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Abstract

Soail erosion is an ongoing environmental problem. To address this issue, calibrated
erosion models are used to forecast areas vulnerable to erosion and to determine
appropriate preventive measures. Model calibrations are based on erosion data
recorded using different techniques such as photogrammetry from an unmanned
aerial vehicle (UAV). In this study, the accuracy of the DJI P4 RTK UAV data was
estimated for cropland boundary conditions. Ground heights of tilled and untilled
arable land and standing water surfaces were determined using aerial surveys and
compared to terrestrial surveys conducted on site. The results revealed that untilled
soils can be accurately detected using a UAV, whereas the detection error rates

of tilled soils were 2—3 folds higher. Additionally, the width and height of linear ero-
sion tracks were measured and compared using aerial surveys and manual on-site
measurements. The erosion width of the linear tracks was accurately recorded using
a UAV whereas the erosion depth was underestimated by the digital elevation model
(DEM) generated from UAV data.

1 Introduction

Erosion of agricultural land is an ongoing and highly discussed research topic. The
collection of erosion data is important to calibrate and validate erosion models and

to estimate the influence of erosion events on the environment [1,2]. To derive the
spatial distribution and the volumetric quantity of erosion, erosion can be measured
with direct contact techniques or with indirect non-contact techniques [3,4]. The direct
method uses tools such as a metric ruler or rill meter. Especially in the early stages
of erosion measuring, studies used mechanical profile meters to measure rill and
gully cross-sections [5,6]. These tools are time-consuming due to intensive field work
and expensive due to personnel costs [7]. According to Bacova et al. [3], the major
disadvantage is the deformation of the soil surface during measurements and the
limited resolution. The indirect method uses tools such as terrestrial laser scanners
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or photogrammetric methods that lead to fast data acquisition [3]. These methods
require specific environmental and boundary conditions, such as weather and surface
conditions. To evaluate the accuracy of these indirect methods, direct measurements
were used for comparison in previous studies [7-9]. In addition, terrestrial laser data
was compared to photogrammetric data [10—13] and the studies assume that photo-
grammetry is less costly but produces similar results in terms of accuracy.

Accuracy investigations of photogrammetry using UAVs were conducted in sev-
eral studies. For the UAV ‘DJI P4 RTK’ used in this study, DJI [14] stated that the
photogrammetry of the UAV can record surfaces with a vertical variance of £1.5cm
(+1ppm) and a horizontal variance of £1cm (+1ppm). To achieve these values,
optimal satellite configurations and optimal reception of real-time correction data are
required [15]. For the accuracy of the UAV data, studies indicate variances of 2-3cm
for asphalt and grassland [15], observed vertical variances of 2cm and horizontal
variances of 1.2cm on a solid surface [16], and suggested maximum vertical and
horizontal variances of 4-5cm for a facade [17]. To improve accuracy, some studies
have focused on the usage of ground control points (GCP) [18-20]. These are linked
in UAV images for additional georeferencing. Stroner et al. [20] indicate that horizon-
tal measurements are adequate, but vertical variances are insufficient without GCP.
Consequently, a combination of RTK (real-time kinematic) and GCPs provides the
best results [20]. Martinez-Carricondo et al. [19] suggest one GCP at each edge of
the investigation area to minimize altitude errors. For the evaluation of the errors, the
root mean square error (RMSE) and the mean absolute error (MAE) are widely used
statistical values. The RMSE is better for (normal) Gaussian errors and the MAE for
Laplacian errors [21]. However, it is common to present both values and leave it up to
the reader to choose which error value to use.

UAV-based photogrammetry presents a balance of resolution and efficiency and,
consequently, a good compromise between field measurements and satellite-based
remote sensing [22,23]. The photogrammetric method results in digital elevation
models (DEM) and orthophotos with a high resolution of a few centimeters [22] and
provides a good opportunity to measure soil surface changes [24].

Erosion structures have been investigated using different indirect methods, such
as specifically designed kites [25], fixed-wing aircrafts [23,26], and UAVs [4,24].
These observation data were used to detect and monitor (gully) erosion [22,27,28].
[25] recorded different gully geomorphology and pointed out that the shadow of gul-
lies negatively influences photogrammetric methods. Another study reported inaccu-
racies due to vegetation, water, and small-scale textures [29]. A study on the Chinese
Loess Plateau [22] indicated the influence of different terrain characteristics on the
accuracy of the UAV data.

This study focuses on evaluating the accuracy of the DEM derived from photo-
grammetric data collected by the DJI P4 RTK UAV for erosion surface conditions,
specifically bare soil of croplands and linear erosion tracks. In order to apply the
observed erosion quantity data in erosion model calibration or validation, it is cru-
cial to estimate the errors present in the observational data. The surface structure
is particularly important for this estimation [22], so the focus was on erosion surface
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conditions, such as bare soil with tilled and untilled surfaces. Both tilled and untilled surfaces are potentially present in the
case of an erosion event. The use of UAV-based photogrammetry was considered suitable due to its capability to gener-
ate high-resolution DEMs necessary for studying soil microrelief. Aerial surveys were conducted on three bare soil fields
with tilled and untilled soils as well as in an area with standing water and steep slopes. The latter test was used to assess
how remaining water from a previous heavy precipitation event might affect the accuracy of erosion extent estimated by
photogrammetry. The quality of these surveys was validated by comparing them to terrestrial measurements, as previ-
ously done in other studies [7-9]. The high geospatial accuracy of the selected UAV made it ideal for these comparisons.

Furthermore, the study aimed to examine the accuracy of linear erosion width and depth in UAV-based DEMs. Crop-
lands spanning several hectares with erosion tracks were recorded using the UAV and the erosion tracks were measured
using the direct method. By comparing the UAV-derived measurements of linear erosion tracks to those obtained with a
metric ruler, the study assessed the accuracy of the UAV-generated DEM for erosion tracks, in particular. The objective of
this part of the study was to investigate the accuracy and usability of the DJI P4 RTK for erosion investigations and iden-
tify potential uncertainties in erosion recording.

2 Materials and methods

In this study, the accuracy of a UAV-generated DEM was investigated for tilled and untilled soil, as well as linear erosion
tracks. Direct measurements were used as a benchmark. All investigated fields are located in southwestern Germany, in
the federal state of Saarland. Two measurement series were conducted: i) To analyze the accuracy of the UAV-generated
DEM due to tillage and water, four investigation areas were selected. These croplands were known by municipalities to
experience erosion and are marked as Fields A-D in Fig 1; ii) To analyze linear erosion, six fields were selected. These
fields were affected by real erosion events occurring over a period of two years and are marked as Fields 1-8 in Fig 1.
Field 5 and 7 were excluded from this study because no manual measurements were conducted on these fields.

Prior to the surveys, permissions for the investigations were obtained from the tenant of each individual field.

2.1 General evaluation method

The UAV used in this study was a DJI Phantom 4 with real time kinematic (P4 RTK). The UAV is equipped with a built-in
camera (1-inch CMOS sensor, effective pixel of 20 M, 24 mm wide-angle lens) and an RTK system for improved geospa-
tial data [14]. The positioning precision was further enhanced by using a combination of the UAV and DJI D-RTK 2 mobile
station. The output coordinate system for all aerial surveys was WGS84 with ellipsoidal heights. Since terrestrial surveys
were conducted in the DHDN 3, Gauss-Kruger Zone 2 coordinate system (EPSG: 31466), the aerial surveys were trans-
formed to this coordinate system and the German height system, DHHN2016.

All aerial surveys in this study were conducted in 2D mode, where images are recorded perpendicular to the ground.
For the study on the water surface (Section 2.2), an additional survey in 3D mode was conducted. In 3D (multi-oriented)
mode, the UAV initially records images in 2D mode and then takes additional images by rotating the camera gimbal by
30°. These additional images are recorded from four sides of the investigation area.

In the post-processing of the aerial surveys, the structure from motion (SfM) technique using Agisoft Metashape Pro-
fessional software (Agisoft LLC, St. Petersburg, Russia) [30] was used. The photos taken by the UAV were aligned, and
a dense cloud was built. From this dense cloud, a digital elevation model (DEM; referred to as UAV DEM) and an ortho-
image were generated. The software settings were configured based on Agisoft’s specifications, matching those used in
previous studies [20], and are presented in Table 1.

2.2 UAV accuracy due to tillage and water surfaces

To estimate the accuracy of elevation measurements using the UAV, aerial (indirect method) and terrestrial (direct method)
surveys were carried out at different investigation fields. Elevation measurements were compared and analyzed to
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Fig 1. Overview of investigation areas. All areas are located in southwestern Germany, in the federal state of Saarland. Fields marked with green
dots and labeled A-D are used for the investigations of different tillage and water surfaces (Section 2.2); Fields marked with purple stars and numbered
1-8 are used for linear erosion measurements (Section 2.3). Basemap: Reprinted from BKG under a CC BY license, with permission from BKG, original
copyright 2025. © GeoBasis-DE/ BKG (2025) CC BY 4.0.

https://doi.org/10.1371/journal.pone.0329286.9001

evaluate the UAV DEM accuracy. Three croplands with bare soil (Fields A—C in Fig 1 and Fig 2A—C) and one flood control
reservoir with standing water (Field D in Fig 1 and Fig 2D) were selected for the study.

All fields were investigated in the spring. Field A was tilled (Fig 2A), Field B was half tilled/half untilled (Fig 2B), and
Field C was completely untilled (Fig 2C). Vegetation was absent, except for a thin moss layer on parts of Field C. The
fields ranged from 3 to 5 hectares in size, with steep slopes, in average between 12 and 18.5%.

To reduce errors caused by vegetation in neighboring areas, the perimeter of all investigated fields was buffered inside
(outlined in red in Figs 2A-C).

An important quality factor for aerial surveys is reproducibility. Thus, the UAV investigations on cropland were per-
formed twice consecutively in each field to examine reproducibility. Both flights were carried out in the 2D mode, with
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Table 1. Agisoft Metashape software settings used for the generation of the UAV DEM and
orthoimages.

Setting Value
Align Photos
Accuracy High
Key point limit 40,000
Tie point limit 8,000
Optimize Camera Alignment Fit f, cx, cy, k1-4, p1-2
Build Dense Cloud
Quality High
Depth filtering Aggressive
Build DEM
Projection Geographic
Source data Depth maps
Quality High
Interpolation Enabled
Build Orthomosaic
Surface DEM
Blending mode Mosaic (enable hole filling)

https://doi.org/10.137 1/journal.pone.0329286.t001
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Fig 2. Investigation areas for the analysis of the influence of tillage and water surfaces. Investigated croplands (A, B, and C) and flood protection
system (D) marked with the respective investigation area (red outline). Terrestrial measured points are marked as blue dots and the cross sections in
Field D as blue dashed lines. Ground control points (GCP) used for the positioning of the UAV are marked as green diamonds. The orthophotos that
serve as background map are the results of the aerial surveys.

https://doi.org/10.1371/journal.pone.0329286.9002
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consistent settings and the usage of an RTK-fix throughout the entire flight. Further analyses, independent of reproducibil-
ity, were conducted using the data from the second aerial survey.

Additionally, 2—3 GCPs per hectare (marked with green diamonds in Fig 2) were recorded using the Global Navigation
Satellite System (GNSS) receiver ‘Trimble R6’. This receiver achieved standard deviations of 1.4 cm in position in prelim-
inary tests. According to literature (see Section 1), these GCPs can enhance UAV accuracy. To confirm this and analyze
the impact, the post-processing of the aerial survey was conducted with GCPs to enhance accuracy in one analysis and
without GCPs in another analysis.

Parallel to the aerial survey, all fields were surveyed terrestrially with the total station “Trimble S7’ approximately ina 5 m
grid. In Fig 2, these terrestrial survey points are marked by blue dots in each investigation field and serve as a reference.

To verify the UAV DEM accuracy, the survey points from the total station were compared with corresponding points in
the UAV DEM, with a total of 3470 points (1619 and 1851 points for untilled and tilled soil, respectively). Elevation data
from the UAV DEM was extracted at the total station survey points using the point sampling tool in the geo-information
system QGIS [31]. This method was also used in literature [7] and, therefore, used for all comparisons of point and DEM
elevations.

The flood control reservoir area (Fig 2D) has an extension of 0.2 ha. The surface consists of grassland with varying
slopes, as well as stagnant and turbid water areas. The grass was cut the day before the surveys to minimize vegetation
interference. Some vegetation in the water areas was not removed, resulting in localized measurement errors in this area.
Similar to the investigations on arable land, aerial and terrestrial surveys were conducted concurrently. UAV flights were
conducted in both 2D and 3D modes. The data collected was used to compare the different flight modes. For this terrestrial
survey, the total station ‘Trimble M3’ was used to measure points across the entire area at significant locations, around the
water level, and at the ground of the water reservoir. Two cross-sections (indicated by blue dashed lines in Fig 2D) at the
steep slope and water area of the reservoir were used to compare the terrestrial and aerial measurements in 2D and 3D
modes.

Details of all study areas and flight metrics are provided in Table 2.

2.3 Analysis of linear erosion measurements

Measurements of eroded croplands are crucial for achieving the main objective of using erosion data from natural events
for model calibration. In this study, six eroded croplands without vegetation were investigated over a period of two years.

Table 2. Details of study areas and flight metrics for Fields A-D.

Field A B Cc D
Mode 2D 2D 2D 2D 3D
DEM extent [ha] 10.35 12.58 8.5 3.57 5.57
Investigated area [ha] 1.92 3.09 3.05 0.2
Investigated measuring points 893 1308 1269 182
Flight date 19 March, 2021 02 March, 2021 22 March, 2021 25 June, 2021
Flight height [m] 50 50 50 50
Number of pictures 300 311 228 168 399
Overlapping [%]
Horizontal 70 70 70 70 70
Vertical 80 80 80 80 80
Speed [m/s] 3.9 3.0 3.9 3.9 3.9
Obtained resolution UAV DEM [cm/pX] 3.3 3.8 3.6 4.1 4.7
https://doi.org/10.1371/journal.pone.0329286.t002
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Aerial surveys were conducted using the DJI P4 RTK. The survey and photogrammetry processes in Agisoft Metashape
Professional resulted in the generation of a DEM and orthoimage of the investigated area (see Section 2.1). Both grids
have a resolution of a few centimeters that allows the clear visibility of linear erosion on both the orthoimage and the DEM
(Fig 3).

Groove depth and width are essential measurements for accurately calculating erosion volume. To ensure quality
control of these measurements, manual on-site measurements using a measuring stick were compared to the depth and
width of grooves in the UAV DEM and orthoimage. The measuring points were located in six fields, with Field 1 being a
potato field with bare soil and Fields 2, 3, 4, 6, and 8 being cornfields with bare soil or sparse vegetation. In total, 48 and
44 points for groove depth and width, respectively, were recorded. The precise location of the measuring points is essen-
tial due to the partly immense heterogeneity in different parts of the grooves. Thus, the positions of the on-site measure-
ments were recorded using the GNSS receiver ‘Trimble R6’. As mentioned before, an accuracy of <1.4cm of the position
was possible. With the RTK system of the UAV, this point can be accurately represented in the UAV DEM with erosion.
The groove width and depth were determined from cross sections in the DEM at the measuring points of the manual
measurements.

3 Results and discussion
3.1 UAV-generated DEM accuracy due to tillage and water surfaces

The analysis of investigations on arable land with bare soil (Fields A—C) produced results regarding the i) reproducibility
of UAV flights, ii) accuracy of the UAV DEM with and without GCPs, and iii) influence of tillage. Investigations of standing
water in Field D produced results regarding iv) accuracy of recorded water surfaces and vegetation, and v) accuracy of
photogrammetry in 2D and 3D modes.

Reproducibility. For each of the investigation areas A—C, two consecutive flights were conducted and the photos from
the UAV were used to create two DEMs without the use of GCPs. In Field A, the elevations in the DEM from the second
flight are lower than those from the first flight. In Field C, the opposite is true, while in Field B, there are clusters where
the elevations from either the first or second flight are higher. There is no discernible pattern, and tillage does not seem
to have any influence. A comparison of all DEM grid cells (Field A: 21,044,504; Field B: 16,774,663; Field C: 20,115,771)
shows a RMSE of 0.96 cm indicating a low scattering effect. Additional statistical values are available in Table 3, under the
‘reproducibility’ row. This error could potentially occur in all flights.

Accuracy with and without GCPs. To analyze the influence of GCPs on the accuracy of the DEM, post-processing of
the second aerial survey was conducted with and without GCPs. For the DEM without GCPs, the same DEM used for the

)
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Fig 3. Recorded linear erosion track on Field 8. The erosion track is clearly visible on the orthoimage (A) and the DEM (B) generated using photo-
grammetric UAV data.

https://doi.org/10.1371/journal.pone.0329286.9003
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reproducibility analysis was used. A new DEM was processed for the DEM with GCPs. At the locations of the terrestrial
survey points, both the UAV with and without GCPs were scanned for their elevations and compared to the directly
measured terrestrial elevations. The results indicate that the DEM with GCPs aligns better with manual measurements
compared to the DEM without GCPs. For untilled and tilled soil, the RMSE improved from 4.99cm to 1.91cm and from
7.52cm to 4.63 cm, respectively. Additional statistical values are available in Table 3, under the ‘Accuracy UAV DEM’ rows.
The negative mean value suggests that the elevations in the generated DEM tend to be higher than the directly measured
elevations. Measurements with GCPs demonstrated the best performance in these investigations and were used for
further analysis. This result is consistent with findings from previous studies [19,20]. In a study by Liu et al. [22], vertical
RMSE values of 24.5cm and 33.9cm were observed for different locations using a microdrone md4-1000 and GCPs,
which are higher than the values in this study. However, the mean values are 2cm and 3cm and show less deviation
compared to the RMSE. The errors indicate that the mean value is similar and the values show a higher scatter in the
study of Liu et al. [22]. The discrepancies may be attributed to the UAV used, study area, and flight height. In another
study [19], the influence of the amount and distribution of GCPs was investigated using an octocopter. For a comparable
stratified distribution with 2 GCPs/ha, they obtained a vertical RMSE of 4.3 cm. This value aligns with the results of this
study. By using the DJI P4 RTK UAV that was also used in this study, Stroner et al. [20] observed mean deviations of
-1.8cm and standard deviations of 2.8 cm for vertical checkpoints in a rural area, further confirming the results of this
study. The consideration of GCPs is very time-consuming [22], both for recording and marking the GCPs in the UAV
photos. However, GCPs are important to consider when evaluating the accuracy of the UAV DEM.

The influence of tillage is analyzed in the following section.

Influence of tillage. Significant differences in accuracy were determined for measurements on tilled and untilled soils,
indicating that the accuracy of UAV DEMs depends on tillage (Table 3, under the ‘Accuracy UAV DEM’ row). Fig 4A shows
the differences between terrestrial survey elevations and UAV DEM elevations (with GCPs). The average absolute errors
(MAE) were 1.45cm and 3.90 cm, while the root mean square error (RMSE) values, indicating scattering, were 1.91cm
and 4.63 cm for untilled and tilled soils, respectively. For even and more solid surfaces, deviations suggested in the
literature (see Introduction) were confirmed. The results are consistent with Khanal et al. [7], who used a DJI P4 (without
RTK) and indicated varying accuracy for road and non-road surfaces, with a RMSE of 4.4 cm on even road surfaces and
19.7 cm on other areas. Uneven, soft soil surfaces led to lower quality results. These differences could be attributed to
shades of field grooves, as observed in a previous study [25], and modifications in soft soil during manual total station
measurements in the field. This modification can affect aerial surveys and lead to errors between aerial and terrestrial

Table 3. Statistics of vertical error values for different accuracy analyses. Min=Minimum, Max=Maximum, Mean =Mean value, MAE =Mean
Absolute Error, RMSE=Root Mean Square Error (all values in meter).

Min Max Mean MAE RMSE
Reproducibility -0.7704 0.2346 0.0015 0.0119 0.0096
(Flight 1 — Flight 2, without GCP)
Accuracy UAV DEM
Untilled — with GCP -0.0664 0.0461 -0.0074 0.0145 0.0191
Untilled — without GCP -1.1847 0.0325 -0.0161 0.0224 0.0499
Tilled — with GCP -0.3367 0.0875 -0.0358 0.0390 0.0463
Tilled — without GCP -0.2315 0.0540 -0.0645 0.0655 0.0752
Accuracy DEM1 (reg. authorities)
Untilled -0.4660 0.0940 -0.0785 0.0818 0.0980
Tilled -0.2400 0.1080 -0.0587 0.0662 0.0817

https://doi.org/10.1371/journal.pone.0329286.t003
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surveys. This main disadvantage of the direct method [10] could not be avoided. For accurately recording erosion on bare
soil, better results can be expected when erosion tracks occur on untilled and even soil surfaces.

Furthermore, comparisons of survey points with pursuant points from a 1 m grid DEM provided by regional authorities
were conducted (Table 3, under the ‘Accuracy DEM1, reg. authorities’ row, and Fig 4B). The 1 m DEM is often the only
data available as a basis for modeling. This DEM was situated predominantly higher than the terrestrial survey points. In
total, the differences between terrestrial survey points and the 1 m DEM are higher than the differences between terres-
trial survey points and UAV DEM. One reason is the lower resolution of the 1 m DEM. This raster cannot display specific
points or centimeter resolutions. Another important reason is the temporal gap between recording operations in 2016 for
the 1 m DEM and March 2021 for Fields A—C. The tillage of arable land had less influence on accuracy differences from
the 1 m DEM compared to the UAV DEM. Comparisons correspond better for tilled soil than untilled soil, but caps and fli-
ers in the boxplots are similar (Fig 4B). Differences of up to 20 cm were observed, consistent with the accuracy statement
of the regional authority [32].

Accuracy of water surfaces and vegetation. During the aerial survey of the flood control reservoir, the river water
was stagnant, dark, and turbid. Comparisons of aerial and terrestrial survey points revealed that the UAV surveys of turbid
water only captured the water surface. Vegetation on banks and foreland could cause measurement errors because only
the surface of the vegetation was recorded. Fig 5 shows two examples of cross sections in the flood control reservoir. The
position of the cross sections is shown in Fig 2D. Both cross sections show terrestrial survey points (black) and the water
level height (blue line) on the day of the investigation. Aerial surveys in 2D (purple, dashed line) and 3D mode (orange
line) are shown as well. In the middle of the water surface, aerial survey elevations align with the water surface. However,
at the edges of the water surface, aerial survey elevations are influenced by vegetation. In the transition zone between the
water and the bank, grass that could not be mowed resulted in measurement inaccuracies. These inaccuracies, caused
by vegetation and water, are consistent with the results of previous studies [29].

In the context of erosion measurement, water surfaces, resulting from a precipitation event, can lead to errors. Depend-
ing on the water depth in erosion tracks, the erosion depth can be underestimated, because water surfaces are recorded
during the aerial survey. As this circumstance can be a disadvantage of the method, it is recommended to conduct an
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Fig 4. Calculated difference between terrestrial survey elevations and pursuant elevations from (A) UAV DEMs and (B) 1 m DEM provided by
reg. authorities. There is a separate analysis for untilled (blue) and tilled (pink) soils. Negative values represent DEM elevations that are higher than
terrestrial elevations.

https://doi.org/10.1371/journal.pone.0329286.9004
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aerial survey for the erosion record one day after the event to avoid any water residues. According to DWA [33], a maxi-
mum of 3 days should not be exceeded.

Accuracy 2D and 3D UAV mode. For flat and lightly vegetated surfaces, the measurements of flights in 2D and 3D
modes aligned well (Fig 5). There were no significant differences in slope changes observed in either mode. However,
dense vegetation in the water area resulted in different elevations in 2D and 3D mode measurements. In the 3D mode,
measurements often displayed enveloping lines for the tallest vegetation, while the 2D mode showed fluctuations in
vegetation heights. This discrepancy can be attributed to the number of images and different camera angles in the 3D
mode. Therefore, the 2D mode is only suitable for soil surfaces lacking vegetation. The comparability of results between
2D and 3D modes is an advantage, as aerial surveys in 2D mode are less time-consuming for recording and post-
processing when using GCPs.

The investigations and analyses conducted showed that using the DJI P4 RTK represents a good option for investigat-
ing arable land with centimeter accuracy. However, potential errors arising from water and vegetation must be excluded.
Erosion typically occurs on bare soils without any vegetation to protect them from rainfall. Therefore, the negative influ-
ence of vegetation on accuracy may often be neglected. For bare and untilled soils, as they may occur during heavy
precipitation periods, the study reveals an average absolute deviation of 1.5cm. For a 20 m long and 1 m wide gully, this
equates to an erosion volume of + 0.3 m? of soil and a mass of 390kg (assuming a density of 1,300 kg/m?).

3.2 Analysis of linear erosion measurements

For the quality assessment of erosion tracks, erosion fields were surveyed using the UAV one or two days after the heavy
precipitation event. The groove width and depth were measured in the generated UAV DEM and manually with a measur-
ing stick. Fig 6 shows a comparison of groove width (A) and depth (B) measurements obtained from the UAV DEM and
the measuring stick (manual). The groove width is often easily recognizable in orthoimages and aligns well with manual
measurements. Deviations in Field 3 occur because groove boundaries were washed out at the foot of the slope and
partly covered with sediment. Thus, clear boundaries are difficult to define on the orthoimage. The manual rill width mea-
surements range from 17 to 350 cm. In total, the indirect measurements correspond well for the rill width, with an RMSE
of 10.8 cm for rills that are up to 350 cm wide. Additional statistical values are available in Table 4. The manual rill depth
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Fig 5. Comparison of measurements at cross sections in Field D. Measurements with the UAV in 2D mode are shown with a purple, dashed line,
3D mode with an orange line, and terrestrial survey points with black dots. Blue lines indicate the water level on the day of the surveys.

https://doi.org/10.1371/journal.pone.0329286.9005
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Fig 6. Comparison of DEM and manual measurements for (A) groove width and (B) groove depth.
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measurements range from 4 to 20cm. A comparison of depth measurements shows that the UAV DEM underestimates
groove depth with an RMSE of 2.13 cm for rills up to 20cm (Table 4). However, Field 1 shows several measuring points
that overestimated the groove depth. A possible reason for this discrepancy is the instability of the surface caused by fur-
rows in the potato field. Measuring points on other fields also overestimated groove depth when the groove was washed
out at the foot of the slope. In this case, the derivation depends on the individual. The narrower the groove, the greater
the likelihood that the measuring points of the DEM would underestimate the groove depth. This could be caused by the
shadowing of the groove [25]. Additionally, the reflection of gullies can be affected by their deep location and small terrain
openness [22]. Aerial surveys have produced lower depth values, leading to an underestimation of the total groove depth
and erosion volume, ultimately resulting in a minimum volume.

4 Conclusions

In this study, accuracy investigations were conducted using the DJI Phantom 4 RTK UAV. The results showed centimeter
accuracy of the UAV-generated DEM for even surfaces and less accurate measurements for tilled soils. As erosion often
occurs due to poor vegetation on arable land, vegetation does not adversely affect aerial measurements. Thus, aerial sur-
veys of erosion using a UAV and photogrammetry are a useful method. For erosion measurements, the lack of shadowing
and even surfaces without harrowed and plowed soil are advantageous. Comparisons of groove measurements showed
that DEMs derived from recordings using a UAV reproduced groove width well. However, groove depth was underesti-
mated compared to on-site direct measurements.

Collecting and recording natural erosion provides a foundation for the calibration of erosion models. With these mod-
els, appropriate simulations can be achieved to obtain information on areas at risk of erosion, which can be the basis for
implementing countermeasures.

Table 4. Statistics for the difference between UAV and manual measurements of groove width and depth. Min=Minimum, Max=Maximum,
Mean=Mean value, MAE =Mean Absolute Error, RMSE =Root Mean Square Error (all values in meter).

Min Max Mean MAE RMSE
Rill width -0.50 0.40 0.0037 0.0521 0.1083
Rill depth -0.0490 0.0360 -0.0074 0.0170 0.0213

https://doi.org/10.1371/journal.pone.0329286.t004
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Limitations

There are limitations in the application of UAVs for recording arable land that must be taken into account. UAV positions
may have been adversely affected by wind gusts in some measurements. In addition, erosion often occurs during heavy
precipitation. Recording erosion tracks is weather-dependent and can only be performed once the precipitation has
stopped. It cannot be ruled out that changes in the fields were made between the erosion event and the measurements.
The consideration of GCPs is very time-consuming [22]; both for recording and marking the GCPs in the UAV photos.
Linear erosion can be affected by shadowing [25], deep location, and small terrain openness [22] (see Section 3.2). This
study also demonstrated the impact of water and vegetation surfaces on aerial survey outcomes (see Section 3.1).
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