the T1, T2, and T3 treatments were much lower
than that of CK (p < 0.05), and the T1 treatment had the lowest rice yield. As mentioned
above, the rice yields of the T1, T2, and T3 treatments were 20.3%, 12.1%, and 13.6% lower
than that of CK, respectively, while no significant difference was observed between the T2
and T3 treatments (p > 0.05). Ditch water irrigation did not result in excessive heavy metal
contents in rice, but ditch water irrigation affected rice yield to a certain extent. In addition,
direct ditch water irrigation did not decrease the yield. There was little difference between
the effects of mixed ditch water and Yellow River water irrigation and alternate irrigation
on the rice yield.
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Table 3. Heavy metal contents and yields of paddies.

Heavy Metal Content (mg/kg)

Item Yield (kg/hm?)
As Hg Cd Pb Cr
T1 0.234+0.09a  0.006 £0.002 a 0.08+0.02a 0.26 +0.07 a 0.37+0.09 a 8318.4 £134.7 ¢
T2 0.15+0.03a  0.004 £0.001a 0.06 £0.01a 0.21 £ 0.09 a 0.24 £ 0.06 ab 9182.1 £1289b
T3 0.16 £0.04a  0.005 £ 0.001 a 0.07 £0.01a 017 £0.04 a 0.21 £ 0.08 ab 9016.2 £157.3 b
CK 0.08+0.02b  0.003 & 0.001 a 0.04+0.01a 0.11+0.03a 0.17 4+ 0.07b 10,437.5 £ 187.5a
GB2762—2017 0.5 0.02 0.2 0.5 1

Note: Different letters indicate significant differences among different scenarios in one index at 0.05 signifi-
cance level.

4. Discussion

Brackish water could be reasonably applied for irrigation in arid and semi-arid areas,
and the key to this lies in how to make its use efficient, safe, and reasonable [20,21]. In this
research, ditch water salinity in the experimental area varied from 0.66 to 1.19 g/L during
the rice growth period. Based on the grading standard of water quality and salinity [22],
salinity values lower than 1.0 g/L indicate high-quality irrigation water, while a salinity
range of 1.0 to 2.0 g/L indicates weakly mineralized water and could be applied for
irrigation. Hence, the ditch water in this study belonged to the category of weakly brackish
water and fresh water during the rice growth period. From June to August, ditch water
salinity was lower than 1.0 g/L, which indicates high-quality irrigation water.

In the Yinbei irrigation area of Ningxia, brackish water with salinity values from 0.94
to 1.55 g/L has been employed for irrigation, and soil desalination was obvious; however,
the pH value, salt content, and alkalinity of the soil were higher than those in respect
of Yellow River irrigation [23]. Some research works have revealed that irrigation with
brackish water with low salinity effectively reduced soil salinity, presenting no significant
difference compared with freshwater irrigation [24]. This result might be related to the
number of years of brackish water irrigation. Long-term brackish water irrigation increases
the surface soil salt content to a certain extent [8], especially in northwestern inland areas,
where there is little rain and severe drought. With the increase in brackish water irrigation
years, salt can easily accumulate in the soil surface.

In this study, compared with mixed irrigation and alternate ditch water and Yellow
River water irrigation, direct ditch water irrigation increased the soil salinity in the 0—40 cm
soil layer, which was consistent with the findings of Fan (2020), suggesting that brackish
water irrigation increases the upper soil salinity to a certain extent [8]. Although ditch water
contains certain amounts of salt, a limited amount of salt is brought in in a short period of
time and salt and alkali aggravation can be avoided by alternating between brackish water
and fresh water irrigation [9]. This was also proved by the fact that mixed or alternating
irrigation with ditch water and Yellow River water did not significantly affect crop yields,
and the effects were relatively minor compared with direct ditch water irrigation. However,
the brackish water irrigation threshold in the coastal area of China is typically above
3 g/L [10], which is due to the fact that high rainfall and natural precipitation in coastal
areas have a certain leaching impact on soil salinity. Ditch water irrigation had a slight
influence on soil pH.

Kazuto (2023) found that the introduction of paddy drainage during the irrigation
season significantly alters the DOC components in river waters, and irrigation management
is strongly linked to the primary production in agricultural channels [25]. Li (2020) found
that fully utilizing ditches and ponds as temporary reservoirs in a typical paddy IDU could
reduce nitrogen loads from field edges by 39% and phosphorus loads by 28%. Therefore,
natural ditches and ponds are recommended to be included in irrigation [26]. Compared
with Yellow River water, ditch water contains certain amounts of total nitrogen and total
phosphorus, which can complement soil fertility. However, the long-term effects of direct
ditch water irrigation on soil health require further verification through long-term tests. If
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Yellow River water is reliably available, it is recommended to implement mixed or alternate
irrigation using both Yellow River water and ditch water.

Eldardiry (2013) found that through brackish water irrigation, excessive salt in water
affected normal crop growth. Water containing small amounts of salt stimulates crop
growth to a certain extent, and crop quality is improved [27]. Ditch water irrigation brings
extra salt into the soil, which interacts with the chemical elements present in the soil and
changes the physical and chemical properties of the soil. Under alkaline conditions, the
irrigation water salinity is low, the soil aggregate structure is destroyed, and clay particle
expansion and dispersion reduce the porosity and permeability of soil, while high-salinity
irrigation water increases the flocculation of soil and reduces the expansion and dispersion
of clay particles [28]. In this experiment, the heavy metal contents of ditch water conformed
to farmland irrigation water quality standards; the soil heavy metal contents after direct
ditch water irrigation, mixed ditch water and Yellow River water irrigation, and alternate
ditch water and Yellow River water irrigation complied with the requirements of the
Secondary Standard of Soil Environmental Quality and did not lead to excessive heavy
metal contents in soil. Ditch water irrigation did not result in excessive heavy metal
contents in rice, but it affected rice yield to a certain extent. The rice yield under direct
ditch water irrigation was the lowest, and there was little difference between the mixed
ditch water and Yellow River water irrigation and the alternate ditch water and Yellow
River water irrigation in terms of rice yield. Therefore, if conditions allowed, mixed ditch
water and Yellow River water irrigation and alternate ditch water and Yellow River water
irrigation should be given priority. There is a risk that long-term irrigation with ditch water
will increase soil salinity and affect crop yields.

5. Conclusions

(1) Ditch water salinity from the experimental field was less than 1.60 g/L and its pH
value was lower than 8.62 during the rice growth period from May to August in
Pingluo County, Ningxia; the water is therefore classified as mildly brackish water
suitable for farmland irrigation.

(2) The application of ditch water irrigation for rice did not lead to soil salinity and alkali
aggravation, and the heavy metal concentrations in both soil and rice remained within
specified standard values. The heavy metal concentration in soil complied with the
requirements of the Secondary Standard of Soil Environmental Quality, while the
heavy metal concentration in rice met the requirements of the National Standard of
Food Safety.

(3) Therice yields for the CK, T1, T2, and T3 treatments were 10,437.5, 8318.4, 9182.1, and
9016.2 kg/ hm?, respectively. Compared with Yellow River irrigation, the rice yields
for T1, T2, and T3 treatments were 20.3%, 12.1%, and 13.6% lower than that for CK,
respectively, with minimal differences among them.

Therefore, in the case of a water resource shortage in the Yellow River, farmland
drainage ditch water can be effectively utilized for mixed ditch water and Yellow River
water irrigation or alternate ditch water and Yellow River water irrigation to ensure food
security.
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