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Abstract: The black soil region of northeast China is experiencing severe gully erosion. The lack
of periodic, high-resolution, short-medium-term, annual, and seasonal observations considerably
limit the comprehensive understanding of the processes and mechanisms of gully erosion caused
by multiple forces at the watershed scale. Therefore, in this study, we periodically monitored the
geomorphic, morphological, and volume changes of a stabilized gully both annually and seasonally
in a small agricultural watershed (6 ha) in the southern black soil region in northeast China based on
the centimeter-level resolution of unmanned aerial vehicle (UAV)-derived orthoimages and digital
terrain models (DTMs) from 2015 to 2020. Compared with submeter-resolution satellite images, the
multitemporal UAV data exhibited strong adaptability and various advantages for the assessment
of short-medium-term (<5 years) gully erosion rates in this region. The results demonstrated
that the gully has an actively retreating headcut that was always the main source of sediment
yield. The linear, areal, and volumetric gully headcut retreat (GHR) rates were 0.74 m year !,
7.29 m? year !, and 9.66 m3 year—!, respectively. GHR in the rainy season accounted for 94.62% of
the annual linear erosion and 87.64% of the areal erosion. In particular, sidewall collapse and gully
head expansion dominated in the early rainy season, which accounted for 66.67% of the annual linear
erosion and 49% of the areal erosion. Our results provide high-resolution orthoimages and a DTM
time series produced by a UAV to evaluate short-medium-term (5 years) GHR rate and quantify the
contribution of freeze-thaw processes, snowmelt, and rainfall to gully erosion in the region. The
findings contribute to understanding the gully erosion processes induced by multiple forces in the
southern black soil region of northeast China.
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1. Introduction

Gully erosion, as one of the most destructive types of water erosion, results in a
large amount of soil loss and infrastructure destruction and has negative hydrological
impacts on watershed functions, leading to increased runoff and sediment connectivity
in the landscape. These effects increase the risk of mountain floods [1-3]. The presence
of a gully typically indicates accelerated soil erosion, which is a serious form of land
degradation. Therefore, gullies can be considered the most important indicator of land
degradation [3]. Gully erosion is a dangerous geomorphological process that can seriously
threaten life and property and is the most important geomorphic natural hazard in some
regions worldwide [4]. The black soil region of northeast China is the major commercial
grain production base in China. This region has suffered severe soil erosion due to mass
reclamation over the last 100 years [5]. As the heart of the region, the typical black soil area

Remote Sens. 2022, 14, 1479. https:/ /doi.org/10.3390/1s14061479

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs14061479
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://doi.org/10.3390/rs14061479
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14061479?type=check_update&version=2

Remote Sens. 2022, 14, 1479

2 0f23

has suffered intensive gully erosion, which has mostly occurred on sloping farmland [6].
The slope length of the sloping farmland is mostly between 300 and 500 m in this region [7].
The special climate, having four distinctive seasons, leads to seasonal fluctuations in gully
erosion induced by multiple forces, including freeze-thaw cycles, snow melting, and
rainfall. How to monitor and understand gully erosion and its changes under the multiple
forces, at the sloping farmland scale or small watershed scale, is one of the key issues for
soil conservation and land management in this region [7]. In particular, the repeated exact
measurement of the spatial patterns of erosion and deposition within the gully system
is necessary to quantify and understand gully erosion processes. Currently, there is a
lack of continuous periodic observations with a high spatial and temporal resolution for
gully erosion to obtain the erosion rates and the spatial distribution of erosion/deposition,
particularly at the watershed scale [8].

Continuous monitoring of gully erosion is a crucial step in understanding the dy-
namics of gully erosion and its prevention and control [9]. The conventional ground-
based measurement methods, such as tapes [10], microtopographic profilers [11], total
stations [12], pins [13], and differential GPS [14], are time-consuming and labor-intensive
in high-accuracy field surveys. Terrestrial laser scanning (TLS) technology, used for moni-
toring and quantifying gully morphology change over time with subcentimeter positional
accuracies, has matured considerably [15]; however, it requires expensive equipment and
more expertise and is higher in cost. Ground-based monitoring methods are typically
applicable on small scales and for short-term monitoring [14,16]. However, on larger tem-
poral and spatial scales, visual and object-oriented analyses of high-resolution satellite
remote sensing images have been used to quantify temporal changes in various gully planar
morphological parameters [17-19]. Furthermore, classical aerial optical photography has
been effectively employed for estimating the three-dimensional (i.e., volumetric) changes in
gullies with stereo image pairs [20,21]. However, meter- or decimeter-level satellite images
and aerial photographs do not allow for a comprehensive analysis [22,23]. To maximize the
resolution of remote sensing images, various low-altitude remote sensing platforms, such
as hot-air balloons [24], kites, and blimps [25], have been built. However, these platforms
have poor stability.

Compared with the above labor-intensive field measurements and satellite and aircraft
remote sensing techniques, unmanned aerial vehicle (UAV) remote sensing provides ad-
vantages such as low cost, automation, flexible system, simple operation with convenient
take-offs and landings, fast image acquisition speed, and high ground resolution [26]. Simul-
taneous advances in computer vision and photogrammetric techniques (named structure
from motion (SfM)) have enabled the fast and automatic 3D reconstruction from 2D pictures
using only consumer-grade cameras that require less expertise [27]. Various authors have
applied a combination of advanced photogrammetry and UAVs to monitor gully erosion
using UAV-derived orthoimages, digital surface/terrain models (DSMs/DTMs), point
clouds, and 3D models [28-31]. Various studies also demonstrated that SEM photogramme-
try can deliver data quality and resolution comparable with those of LiDAR but require
cheaper and lighter equipment [12,32-35]. Moreover, through the consistency among the
high-resolution UAV-derived DEMs in terms of relief, the UAV technique showed a high
level of flexibility and robustness at the watershed scale where other methods are too
destructive, expensive, or time consuming [8]. UAV remote sensing technology has the
potential for reducing the existing gap between field- and satellite-scale resolution [22].

Previous studies on the gully erosion rates in the typical black soil area of northeast
China focused on its northern and central zones, located in the rolling hills between
Songnen Plain, Da Hinggan Mountains, and Xiao Hinggan Mountains [16,36-38]. However,
little information is available on the gully erosion rates in the southern zone located in the
hills between the Songnen Plain and Changbai Mountain. Moreover, previous research
primarily focused on how individual erosional forces influence gully erosion [39-43].
The lack of short-medium-term, annual, seasonal, and periodic observations limits the



Remote Sens. 2022, 14, 1479

30f23

comprehensive understanding of the multiple forces and mechanisms of gully erosion and
the quantification of the contribution of these forces to gully erosion [7].

Thus, in this study, selecting a typical gully system located in a small agricultural wa-
tershed in the southern area black soil region of northeast China, and using multitemporal
UAV data, we aimed to (1) establish a technique chain to obtain the orthoimages and DTMs
time series with centimeter-level resolution; (2) quantitatively monitor annual and seasonal
gully changes over a five-year interval; and (3) evaluate headcut retreat rates and quantify
the contribution of freeze-thaw cycles, snowmelt, and rainfall to gully erosion.

2. Materials and Methods
2.1. Study Area

The study site is located in a small agricultural watershed of the Sancha River basin
in the Jiutai District of Jilin Province, which is situated at the southeastern edge of the
black soil region in northeast China (Figure 1A). This area is located in the hills between
Changbai Mountain and the Song-Liao Plain, where the terrain undulation is remarkable,
and the area is covered by black, meadow, albic, and dark brown soils. Geological structure
of study area belongs to transitional zone of subsidence zone in the second uplift belt
of Neocathaysian system. Dominant lithology of bedrock are siltstone, silty mudstone,
and feldspar quartz sandstone. The Sancha River basin has a mosaic of a land cover
comprising 66.2% farmland, 26.4% forest, 2.0% grassland, 2.9% water area, and 2.5% road
and housing construction area. Farmland is the primary land use. The study area has
a continental climate with an annual temperature of 5.3 °C and annual precipitation of
568 mm. During the study period (2015-2020), the average annual rainfall was 719 mm
and the average annual snowfall was 30 mm. The mean annual maximum frost depth
reaches 130cm. Because of the soil properties, land cover characteristics, and precipitation
behavior, gully erosion occurs widely throughout this area (Figure 1B). The gully density of
the Sancha River basin is 1.37 km/km?, and 56% of the total area of the gullies is covered
by vegetation [23].

In this area, the winters are cold, having an average monthly temperature of
—16.3 °C; however, summers are hot, having an average monthly temperature of
23.3 °C. The 457 mm of precipitation that falls between June and October accounts for
80.33% of the year, and therefore, we defined this period as the rainy season and the other
months as winter—spring, during which the monthly average temperature below 0 °C
occurs from November to March, followed by freeze-thaw action and snowmelt. This site
offers the opportunity to estimate the seasonal variations in gully erosion.

The small agricultural watershed covers 6 ha and the elevation ranged from 227.20
to 267.22 m (see Section 3.2.1). For observation, we selected a ramified gully system.
The monitored gully is located in east-to-west sloping farmland and near a road. The
historical satellite image shows that the gully has existed, and the surrounding area has been
reclaimed, since 1965 (Figure 1C). The slopes of the gully were bare, without vegetation,
and the edge of the gully was visible everywhere. It was an active gully. However,
most of the gully is currently covered with vegetation (Figure 1D). In the downstream
area of the gully, the vegetation is present on the gully bottom and lower sections of the
wall; however, parts of the bed are cultivated in the middle of the gully (Figure 1F). This
gully should generally be considered a stabilized gully as it is primarily characterized by
smooth cross-sectional profiles, walls overgrown with vegetation, and the morphology
has been preserved remarkably well over long periods [44,45]. However, it has an active
headcut (Figure 1E).
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Figure 1. Location of the study area. (A) Typical black soil area in China; (B) Pleiades-1A imagery
(2013) of the study area; (C) Corona KH-4A imagery (1965) of the gully; and (D) Phantom 4 RTK
UAV imagery of the gully and distribution of the ground control points (GCPs). The geographic
coordinate system and projection were set to CGCS2000_3_Degree_ GK_CM_126E. Detailed map of
Profile 1 (E) and Profile 2 (F).

2.2. Data Acquisition

For image acquisition, we acquired the UAV images using a battery-powered quad-
copter type Phantom 3 Professional (P3P, Figure 2A) or Phantom 4 RTK (P4R, Figure 2B),
manufactured by DJI company (Shenzhen, China). Table 1 provides the specifications of the
two drones. The drones had a uniform platform equipped with an active stabilizing camera
installed to compensate for system vibrations and wind-induced flight disturbances, such
that the camera was guaranteed to be always nadir-oriented and acquired sharp images.
However, the crucial difference is that the P3P carried a single-frequency GNSS receiver
and a consumer-grade IMU for navigation, whereas the P4R was equipped with a multi-
frequency GNSS receiver with the RTK that enabled the precise collection of the aircraft’s
position at the time of each photograph capture. The P4R provided a link with the RTK
network Qianxun Continuously Operating Reference Station (CORS) using a 4G wireless
network card or Wi-Fi hotspot. The built-in RTK-GNSS improved the stability and 3D
positional accuracy of the UAV and recorded the raw GNSS trajectory observations for
post-processing.



Remote Sens. 2022, 14, 1479 5o0f 23

Figure 2. Photographs of the drones and ground control points (GCPs). (A) Phantom 3 Professional
UAV; (B) Phantom 4 RTK UAYV; (C) GCPs were measured with a Trimble RTK; and (D) inset shows a
close-up of a GCP in the P3P UAV photograph from the May 2018 survey.

Table 1. UAV specifications (from https:/ /www.dji.com/cn, accessed on 5 February 2022).

Aircraft Phantom 3 Professional Phantom 4 RTK
Weight 1280 g 1391 g
. . 50 km/h (P-mode)
Maximum flight speed 16 m/s (ATTI mode) 58 km/h (A-mode)
Flight time ~23 min/sortie ~30 min/sortie

Camera sensor

1/2.3 inch CMOS with effective
Pixel of 12.4 MP

1 inch CMOS with effective
pixels of 20 MP

Camera lens

FOV 94° 20 mm (35 mm format
equivalent) f/2.8 auto focus at co

FOV 84° 8.8 mm/24 mm (35 mm
format equivalent) f/2.8-f/11
auto focus at 1 m—oco

GNSS

Single-frequency GNSS module:
GPS/GLONASS

(1) Single-frequency GNSS
module: GPS + BeiDou + Galileo
(2) Multi-frequency,
multi-system, high-precision

RTK-GNSS

We installed the GCPs over the selected gully before every airborne campaign, and
they were generally defined by a red circle on the top of a whiteboard or the opposite color
(Figure 2C). The circle was always marked with a CD with a diameter of 12 cm, which
was sufficiently visible in the UAV imagery obtained in all surveys (Figure 2D). We placed
these targets before the drone campaign on the days of every survey flight. We precisely
measured the GCPs with a Trimble RTK device by contacting the Jilin CORS (Figure 2C).
The horizontal and vertical positioning accuracies of the device were better than 3 cm
and 5 cm, respectively. We set the geographic coordinate system and projection to the
China Geodetic Coordinate System 2000 and Gauss Kruger, respectively. Furthermore, we
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used the line staking-out function of the RTK to measure Profiles 1 and 2 (Figure 1E,F) in
the last survey (4 November 2020) to evaluate the accuracy of the terrain data obtained
by the UAV.

We conducted the UAV surveys (2015-2020) between 31 October 2015, and 4 December
2020, to monitor the gully erosion (Figure 3). We used the P3P in 2015-2018 and the P4R in
2019-2020. The UAV was autonomously controlled following the predefined flight plans
set by the autopilot software to acquire images, except for the 2015 survey, for which we
manually controlled the UAV to acquire images. The two drones use different autopilot
software, named Pix4dcapture (Pix4d, Lausanne, Switzerland) and the DJIGS RTK (DJI,
Shenzhen, China) for P3P and P4R, respectively. We designed the flight missions by setting
the flight height, flight line, flight speed, picture overlap, and camera angle to ensure that
the drone could stably and accurately acquire the geomorphologic data of the gully. To
ensure sufficient area coverage, we designed the flight plans with an 80% overlap inflight
direction and a 70% overlap of flight strips. The lens of the camera was always set in the
90° position to ensure a constant downward viewing direction. The details of the fight
missions are summarized in Table 2. All flight missions were performed between 10 a.m.
and 2 p.m. to guarantee relatively consistent lighting conditions.

Seasonal variation

Winter-Spring  Rainy season ~ Winter-Spring  Rainy season

| | | |
4 \/ \' \/ \

A A A A J

Annual variation
Figure 3. Timing of the UAV surveys for monitoring gully erosion.

Table 2. Accuracy parameters of the photogrammetric processing (GSD, ground sample dis-
tance; MRE, mean reprojection error; camera optimization, relative difference between the initial
and optimized internal camera parameters; GCP, ground control point; and RMSE, root mean
square error).

UAV 31 October 4 November 27 October 19 May 28 October 19May 1July 4 November 4 November
2015 2016 2017 2018 2018 2019 2019 2019 2020
Drone P3P P3P P3P P3P P3P P4R P4R P4R P4R
Flight height (m) 40 50 50 50 25 50 80 70 40
No. images 223 509 193 333 754 280 142 203 462
calibrated
GSD (cm) 1.74 221 2.52 2.7 1.51 1.72 2.61 2.05 1.21
MRE (pixels) 0.279 0.147841 0.209 0.274 0.217 0.138 0.149 0.188 0.195
Opﬁfnﬁ‘ze;gon 7.33% 4.48% 0.43% 4.98% 3.90% 045%  0.61% 0% 0.58%
No. of GCPs 5 8 25 12 14 20 17 10 15
RMSE/X (cm) 3.94 439 3.56 2.89 3.80 0.92 0.96 2.26 1.21
RMSE/Y (cm) 7.50 3.28 2.66 3.65 3.05 1.30 0.90 2.03 0.79
RMSE/Z (cm) 6.65 3.81 457 242 1.96 2.27 2.07 2.02 1.37
Total RMSE (cm) 6.03 3.83 3.60 2.99 2.94 1.50 1.31 2.10 1.10

The precipitation data of the Jiutai Meteorological Station (Figure 4) were provided by
the Jilin Provincial Meteorological Service.
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Figure 4. Monthly rainfall at Jiutai Station (~38 km from the study site).

2.3. Data Processing

We processed a series of noncalibrated images obtained from the UAV surveys with
Pix4Dmapper software (Pix4D, Lausanne, Switzerland) to generate 3D data from 2D
images. The software integrates SfM and multiview stereo (MVS) techniques to reconstruct
3D photos. For reconstruction, we followed these processing steps: (1) identification
of homologous image points and consequent image matching; (2) reconstruction of the
camera orientation, position, and internal camera parameters and computation of the
corresponding 3D coordinates with an iterative bundle block adjustment (BBA); and (3)
dense matching of the sparse point cloud by forward intersections in space [30,46,47]. We
included high-precision GCPs in the processing by manually adding additional tie points
for georeferencing during the photogrammetric analysis. Finally, we obtained a dense point
cloud, a 3D mesh model, and an ortho-mosaic and DSM with centimeter-level resolution
and accuracy. Furthermore, we generated the DTM using machine-learning point-cloud
classification to filter vegetation in Pix4Dmapper [48]. This software is highly reliable and
increasingly widely used in the geomorphological community [28,31,49]. Afterward, we
used the produced DTMs to compute the topographic information of the gully, including
slope, aspect, watershed, and runoff pathways. We obtained this information using the
Spatial Analyst tool in ArcGIS®software.

2.4. Monitoring Geomorphological Changes

In this study, we monitored the geomorphological changes in the gully between 2015
and 2019. According to the image features combined with DTM, we manually digitized the
gully edge, particularly the headcut, to detect the morphological changes of the gully. We
also used the representative profiles of the head and downstream of the gully (Figure 1E,F)
to evaluate the geomorphological changes in the stabilized gully. We created these cross-
sections from DTMs in ArcGIS 10.

We detected the high-resolution, multitemporal, volumetric changes in the gully using
the DTM of differencing (DoD) technique [50], which is used in most geomorphological
change detection studies [51,52]. The DoD subtracts the old DTM from the new DTM,
which results in a DTM showing the differences between the two surfaces, where positive
values indicate sedimentation and negative values represent erosion. Furthermore, the
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resulting DTM can be summed to quantify the total volumetric changes. These surface
changes are controlled by the errors and topographic uncertainties of each DTM. To identify
the actual surface changes from artifacts arising from errors and uncertainties in the DTMs
and to more realistically evaluate volumetric change, we applied a threshold minimum
level of detection (minLoD) to determine the uncertainty threshold for each DoD, which we
considered a conservative method. Only the elevation changes above the threshold were
assumed to be soil erosion or deposition, whereas elevation changes beneath the threshold
were discarded. The minLoD is widely used [50,53-56] and is calculated as follows:

minLoD = tv/3p1i2 + S22 )

where minLoD is the threshold minLoD detection of significant elevation changes; t is
the confidence interval, which we set to 1.96 for a 95% confidence interval; and DTM1
and 8DTM1 are the standard deviation of the error in the new and old DTMs, respectively.
In this study, we assumed that the error for a DTM was the error obtained during the
georeferencing procedure (i.e., the root mean square error (RMSE) of GCPs in Z coordinates,
Table 2). We used geomorphic change detection software (http://gcd.riverscapes.xyz/,
accessed on 17 September 2021) to perform the calculations.

Additionally, we added some rules to improve the final calculation of change volume.
To avoid errors, we excluded vegetated areas within the gully. We only accepted erosion in
the outer part of the perimeter of the gully; this rule was comprehensively described by
Gomez-Gutierrez et al. [52].

3. Results
3.1. Accuracy Assessment

During the field campaigns from October 2015 to November 2020, the gully was
recorded by 142-754 UAV images with a flying altitude between 25 and 80 m (Table 2). We
obtained the largest number of images on 28 October 2018, because of the lower flight height
(25 m). The orthoimages and grid DSMs produced by the photogrammetric processing
provided a ground sampling distance between 1.21 and 2.61 cm. After photogrammetric
processing, we assessed the accuracy of the UAV-derived products, for which we heavily
relied on the accuracy of the photogrammetric restitution based on bundle-block triangula-
tion and DTM extraction [22]. In this study, we used the bundle-block adjustment errors,
camera optimization errors, and GCP residuals to assess precision. In the bundle-block
adjustment details, we calculated the reprojection errors, which corresponded to the image
distance between the original measured point and the reprojected point in the camera. We
used the relative difference between the initial and optimized internal camera parameters
to assess the camera optimization errors. We also evaluated the accuracy of the absolute
orientation by the GCP residuals, which indicated the remaining deviation between the
GCP coordinates measured by RTK-CORS and those retrieved from the photogrammetric
processing. We considered all directional vectors (X, Y, and Z) to calculate RMSE.

The accuracy assessment results of the UAV-derived product are presented in Table 2.
The mean reprojection errors were all less than one pixel. The initial camera models were
all within 5% of the optimized value except for those of the 2015 survey, for which the
value was 7.33%. The poorest accuracy occurred for the 2015 flight, which had the largest
GCP RMSE (6.03 cm). This was most likely owing to the UAV being flown manually, which
resulted in an inability to ensure uniform and sufficient overlap and because of a small
number of GCPs. During the field campaigns from 2016 to 2020, the total RMSE of the
GCPs ranged between 1.10 and 3.83 cm. The maximum and minimum RMSE values were
4.39 cm and 0.92 cm, 3.65 cm and 0.79 cm, and 4.57 cm and 1.37 cm in the X, Y, and Z
directions, respectively.

We used the field measurements of profiles obtained from the gully using the line
staking-out function of the RTK to obtain geodetic measured points as reference data for
analyzing the errors associated with the terrain data obtained from the UAV. We used
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22 and 31 points in the vertical error calculation for Profiles 1 and 2, respectively. The
vertical difference in the RMSE between all 53 measured geodetic points and the UAV-DSM
calculated points in 2019 was 0.72 m, whereas the average vertical RMSE of UAV-DTM
on bare ground remarkably decreased to 0.23 m after point cloud classification (Table 3).
Moreover, the vertical RMSE of Profile 1 was smaller than that of Profile 2 because Profile
1 had less vegetation cover. Comparing the error plot (Figure 5) with the corresponding
profiles in Figure 1E,F, most errors were associated with vegetation cover. The reason for
the large magnitude of some of the outliers was also clear: steep and high walls are present
in the gully, and at these steep walls, only small lateral offsets of the RTK could result
in large cross-section elevation errors, whereas the line staking-out function of the RTK
allowed for small lateral offsets. Furthermore, the shadow of the sun-diverted gully walls
affected the quality of the UAV photogrammetric analysis.

Table 3. Vertical differences in the RMSE between the geodetic measured points and the DTM/DSM
points obtained from a UAV in 2019.

DTM DSM
Accuracy
All Profile 1 Profile 2 All Profile 1 Profile 2
RMSE (m) 0.23 0.17 0.27 0.72 0.23 0.92
DTM derived from UAV DTM derived from UAV
2550, (@ Profile 1 DSM derived from UAV 2a, (b) Profile2 DSM derived from UAV
. + Field measurement by RTK Field measurement by RTK
25754 243 \
257.04
—_ — 2424 \
E E \
‘g 256.5 5 "\ 7
2 B 241 i
% 256.0 3 A1 /
o = /
255.5 - 5 / 240 Y\ /'-/
255.0 4 e e { 1 . </
4 239 A 7
2545

. . . . . T T T T T J
0 2 4 6 8 0 5 10 15 20 25

Distance(m) Distance(m)

Measurement error, ZUAV—ZRTK(m)

? St .

T T T T
DTM/Profile 1 DSM/Profile 1 DTM/Profile 2 DSM/Profile 2

Figure 5. (a,b) Vertical difference between UAV-DTM/DSM-derived surface (solid line) and geodetic
measured surface (dash line) for Profiles 1 and 2; (c) box plot of the height error (elevation difference
between UAV and field measurements) for Profiles 1 and 2.

3.2. Geomorphological Changes
3.2.1. Extraction of Topographic Information

Based on the DTM derived from the UAV data of 4 December 2020, we generated the
topographic information of the gully (Figure 6). Topographical factors have the strongest
influence on the erosion of gullies and thus are related to the pattern and rate of gully
erosion. The gully area was 9289.10 m?, and the length of the major gully was 423 m in
2020. The elevation of the gully ranged from 231.85 to 258.08 m, and the relative elevation
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difference was 26.32 m (Figure 6A). The average gradient of the gully exhibited a normal
distribution from 0° to 65.57°, and the area with a steep slope (a gradient greater than
25°) accounted for 19.03% of the total area. Near the edge of the gully head, the slope
was greater than 35° in some areas (Figure 6B). The main slope aspects of the gully were
north, northwest, and south because the gully is located on the western slope of farmland
(Figure 6C). The watershed area of the gully was 5.99 ha. We generated runoff pathways
based on the produced DTM (Figure 6D); however, only certain parts of the drainage area
actually contributed runoff owing to rainfall characteristics and the spatial configuration
of land use and soil types [57-59]. Nonetheless, the DTM captured the major landscape
behavior. For example, in the upstream area that drained to the gully headcut, we computed
a concentrated runoff pathway, which corresponds with the field observation (Figure 6E).

N
A )

Contour

Elevation(m)
o 25808

Figure 6. Topographic information of the gully: (A) elevation; (B) slope; (C) aspect; (D) watershed
and runoff pathways; (E) PAR UAV photo of a concentrated runoff pathway in the upstream area
draining to the gully headcut, obtained on 1 July 2019.

3.2.2. Morphological Changes of the Gully

The large amounts of vegetation coverage in the stable gully posed difficulties in the
geomorphologic change monitoring of the gully. We could identify the areas covered with
bare soil or a small amount of vegetation owing to the centimeter-level resolution of the
UAV orthophoto images. These areas are typically prone to be affected by geomorphological
changes (erosion or deposition). We classified the ground objects in the gully according to
their location and image features, and we monitored the headcut, sidewall, and gully bed
for geomorphological changes (Figure 7).

According to the image features, combined with DTM and the gully edge line in 2020,
we observed the geomorphological changes of the gully between 2015 and 2020 (Figure 8).
The gully head continuously eroded the farmland, and the expansion of Sidewall-1 was
relatively slow. Although the slopes of these sidewalls were steep, the edges of Sidewalls-2—
4 were relatively stable, exhibiting minimal change. By comparing vegetation cover and
runoff conditions (Figure 6E), we found that the gully headcut and Sidewall-1 were adjacent
to cultivated land (i.e., bare soil) and had catchment areas, whereas stable sidewalls were
adjacent to broad grass belts and not located on the runoff pathways. Notably, erosion
and deposition could still have occurred under the stable gully sidewall edge. We found
noticeable runoff at the bottom of the gully, and the gully width was gradually increasing.
The width at the bottom of the gully was primarily influenced by runoff discharge [60].
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Figure 7. Classification of ground objects in the gully (P4R UAV orthophoto image obtained on 19
May 2019).

4 November 2016 27 October 2017 28 October 2018 4 November 2019 4 November 2020

31 October 2015

Headcut

Sidewall-1

Sidewall-3

Guybc‘2.. .

Figure 8. Morphological changes of the gully between 2015 and 2020 based on UAV orthophotos.
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In the two selected representative profiles of the gully, we observed differences be-
tween 2015 and 2020 (Figure 9), with widely different geomorphic processes. The surface
changes of Profile 1 showed active headcut retreat over the 5 years. The area of Profile 1 in
2015 is where the headcut continued to show undercut erosion and sidewall expansion,
until 2017, when the gully bed reached its lowest elevation. Meanwhile, a V-morphology
had formed, characterized by a homogeneous and almost constant inclination of the walls
as well as a narrow gully bed. Subsequently, with further headcut retreat, Profile 1 became
smooth, and the gully bed began to widen and fill with deposits; however, the sidewalls
were still expanding. In contrast, Profile 2 maintained a U-morphology over 5 years. Ma-
terial accumulated continuously at the gully bed, and the elevation of the bottom of the
gully bed increased by 0.52 m from 2015 to 2020 (Figure 9b). Further visual analysis of
the orthophotos (Figure 1F) demonstrated the possibility of anthropogenic impacts on the
gully bed owing to cultivation. The morphology of Profile 2 was well-preserved over long
periods, indicating a stabilized gully.

(a) Profile 1 (b) Profile 2
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Figure 9. Profiles 1 (a) and 2 (b) illustrate surface changes from 2015 until 2020 in the gully. /, the
elevation difference at the bottom of the gully bed between 2015 and 2020.

3.2.3. Volume Change

The above-illustrated profiles show a representative example of many possible cross-
profiles of gully surfaces. Therefore, further evaluations were necessary to comprehensively
assess these multitemporal changes. Based on the DTMs, we detected high-resolution,
multitemporal volume changes. We observed that the gully headcut was always the main
source of sediment yield over the five-year time interval. In 2016-2017, 2017-2018, and
2019-2020, we ignored the volume changes of the gully and the bed because the bottom of
the gully was almost completely covered by an overabundance of vegetation in 2017 and
2020 (Figure 8).

The 2015 and 2019 UAV-derived DoD demonstrated a spatial pattern of large amounts
of erosion and deposition in the gully area over the four years (Figure 10). The gully
upstream was characterized by widespread erosion, with evidence of gully head cutting
as well as the expansion and slumping of the gully sidewalls (Figure 11). The gullies
midstream and downstream were characterized by deposition, with evidence of channel
width increase and material accumulation at the bottom of the gully. Overall, erosion
and deposition areas covered 20.93% and 61.24% of the total area of interest, respectively;
however, the area of interest with undetectable change accounted for 17.83% of the total.
The average depth that the gully bed lowered and raised was 0.96 m and 0.37 m, respectively.
The net volume difference for the analyzed surface was 9.78 m?, with 77.75 m3 of erosion
detected and 87.53 m3 of deposition (Figure 12). This finding implies that there was a
small net amount of sediment accumulation during the four years in the whole analyzed
gully area, which was likely due to the influence of human activities. For example, straw
from the surroundings was dumped into the gully, which we interpreted from the UAV
orthoimage (Figure 7). The area and volumetric change exhibited a normal distribution
correspondence with increasing surface values as well as a relatively uniform distribution



Remote Sens. 2022, 14, 1479 13 of 23

correspondence with lowering surface values (Figure 12). Notably, the elevation change
value was approximately zero when we used gray color owing to the application of the
DoD threshold to evaluate uncertainty.

A

DoD (m)

- 111
0 25 50 100 [a— 0
—— — -2.80

Figure 10. DoD map of the gully (elevation in 2019-elevation in 2015).

}N\ (a) 2015-2016 (b) 20162017 (¢) 2017-2018

(d) 20182019 (€) 2019-2020 (f) 2015-2020

Figure 11. DoD map of the headcut in 2015-2020.
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Figure 12. Histograms of areal and volumetric change distribution. Positive values indicate deposi-
tion, and negative values indicate erosion.

4. Discussion
4.1. Quality Evaluation of Multitemporal UAV-Based Monitoring

The use of UAVs to observe and quantify gully erosion by generating high-resolution
DTMs is now widely established. The accuracy of UAV-derived DTMs relies on some
fundamental aspects. Image quality is crucial for photogrammetric measurements and is
directly affected by the flight, shooting, and field conditions. The presented five years of
UAV surveys involved two types of UAV drones, different flight altitudes, and different
numbers and distributions of GCPs. The accuracy of the P4R-derived data was significantly
higher than that of P3P because of the built-in RTK-GNSS and additionally captured oblique
images. Capturing and including additional oblique views in the images acquired by P4R
could significantly reduce DTM errors [61]. Flight altitude may be one of the parameters
influencing precision. However, Anders et al. demonstrated that the vertical accuracy
of DSMs does not clearly differ with increasing flight altitude [62]. The distribution and
number of GCPs are important for accurate photogrammetric restitution [25]. In reality, no
clear conclusion yet exists about the relationship between the disposition and abundance
of GCPs and accuracy [63]. The number and distribution of GCPs in this study appeared
appropriate, considering the decreasing GCP RMSE. The accuracy was similar between
flights, particularly in 2019, showing the reproducibility of the products obtained by the
UAV-based photogrammetric technique. However, in this study, the usability of UAV
data for steep and overhanging gully walls was restricted owing to the limitations of the
birds-eye view. The combined use of UAV and terrestrial pictures allows the construction of
comprehensive and high-spatial-resolution gully models [30]. Moreover, in vegetated areas,
the proposed technique is not fully suitable, thereby posing a challenge for future research.
Therefore, we could only consider areas in the gully that were not affected by vegetation
in the geomorphological change detection. The combination of UAVs and LiDAR would
be promising for geomorphological change detection in vegetated areas [35]. Although
DoD analysis may underestimate erosion and deposition owing to the critical threshold
used in geomorphic change detection, the estimated sediment yield exhibited no significant
deviations [28].

In this study, we used UAV data to accurately identify and monitor five years
(2015-2020) of morphological changes in the active headcut of a stabilized gully. In con-
trast, very-high-resolution satellite images, such as Pleiades having a 0.7 m resolution, do
not allow this degree of detail. The 2015 and 2020 Pleiades satellite images considerably
improved the identification of gully erosion and even showed the change in the headcut
(Figure 13). However, this level of morphological change could not be accurately quantified
owing to various uncertainties and could not be accepted as a real change, as the position-
ing accuracy error of satellite images was typically two to three pixels, and deviation was
caused by manually digitizing the gully edge. Compared with high-resolution satellite
images, the multitemporal UAV data exhibited strong adaptability and many advantages
for the assessment of short-medium-term (<5 years) gully erosion rates in this region.
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Figure 13. Comparison of high-resolution satellite (Pleiades) and UAV images for monitoring the
gully headcut retreat between 2015 and 2020.

4.2. Headcut Retreat Rates and Environmental Factors

This “stabilized” gully has an actively retreating headcut, implying that the lower
section of the gully is stabilizing while the gully headcut is extremely active. Headcut
retreat is the major process through which the gully expanded and largely contributed to
the soil loss in the whole analyzed gully area. Based on the high-resolution, multitemporal,
UAV-derived data, we detected annual (2015-2020) variations in gully headcut retreat
(GHR), including the linear, areal, and volumetric retreat rates (Figures 11 and 14, Table 4).
The linear GHR rate in the study area, of 0.74 m year~!, was lower than the global median
GHR rate of 0.89 m year_1 ; however, the areal and volumetric GHR rates in the study area,
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of 7.29 m? year ! and 9.66 m® year !, respectively, were significantly higher than the global
median GHR rates of 3.1 m? year~! and 2.2 m® year~!, respectively [60]. Compared with
the median GHR rates worldwide, the headcut retreat we identified likely contributes more
to the soil loss with a similar linear GHR rate, primarily owing to the weak soil erodibility
resistance, concentrated rainfall, strong freeze—thaw action, undulating terrain of the black
soil region, and the long-term human activities of cultivation and overgrazing [64].

N

: 3

y
I o
Flow | direction k

Y

g Headcut borders

31 October 2015
4 November 2016
Headcut retreat ‘ 27 October 2017
distance 19 May 2018
-_~ 28 October 2018
19 May 2019
7777777777777777777777777777777777777 01 July 2019
——— 4 November 2019
— —— 4 November 2020

Figure 14. Headcut retreat between 2015 and 2020.

However, compared with the existing research on the northern black soil region of
northeast China [16,36-38], the southern region exhibited a lower GHR rate. Compared
with the northern region, the southern black soil region has higher rainfall erosivity but
a shorter slope length; the freeze-thaw duration is shorter, and the temperature differ-
ence during the thawing period is smaller [65]. With the increase in slope length, the
development space of the gully increases, and the runoff acceleration increases. Moreover,
the longer the freeze-thaw duration and the larger the temperature difference during the
thawing period, the more the aggravation of damage to the soil structure and the more the
reduction in soil corrosion resistance. The differences in terrain, freezing—thaw duration,
and temperature resulted in the rainfall erosivity having stronger and weaker effects on
gully development in the northern and southern regions, respectively [65].
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Table 4. Variations in the gully headcut retreat rate and environmental factors.

Upstream Area of the

Rainfall Annual Gully Headcut Retreat Rate

Headcut
Monitoring Period .
An'nual Ma>.(1mum Initial Final Linear Areal Volumetric
Rainfall Rainfall > 2 2 3
(m?) (m?) (m/year) (m*/year) (m°/year)
(mm) (mm)
31 October 2015-4 November 2020 719.3 77 9735.27 9698.83 0.74 7.29 9.66
31 October 2015-4 November 2016 770.9 66.1 9735.27 9728.76 1.09 6.51 28.55
4 November 2016-27 October 2017 5129 53.9 9728.76 9721.47 0.57 7.29 10.48
27 October 2017-28 October 2018 674.7 66.3 9721.47 9714.75 0.94 6.72 10.55
28 October 2018-4 November 2019 790.2 74.4 9714.75 9706.75 0.36 8.00 29.13
4 November 2019-4 November 2020 544.1 77 9706.75 9698.83 0.76 7.92 297

Through multitemporal UAV images and field investigation, we found that the land
use, soil characteristic, tillage practices, and crop types in the selected area did not change
considerably. The topographic factors, particularly the upstream area of the gully headcut,
changed slightly in this short-term study. The variations in the GHR rates were primarily
related to rainfall intensity changes (Table 4). The volumetric retreat rates were strongly
correlated with annual rainfall (R? = 0.958, P = 0.042), and the parabolic function was
similar to that in the northern black soil region [36]. However, except for the previous case,
we found no significant relationships between the GHR rates and annual or maximum
rainfall (Figure 15). One of the major reasons for this finding may be related to the short
measuring period (5 years). A meta-analysis of measured GHR rates worldwide revealed
that average GHR rates measured over short (<5 years) periods may have large (>100%)
uncertainties [59]. Another important reason for this finding is related to human activities.
The straw dumped into the gully headcut would have remarkably affected the measured
GHR rates, particularly the volumetric retreat rates.

4.3. Seasonal Variations in Gully Erosion Induced by Various Forces

Gully development processes exhibit large seasonal variations, which are induced by
multiple forces including freeze-thaw cycles, snow melting, and rainfall in the black soil
region of China [7,66]. In this study, we compared the results of six UAV campaigns con-
ducted between 27 October 2017, and 4 November 2019, to estimate seasonal gully changes
(Figure 16). The results showed that gully head expansion and net erosion dominated in
the rainy season, whereas tensional cracks developed on the sidewall in winter—spring,
without marked net erosion (Table 5); these findings are similar to those of previous stud-
ies [13,36,66]. During winter—spring, a series of tensional cracks parallel to the sidewalls
formed on the top of the sidewalls of the gully head owing to freeze-thaw processes. The
cracks further expanded due to the surface runoff caused by the spring snowmelt when
the temperature rose (Figure 17). At this time, the upper part of the gully head was almost
suspended, and it was only maintained above the sidewall by the adhesive force of the soil
layer. Only a small part of the gully head collapsed under the action of gravity and runoff
caused by the spring snowmelt and little rainfall, whereas the sidewall collapsed primarily
in the rainy season (Table 5, Figures 16a,c and 17), which was different from the processes
in the northern black soil region in northeast China [36,38]. The main reason for these
differences may be that the freeze—thaw duration is shorter and the temperature difference
during the thawing period in the southern black soil region is smaller, leading to relatively
minor damage to the soil structure [65]. The action of gravity and runoff caused by the
spring snowmelt was insufficient to cause a large number of cracked sidewalls to collapse
in the winter—spring. GHR in the rainy season accounted for 94.62% of the annual linear
erosion and 87.64% of the areal erosion in 2017-2019 (Table 5). In particular, the sidewall
collapse and gully head expansion dominated in the early rainy season (19 May-1 July
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2019), which accounted for 66.67% of the annual linear erosion and 49% of the areal erosion
(Table 5). Under the influence of gravity and runoff caused by rainfall, the suspended part
of the sidewall slid to the bottom and became vertical to the ground. As the rainfall in
the rainy season was more abundant, the runoff not only transported the accumulated
material at the bottom to the downstream area but also repeatedly scoured the lower part
of the gully head sidewall, which resulted in the upper part of the gully head being almost
suspended at the end of the rainy season (Figure 18). We consider that the cyclic process
maybe an important mechanism for gully head development, which is induced by multiple
forces in the southern black soil region in northeast China. Nevertheless, the data obtained
are limited. We will continue to investigate more gully erosion for explaining the patterns
of development of gully erosion in this region.
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Figure 15. Parabolic relationships between annual and maximum rainfall and annual gully headcut:
(a,d) linear, (b,e) areal, and (c,f) volumetric retreat rates.
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Figure 16. DoD map of the seasonal variations in the gully head (2017-2019).

Table 5. Annual and seasonal variations in gully headcut retreat.

Monitoring Period Preclijr:li:iart‘io?h(emm) : Gully Headcut Retreat '

Monitoringg Period Ll(l];f)al‘ 1(\11:25;1 Vol}.;:\;;tnc
Winter-spring 27 October 2017-19 May 2018 58.3 0.05 0.93 +7.18
Rainy season 19 May 2018-28 October 2018 616.4 0.90 5.79 10.49
Winter—spring 28 October 2018-19 May 2019 442 0.03 0.89 0.86
19 May 2019-4 November 2019 746.0 0.33 711 20.40
Rainy season 19 May-1 July 210.0 0.24 3.92 2.39
1 July—4 November 536.0 0.09 3.20 18.03

v V

Y (a) 19 May 2018 8,7 ] - \ & (b) 19 May 2019
el B _' B e ,$ 3

Figure 17. Tension crack development in the retreating headcut.
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Figure 18. Picture of the gully head acquired in October 2017.

5. Conclusions

The present work is a contribution to periodic, high-resolution, short-medium-term,
annual, and seasonal surface reconstruction for gully erosion to obtain the erosion rates and
the spatial distribution of erosion/deposition at a watershed scale. We used a combination
of multitemporal UAV images and SfM technologies to quantitatively evaluate the geomor-
phological and volume changes of a “stabilized” gully in a small agricultural watershed in
the northern black soil region of northeast China over a five-year interval. The resolution of
the UAV-derived orthoimages and DSMs ranged from 1.21 to 2.61 cm. The major landscape
behavior can be captured by the high spatiotemporal resolution products. For example, in
the upstream area that drained to the gully headcut, we computed a concentrated runoff
pathway, which corresponds with the field observation. Despite the poorest accuracy
occurring for the 2015 flight, the total RMSE of the GCPs ranged from 1.10 to 3.83 cm
between 2016 and 2020. The accuracy was similar between flights, particularly in 2019,
showing the reproducibility of the products obtained by the UAV-based photogrammetric
technique. Compared with the submeter-resolution satellite images, the multitemporal
UAV data exhibited adaptability and advantages for the assessment of short-medium-term
(<5 years) gully erosion rates in this region.

We periodically monitored, both annually and seasonally, the areas covered with
bare soil or a small amount of vegetation. The results demonstrated that GHR was the
major process through which the gully was expanding and strongly contributed to the
soil loss in the whole analyzed area of the gully. Short-medium-term (5 years) linear,
areal, and volumetric GHR rates were 0.74 m year’l, 7.29 m?2 year’l, and 9.66 m3 year’l,
respectively. The volumetric retreat rates were strongly correlated with annual rainfall
(R? =0.958, P = 0.042). Gully head expansion and net erosion dominated in the rainy season,
whereas the sidewalls tension crack development occurred in winter—spring, without
marked net erosion. GHR in the rainy season accounted for 94.62% of the annual linear
erosion and 87.64% of the areal erosion. In particular, sidewall collapse and gully head
expansion dominated in the early rainy season, which accounted for 66.67% of the annual
linear erosion and 49% of the areal erosion. However, only a small part of the gully head
collapsed under the action of gravity and runoff, caused by the spring snowmelt and little
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rainfall, whereas the sidewalls collapsed primarily in the rainy season, which was different
from the process in the northern black soil region in northeast China.

These periodic high-resolution, short-medium-term, annual, and seasonal observa-
tions considerably improve our understanding of the processes and mechanisms of gully
erosion caused by multiple forces. However, the suitability of the proposed technique in
vegetated areas is limited; therefore, combining UAV and LiDAR is a promising method
for geomorphological change detection in vegetated areas. In the future, techniques and
algorithms need to be continuously developed to better tailor the workflow to different
vegetation, shadow, and lighting conditions in multitemporal UAV-based monitoring.
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