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ABSTRACT: Gully erosion is a severe way of land degradation. Gullies threaten the
sustainability of agro-ecosystems, causing quantitative and qualitative reduction of
groundwater, farmland productivity, and waterways sedimentation. Since the gully
development on the surface begins with water flow and sheet erosion, accurate
monitoring of the erosive processes in a gully system and its quantification is key for the
development of effective strategies to control soil erosion in gullies. Here, we demonstrate
the first use of unmanned aerial vehicle (UAV) and structure-from-motion/multiview-stereo
photogrammetry to evaluate the relative contribution of the different types of erosion
(sheet, rill, and gully sidewall) in the gully development. A gully located at Lavras, Brazil,
was surveyed using a UAV equipped with a RGB camera. The Precision Maps (PM) variant
of the Multiscale Model to Model Cloud Compare (M3C2) algorithm was used to calculate
spatial changes in the soil surface topography and to quantify the volumes of sediments
lost and gained in the gully system. The point clouds showed root mean square errors of
order ~ 3 mm on xyz on check points. The spatial variation of precision along the gully
ranged from 0.006 to 0.276 m, considering the M3C2-PM uncertainty values. The results
revealed that the main source of sediment in the gully studied was due to the mass
movement processes. Rills and laminar erosions contributed 8 and 3 %, respectively,
to the total sediment yield, while the mass movements corresponded with most of the
sediment generation in the gully. Of the total sediment produced in the system, only 24 %
was stored in the gully, indicating its high activity and instability. For the first time, the
sediment sources of a gully were quantified remotely and with millimetric precision. The
UAV photogrammetry generated high-resolution measurements, allowing evaluation of
the contribution of sheet erosion in the generation of sediment of the gully. This opens up
new possibilities in the studies involving the dynamics of gullies, since the understanding
of the spatial and temporal behaviour of the erosive processes are important in the
development of control strategies and monitoring of the evolution of a gullies complex.
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INTRODUCTION

Gullies represent a significant source of sediments, especially in tropical environments
(Poesen, 2011), reaching areas of about 3.5 ha for a single gully (Lin et al., 2015). Gully
erosion can be defined as being an erosive process where the water concentrates in
the landscape, being affected by the presence of tracks and the lack of conservation
measurements in the area (Poesen et al., 2002; Valentin et al., 2005; Lin et al., 2015).
The concentrated flow reduces topsoil by the gully initiation, causing severe impacts in
farmland productivity and waterways sedimentation (Allen et al., 2018; Bastola et al.,
2018; Zabihi et al., 2019).

Long-term studies report that gullies develop randomly and are linked with the natural
mass movements associated with the removal of vegetation cover (Harvey, 1997,
Lin et al., 2015). However, gully development involves several sub-processes related to
water erosion and mass movements, such as detachment, transport, and deposition of
sediments, gully bank retreat, piping and fluting (Harvey, 1992). The complex interaction
between these sub-processes, with erosion and deposition occurring simultaneously in
the area (Gémez-Gutiérrez et al., 2012), coupled with the three-dimensional nature of
the gullies, make it difficult to measure and quantify directly in the field (De Rose et al.,
1998; Poesen et al., 2003).

Traditional methods such as pins (Desir and Marin, 2007), microtopographic profiles
(Casali et al., 2006), surveys with total stations (Ehiorobo and Audu, 2012) and
poles are being replaced by techniques based on high-resolution photogrammetry
(Castillo et al., 2012). Several studies have quantified gully erosion through
photogrammetry associated with three-dimensional soil surface reconstruction
methods, such as structure-from-motion/multiview-stereo (5fM-MVS) (Castillo et al.,
2012; Gémez-Gutiérrez et al., 2014; Kaiser et al., 2014; Di Stefano et al., 2017; Ben
Slimane et al., 2018; Siqueira Junior et al., 2019).

Through SfM-MVS photogrammetry, it is possible to elucidate better the erosive processes
that occur in the gully system, by obtaining digital elevation model (DEM) with high spatial
and temporal resolution. With recent advances in the use and availability of unmanned
aerial vehicles (UAV), the use of SfM-MVS photogrammetry to produce high-resolution
DEM has become popular in geosciences (d’Oleire-Oltmanns et al., 2012; Carollo et al.,
2015; Di Stefano et al., 2017), because it is cheap, less time-consuming, requires little
knowledge due to the automation of processes, and has similar accuracy to the most
accurate methods currently available, such as laser scanning (Castillo et al., 2012; James
and Robson, 2012; Fonstad et al., 2013).

The knowledge of the contribution rates of rills and gully sidewalls and the quantification
of sediments stored in the channels and lost from the gully system are important for the
development of effective strategies to control soil erosion in gullies (Hosseinalizadeh et al.,
2019). This spatial and temporal variation of sediments in gully development are indicators
used by land managers to identify the stage of development and stabilization of the
gully system (Betts et al., 2003). When the amount of lost sediment becomes smaller
than that stored in the channels, it indicates a stabilization of the erosive process in the
gully (Kasai et al., 2001).

Although many studies have described the formation and development processes
of gullies (Harvey, 1992; Vandekerckhove et al., 1998; Sidorchuk et al., 2003;
Conoscenti et al., 2014), few papers used the UAV photogrammetry for detailed
study of sediment sources and their movement over time in the gully environment.
Considering that gullies have a complex growth dynamic, the study of spatial and
temporal evolution through high-resolution DEMs are important for the development
of control strategies to mitigate sediment delivery in watercourses and soil erosion
in degraded areas.
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Changes in macro and microtopography of gully systems require the understanding
of the continuous process of source-transport-deposition of sediments (Valentin et al.,
2005). The objectives of this study were to use UAV photogrammetry to (1) determine
the relative contribution of rills and gully sidewalls to sediment generation; (2) quantify
the sediment volumes stored in channels and lost from the gully; and (3) quantify the
total volume of sediments produced by the gully.

MATERIALS AND METHODS

Study area

The studied gully is located in a degraded area (Figure 1) on the campus of the Federal
University of Lavras, Southeastern Brazil (21° 13’ 37.3” S and 44° 59’ 11.9” W). The
study area has a humid subtropical climate classified as Cwa according to the Képpen
Climate Classification System and an average annual rainfall of 1,530 mm. The gully
has a total catchment area of 530 m’.

Image acquisition for SfM-MVS

Images were acquired using the UAV D]l Phantom 3 Professional integrated with a
gimbal-stabilized FC300X camera with 12-megapixel (4000 x 3000) Sony EXMOR
1/2.3 sensor, 94° field of view (FOV) and 20-mm focal length. The lens aperture was
set to f/2.8 and images acquired in RAW format. Two flights were performed in the gully
area, the first in October 2017 and the second in May 2018.

To cover the complex three-dimensional (3D) area of the gully, it was acquired oblique
images, which also added to the strength of the network geometry (James et al., 2017a).
However, as a result of the multiple camera angles, the overlap percentage between
the images was highly variable (Figure 2a). Thus, the number of images in which some
point is present was used as the metric to describe the image overlap. In this study,
most areas were captured by more than 30 overlapping images because of the oblique
angles. Surveys comprised about 300 images, which reflects the complex nature of the
gully morphology. The flying height ranged between 5 and 15 m, resulting in a nominal
ground sampling distance between 2 and 6 mm.

To compare the SfM-MVS results at different times, both surveys must be in the same
coordinate system. Thus, for the georeferencing, 15 permanent ground control points
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Figure 1. Location of the study area.
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(GCP) were installed in the area (Figure 2b), with ten points used for control and five as
check points to estimate the accuracy of the point clouds by calculating the root mean
square error (RMSE). The GCP coordinates were determined by a total station (Geodetic
GD2i, accuracy 2 mm), within an arbitrary local coordinate system.

SfM-MVS point cloud generation

The 3D point clouds were generated using the SfM-MVS photogrammetry technique, which
allows the reconstruction of the topography from randomly distributed and oriented images
from uncalibrated cameras (James and Robson, 2012; Fonstad et al., 2013). The sets of
photographs were processed using the SfM-MVS commercial software Agisoft Photoscan
v1.4.5. The photogrammetric errors were calculated by the Photoscan on x, y, and z-axes
for the control, check and tie points of each SfM-MVS point cloud. The photogrammetric
parameters used in Photoscan are listed in table 1. All surface reconstructions were
done through cloud computing using a virtual machine with 24 cores, 128 GB RAM and
two NVIDIA Tesla K80 GPUs.

Change detection and 3D precision maps

The soil surface changes between the different surveys were evaluated using the
precision maps (PM) variant of the Multiscale Model to Model Cloud Compare algorithm

(a) (b) G Control point

Camera positions

point 2 —

10cm
point 3 .
oint 9
point 8 PO
point 4 point 7 point 10
point 6
point 11
point 5
point 12
point 20 .
point 13
point 21

Figure 2. Annotated computer screenshot of Photoscan showing camera positions and orientations
(a), and control point layout (b).

Table 1. Photoscan parameters settings used during the point cloud generation

Point cloud: alignment parameters Setting
Accuracy Highest
Generic preselection Yes
Reference preselection Yes
Key point limit 120,000
Tie point limit 0
Filter point by mask No
Dense point cloud: reconstruction parameters

Quality High

Depth filtering Mild

Rev Bras Cienc Solo 2020;44:e0200076 4



Candido et al. Sediment source and volume of soil erosion in a gully system using UAV...

’r-
‘
Y\

(M3C2; Lague et al., 2013), an analytical tool implemented in CloudCompare software.
The M3C2-based approach is more appropriate for detecting change in complex 3D
environments than DEM of Difference (DoD) (Lague et al., 2013). Comparisons using
DEM can overestimate errors on steep terrain since small lateral shifts can produce large
vertical differences (Cook, 2017).

The M3C2-PM algorithm finds the most appropriate normal direction for each point and
calculates the distance between the two point clouds along a cylinder of a given radius
projected along the normal. The comparisons used core points with 1 cm spacing,
a cylinder with a 30 cm diameter, and multiscale normals with radii from 0.2 mto 1 m
with a step of 0.2 m.

The native M3C2 uses a roughness-based metric to estimate precision, but this is not
appropriate for photogrammetric point clouds (James et al., 2017b). Thus, in this study,
maps of photogrammetric precision were used to obtain the confidence intervals in the
detection of changes between the surveys. The M3C2-PM approach has a greater capacity
to detect changes in areas of complex topography, such as gullies, considering the
spatial and 3D variation of survey accuracy (James et al., 2017b). A detailed explanation
of M3C2-PM is given by James et al. (2017b).

In this study, the precision estimates were derived by reprocessing the Photoscan using
DBAT bundle adjustment (Murtiyoso et al., 2018), integrated into SfM_georef (James and
Robson, 2012). The precision maps were generated through the interpolation (5-mm grid
size) of the standard deviation derived by the precision estimates. It was used median
as interpolation method to minimise the influence of outliers (James et al., 2017b).

To calculate the gully erosion volume, as well as the relative contribution of rill erosion
and mass movements, the dense point clouds were interpolated (5-mm grid size) using
the Kriging method. The zones related to each type of erosion were delimited considering
as rills channels with more than 0.01 m in width and depth (Foster, 2005) and as gullies
channels of at least 0.3 m in width and depth (Blanco and Lal, 2010). The volumes of
sediments stored and lost from the gully system were calculated using the Simpson’s
rule method (Easa, 1988), which assumed non-linearity in the profile between the grid
points. The volume calculations and maps were performed using Surferl6 software.

RESULTS

Accuracy of SfM-MVS point clouds

Both surveys had similar magnitudes of photogrammetric error (Table 2). The surveys
showed RMSE of order ~ 3 mm on xyz on control and check points, whereas the tie point
image residual root mean square (RMS) was ~ 0.6 pixels (Figure 3).

The precision maps show the spatial variation of precision on each survey along the
gully, with M3C2-PM uncertainty values ranging from 0.006 to 0.276 m (Figure 4). The
highest values were concentrated in shaded areas and at the bottom of the gully. Because
of that, the first survey was less accurate than the second one, especially in the more
complex areas.

Table 2. Photogrammetric errors of check points, control points and tie points image residuals

. . . RMSE of control RMSE of check
Date Nl'lmber of Dense. cloud RMS t.le pomts.lmage points (mm) points (mm)
images points residuals (pixel)
X Y y4 X Y z
27/10/17 277 51,002,599 0.568 4.2 2.5 1.3 4.2 4.5 2.0
26/05/18 325 65,475,214 0.561 2.8 3.3 4.5 3.2 3.5 2.6

RMS: root mean square; RMSE: root mean square error.
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Figure 3. Location of the control and check points in the study area.
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Figure 4. Precision maps showing the spatial variation of the error for both October 2017 (a) and
May 2018 (b) surveys.
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The image overlap, as well as the number of images, were sufficient to produce results
with consistently good coverage. For gully erosion studies, gaps in coverage of only
about 10-cm spacing can be problematic. The 3D reconstruction of the topography of
the most complex areas of the gully was done adequately, reproducing with fidelity the
terrain morphology (Figure 5).

Sediment source dynamics

The significant changes found by the M3C2-PM method showed a high visual correlation
with the observed differences between both DEM in the area (Figure 6). Significant
changes were detected in the topsoil, rill erosion, and in the mass movements, such as
gully sidewalls, inside the gully.

During the study period, a total of 71 m’ of sediments were generated (Table 3), and
76 % of this volume was lost from the gully system. Aimost all sheet erosion was stored
in the area, contributing with less than 1 % to the output of sediments from the gully.
Rill erosion contributed 8 % of the sediment yield in the gully, in large part being lost in
the erosion process and only 0.76 m? stored in the channels.

The mass movements, including gully sidewall erosion, corresponded to 89 % of the total
sediments produced. However, 23 % of that volume was deposited and stored in the gully
bed. Nevertheless, of the total soil loss from the system, more than 90 % was originated
from the mass displacements promoted by the gully sidewall, while rill erosion accounted
for approximately 9 % of the sediment lost. The dynamics of the gully development, as
well as the contribution of gully side wall retreat, are well represented by the difference
between the two point clouds obtained by M3C2-PM (Figure 7).

DISCUSSION

SfM-MVS measurements errors

For the study of active and dynamic environments, such as gullies, where the variations
in the soil surface are in the order of centimetres and metres, RMSE values in the order of

Figure 5. Dense point cloud showing the 3D reconstruction of complex topographic areas inside
the gully.
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Figure 6. DEMs for the two surveys and the map showing the significant change, in red, over
the studied period.

3 mm for xyz, as found in this study, are acceptable. These values are lower than those
founded by Aglera-Vega et al. (2018), who also studied topography reconstruction in
complex areas using UAV. A millimetric precision on this kind of survey is very important,
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Table 3. The relative contribution of each erosion process in the gully system between October
2017 and May 2018

Erosion process Sediments generation Sediments stored Sediments lost
m3

Sheet erosion 2.11 1.83 0.28

Rill erosion 5.69 0.76 4.93

Gully sidewall 63.39 14.38 49.01

Total 71.20 16.97 54.22

Figure 7. Point cloud showing the difference (M3C2-PM distance) between the October
2017 and May 2018 gully surveys. Colour intensity shows relative amounts of erosion (red)
and deposition (green).

because it allows the assessment of all erosion types occurring in the area, from laminar
erosion to large mass movements.

The largest photogrammetric errors, obtained in the regions of the most complex and
shaded topography (Figure 4), can be reduced by performing flights on cloudy days
with indirect light, increasing the number of oblique images and adding images taken
in different height (Castillo et al., 2012; Gémez-Gutiérrez et al., 2014; Stocker et al.,
2015; Carbonneau and Dietrich, 2017; James et al., 2017b). Moreover, in areas where
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there is large soil movement, such as the gully environment, it is advisable to use Real
Time Kinematic Global Positioning System (RTK GPS) rather than total station (with an
arbitrary local coordinate system) to collect GCP locations. This is to avoid repeatable
GCP surveys due to the soil movements, especially in points located in the bed and near
the gully sidewalls.

Source of sediments in the gully

The present study showed that the gully growth occurred towards the main erosion channels
present in the area (Figures 6). The runoff concentrated in rills or depressions has the
capacity to remove soil particles from the gully through sluicing (Lin et al., 2015). The gully
side walls usually retreat due to three processes: mass displacement, the detachment
of soil particles by splashes, or water running along gully banks (Chaplot et al., 2011).
In the studied gully, the gully side wall retreated primarily due to the mass displacement,
as showed by the M3C2-PM distance map (Figure 7). These results correspond to those
of Vandekerckhove et al. (2003) and Hosseinalizadeh et al. (2019).

In contrast to previous gully erosion studies (Prosser and Slade, 1994; Inoubli et al., 2016;
Ben Slimane et al., 2018), sediment generation in the studied gully was predominantly
by the mass displacement process due to the erosion of the gully side walls. These
results are similar to those found by De Rose et al. (1998) and Betts et al. (2003). Mass
movements of gully side walls are also recognized by Harvey (2001) as an important
process in the absence of extreme rainfall events and have been related to reactivation
of gullies.

Studies indicate that in stabilized gullies it is expected that the amount of sediment
stored in the channels will exceed the volume of soil lost in the gully system (Kasai et al.,
2001; Betts et al., 2003). In the present study, 54.22 m’ was lost from the gully system
in only 8 months of monitoring, a value similar to that was found by Ben Slimane et al.
(2018) for annual production of sediment in gullies. While just 16.97 m? of sediments
generated were stored on the system.

These results showed that the studied gully is not stabilized yet. In that way, a detailed
knowledge of the complex dynamics of gully evolution has implications for the correct
management and application of stabilization practices of gully prone areas. The accelerated
evolution of this gully demonstrates that conservation strategies should be applied in the
early stages of the gully formation before the channels deepen and the mass movement
processes accelerate the evolution of the gully erosion. Attempts to reduce the expansion
of the gullies complex become less efficient in these advanced stages.

CONCLUSIONS

This study evaluated the relative contribution of the different erosive processes that occur
simultaneously in a gully. The sediment sources of a gully were quantified remotely and with
millimetric precision. Through the UAV photogrammetry, high resolution measurements
were made, allowing to evaluate even the contribution of sheet erosion in the generation
of sediment of the gully. This opens up new possibilities in the studies involving the
dynamics of gullies, since the understanding of the spatial and temporal behaviour of the
erosive processes are important in the development of control strategies and monitoring
of the evolution of a gullies complex.

The results revealed that the main source of sediment in the gully studied was due to mass
movement processes. Rills and laminar erosions contributed 8 and 3 %, respectively, to
the total sediment yield, while mass movements corresponded with most of the sediment
generation in the gully. Of the total sediment produced in the system, only 24 % was
stored in the gully, indicating its high activity and instability.
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