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Abstract: Soil erosion by water is one of the main soil degradation processes worldwide, which leads
to declines in natural soil fertility and productivity especially on arable land. Despite advances in
soil erosion modelling, the effects of compacted tramlines are usually not considered. However,
tramlines noticeably contribute to the amount of soil eroded inside a field. To quantify these effects we
incorporated high-resolution spatial tramline data into modelling. For simulation, the process-based
soil erosion model EROSION3D has been applied on different fields for a single rainfall event. To find
a reasonable balance between computing time and prediction quality, different grid cell sizes (5, 1,
and 0.5 m) were used and modelling results were compared against measured soil loss. We found
that (i) grid-based models like E3D are able to integrate tramlines, (ii) the share of measured erosion
between tramline and cultivated areas fits well with measurements for resolution ≤1 m, (iii) tramline
erosion showed a high dependency to the slope angle and (iv) soil loss and runoff are generated
quicker within tramlines during the event. The results indicate that the integration of tramlines in
soil erosion modelling improves the spatial prediction accuracy, and therefore, can be important for
soil conservation planning.
Keywords: water erosion; wheel tracks; physical-based model; Weichselian till; erosion prediction;
management effects; soil degradation; soil conservation; erosion and sediment control

1. Introduction
Soil erosion by water is recognized as the most threatening land degradation process
worldwide [1–3]. More than 20% of global agricultural areas [4] and 40% of arable lands are
affected from water erosion [5,6]. By reducing soil infiltration rates, water-holding capacities, soil depth,
and the nutrient and organic matter content, soil productivity can strongly be reduced or even make
land unsuitable for cultivation [7–9]. Additionally, soil loss by water has negative indications for a
wide range of other ecosystem services [10–12]. Eroded sediments can also carry nutrients, pesticides,
and other harmful chemicals into adjacent surface waters, where they can present serious problems in
water quality, threatening habitats and human health [3]. Recent studies show that soil erosion can
also play a significant role in nutrient and carbon cycles [13], although the net effect of erosion and
deposition in the carbon cycle is still a subject of debate [2,14,15]. Current trends in the intensification of
agriculture [16,17] and climate change are expected to increase the risk of soil erosion and its frequency
and change its spatial pattern (e.g., [18–21]).
A detailed understanding of the pathways and generation of surface runoff and sediment
is therefore essential to ensuring sustainable use of the soil resource base in the face of growing
demand [6,7,22]. For the development of conservation strategies for areas prone to soil erosion,
models have become indispensable tools since the 1990s [8]. Model development has helped to
structure our understanding of the fundamental factors and their interrelationships that affect soil
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erosion [23]. Further, modeling assists assessing potential land use adaptations in response to future
climate changes, and associated variations in the temporal and spatial distribution of precipitation
patterns and intensities [24]. Various models for qualitative and quantitative erosion prediction
(e.g., USLE, openLISEM, GeoWEPP, EROSION 3D, WaTEM/SEDEM, etc.) are available and can be
applied at various scales (e.g., [25–27]) and on a variety of spatio-temporal levels [28–30].
One major process however, which is rarely investigated in soil erosion modelling is the effect
of soil compaction from field management induced wheel tracks [3,22]. Soil compaction may occur
during any field traffic activity (e.g., tillage, spraying, harvest), when the applied soil stress exceeds
soil strength. Compaction decreases pore volume, while increasing soil density [31]. Accompanied by
an increase of soil density, various soil properties and functions also change: air capacity, field capacity,
infiltration rate and air permeability all decrease, resulting in restricted subsurface flow, which increases
the velocity and amount of surface runoff and intensifies soil erosion [32–34]. The spatial distribution
of wheel tracks are normally classified into (i) headlands with chaotic crosswise patterns and (ii) inner
field with long linear structures parallel to the field boundary. After tillage and sowing most wheel
tracks are not visible anymore, only the tramlines (permanent tracks used for spraying and fertilizing)
are recognizable at the soil surface. Depending on the intensity of field management, tramlines are
employed about 5–15 times a year [35,36]. The high amount of wheel passages throughout the growing
season results in human-made predefined flow paths [37,38]. Depending on their angle to the slope,
tramlines can also redirect surface runoff [22,39,40]. Unfavorable soil properties combined with a
missing vegetation cover throughout the growing season make tramlines highly prone to soil erosion.
Steinhoff-Knopp and Burkhard [12] presented results from an ongoing long-term erosion-monitoring
program in Lower Saxony (Germany), which started in 2000 and currently comprises 1275 field years.
They concluded that the frequency of soil erosion events, highest loss rates and rill formation were
mainly linked to tramlines and thalwegs. They stated that 60% of all arable land in Lower Saxony is
affected inside and alongside these artificial pathways. This findings are in line with several other
studies (e.g., [37,38,41–43]). Thus, it can be concluded that uncovered tramlines are major pathways
for runoff and sediment transport, playing a significant role in soil erosion dynamics and are related to
spatially and temporally varying patterns of soil erosion.
However, the modelling of soil erosion inside the individual tramlines at the field or larger scales
is challenging. Suitable models are needed that enable the incorporation of tramlines and operate
with suitable computing time. A few models like openLISEM or PSYCHIC have a component to
consider traffic lanes [44–46]. However, to our knowledge, those components have not yet been
tested in scientific practice [22]. In addition, high-resolution spatial input data needs to be available.
For instance, current geospatial technology can provide data representing the courses, widths and
distances of wheel tracks at a high level of precision. Duttmann et al. [47] and Augustin et al. [48] give
examples for the use of dGPS data recorded by farm vehicles to construct traffic lanes, considering the
characteristics of the machinery employed. Another option for acquiring spatial information of traffic
lanes can be the use of aerial photographs taken from aircraft or unpiloted aerial vehicles (UAV) [49].
The aim of this study is to incorporate the properties and spatial distribution of tramlines into the
process-based soil erosion model EROSION 3D (E3D) in order to evaluate the effects of soil compaction
in soil erosion modelling. To assess the model performance we calculated soil erosion for a real
single erosive rainfall event based on two scenarios and for three different fields with varying soil
management. For the Status-Quo-Scenario (SQS) we parameterized the model with uniform input
parameters for the cultivated field section, while for the TramLine-Scenario (TLS) we implemented
spatial patterns and the soil properties of tramlines. We hypothesize that (i) soil erosion and runoff
should be higher for the model results of TLS, (ii) the spatial and (iii) temporal patterns of predicted
soil erosion and runoff are more accurate with tramlines incorporated into modelling (TLS). To validate
the calculations we compared model results with mapped erosion data from the fields. Additionally,
we compared different grid cell sizes (5, 1, and 0.5 m) in order to find a reasonable balance between
computing time and prediction quality.
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approach of Green and Ampt [71] to calculate rainfall excess [58]. For each grid cell, a discharge flow
volume is calculated depending on rainfall intensity, infiltration rate and inflow of upper slope segments.
The erosion component is based on the momentum flux approach developed by Schmidt [57,58,72].
The underlying assumption of this approach is that particle detachment is initiated, when the sum
of mobilizing forces of overland flow and droplet impact (momentum flux) exceeds the soil specific
forces of erosional resistance (critical momentum flux) [73]. Overviews about the model physics, its
validation and the state of the art are given in many other studies (e.g., [62], [74–76]).
The application of E3D requires the following site-specific information: (i) relief data (DEM [m]),
(ii) precipitation data (date, time and intensity [mm]) and, (iii) soil data (particle size distribution
(% mass), bulk density (kg·m−3 ), soil organic carbon content (SOC; % by weight), initial soil water content
(SWC; % volume), erosional resistance (N·m−2 ), hydraulic surface roughness (s·m−1/3 ), soil cover (% area)
and skin factor (−)). Most of these variables are commonly accessible except the following model-specific
parameters: skin factor, surface roughness and resistance to erosion [76]. Furthermore, bulk density is
critical due to its high spatio-temporal variations in arable landscapes [63]. To facilitate the applicability
of the model a detailed parameter catalogue was published, deduced from rainfall experiment
simulations [77], which were extended by the results of Schindewolf & Schmidt [76]. The comprehensive
database can be used in combination with the additional software tool DPROC [68,78]. It automatically
assigns soil parameters as a function of land use, soil characteristics and simulation date [68,70].
E3D works on the geometric basis of a regular grid, grid size is variable, but must be consistent within
the matrix. The temporal resolution of the model depends on the rainfall data availability and can
range from 1 to 15 min [60].
2.3. Scenario Design
For each field we simulated two scenarios. For the Status-Quo-Scenario (SQS) we used input
parameters derived according to the cultivated field section, without considering the influence
of additional compaction through management operations. For the TramLine-Scenario (TLS) we
differentiated soil input parameters according to the spatial occurrence of tramlines in the fields.
Because E3D is grid-based, the spatial resolution (e.g., DEM, soil properties) is expected to influence
the modelling results of runoff and sediment budget [79,80]. The typical spatial resolution for
E3D-modelling is 5–10 m. Because tramlines are much smaller, depending on the tire width, raster cell
size needs to be adapted to represent the actual spatial characteristics of the tramlines. Thus, the
modelling was performed with three different resolutions (5, 1 and 0.5 m) as shown in Figure 3. The 5 m
resolution was performed, as the model is well calibrated for this resolution, although its cell size
exceeds the maximum outer width of the tramlines. In case of the 1 m grid size we presumed for
the TLS that tramline properties are uniform between their outer widths (2.5 m), because this cell
size is too large for integrating single tramlines. The 0.5 m grid size was chosen because it is smaller
than the width of single tramlines. Thus, each part (left and right wheel track) could be considered
separately. For soil erosion modelling, we used a rainfall event between 4th and 5th of October 2017,
where measurable masses of sediments could be registered. The event that occurred lasted about 33 h
with a precipitation total of 61.02 mm and a maximum intensity of about 1.55 mm/5 min.

Soil Syst. 2019, 3, 51

Soil Syst. 2019, 3, x FOR PEER REVIEW

6 of 28

6 of 29

Figure
3. Different
Differentspatial
spatial
resolutions
the Status-Quo-Scenario
leftand
side)
and TramLineFigure 3.
resolutions
for for
the Status-Quo-Scenario
(SQS;(SQS;
left side)
TramLine-Scenario
Scenario
(TLS;
right
side)
for
the
input-parameter
soil
bulk
density
as
example
for
field
C.
(TLS; right side) for the input-parameter soil bulk density as example for field C.

2.4. Model
Model Parameterization
Parameterization
2.4.
2.4.1. Topography
Topography and
and Precipitation
Precipitation
2.4.1.
For the
theapplication
applicationof of
both
scenarios
in E3D,
we the
used
therelief
same
relief
and precipitation
For
both
scenarios
in E3D,
we used
same
and
precipitation
data. The
data.
The
study
utilizes
a
DEM
(airborne
laser
scanning
method)
with
a
resolution
1x1 m
study utilizes a DEM (airborne laser scanning method) with a resolution of 1x1 m (positionalof
accuracy
(positional
accuracy
±30
cm;
altitude
accuracy
±20
cm)
derived
from
the
land
surveying
office
[81].
±30 cm; altitude accuracy ±20 cm) derived from the land surveying office [81]. Following Schmidt
et
Following
Schmidt
et
al.
[73]
we
applied
the
FD8
algorithm
for
sheet
flow
conditions
as
it
shows
al. [73] we applied the FD8 algorithm for sheet flow conditions as it shows a more natural flowa
more naturalThe
flow
distribution.
The rock
(% mass)
was
within the
distribution.
rock
fragment content
(% fragment
mass) wascontent
considered,
within
theconsidered,
modelling process,
in
modelling
process,
in
order
to
calculate
the
infiltration
process.
Meteorological
data
used
in
this
study
order to calculate the infiltration process. Meteorological data used in this study was taken from the
was
taken
from the
official
weather
Doernick
of theMeteorological
German National
Meteorological
Service
official
weather
station
Doernick
of station
the German
National
Service
(DWD), located
2.5
(DWD),
located
2.5
km
east
of
the
study
area.
The
precipitation
data
are
freely
available
in
km east of the study area. The precipitation data are freely available in 1-min intervals via the 1-min
Open
intervals
viaof
thethe
Open
Data
Server
of thetime
DWD
[51].
1-min time steps
of precipitations
indicate
Data
Server
DWD
[51].
As 1-min
steps
ofAs
precipitations
can indicate
problemscan
in E3D,
the
problems
in
E3D,
the
precipitation
data
was
aggregated
to
5-min
time
intervals.
precipitation data was aggregated to 5-min time intervals.
2.4.2. Soil Information
2.4.2. Soil Information
High-resolution spatial data and information about soil texture (sand, silt, clay content),
High-resolution spatial data and information about soil texture (sand, silt, clay content), rock
rock fragments (>2 mm) and SOC were obtained from a comprehensive soil sampling of 305 points
fragments (>2 mm) and SOC were obtained from a comprehensive soil sampling of 305 points and
subsequent geostatistical analysis (Saggau et al., in preparation [82]). Soil cover was derived for each
field from the mean total soil cover measured at the sampling points from each field (vegetation,
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and subsequent geostatistical analysis (Saggau et al., in preparation [82]). Soil cover was derived for
each field from the mean total soil cover measured at the sampling points from each field (vegetation,
mulch and rock fragments). Mulch and rock fragments were estimated in the field, and photographs
(RGB-camera) taken during field mapping (see below) were used to determine the degree of plant
cover with ENVI (version 5.4) and supervised classification (maximum-Likelihood). Bulk density,
erosion resistance, hydraulic surface roughness and skin factor, were obtained using DPROC (version
1.9), depending on the soil texture, land use, tillage practice, mulch cover and dates [83]. Because soil
water content (SWC) was not measured spatially, we used the crop-model MONICA (version 2.0) to
derive the spatial distribution of SWC for the investigated event. Necessary management information
for DPROC and MONICA were obtained from the local landowners and farmers, who provided
information about common regional crops, crop rotations, management operations, dates and fertilizer
quantities. For the grid layers with resolutions of 5 and 0.5 m, we resampled the input parameters based
on 1 m cell size (DEM). Resampling was performed using a decimation nearest-neighbor assignment
algorithm. All raster pre- and post-processing were done with RStudio (version 1.1.4), QGIS (version
3.4.7) and ArcGIS (version 10.6.1).
2.4.3. Tramlines
UAV-imagery (Falcon 8, DJI Phantom 4; RGB-camera system) was used to derive the tramlines of
the three fields by digitalization in QGIS (version 3.4.7). Afterwards the tramline data were transferred
into raster according to their resolution. The rut-width was 70 cm, while the outer distance of the
tramlines was 250 cm (Figure 2). In total, the area percentage varies between 6.3% for field B and 6.9%
for field A (Table 1). For each corresponding tramline grid cell, we changed the parameters for cover,
erosion resistance, surface roughness and bulk density based on the SQS input grids. For bulk density,
we increased the raster values in the tramlines by 15% referring to suggested bulk densities of the
DPROC for unwheeled areas. The assumption is following the results by Fleige and Horn [37] who
found an increase of bulk density in tramlines of 15% for similar soils. The information for erosion
resistance and hydraulic surface roughness were derived directly from the parameter catalogue by
Michael et al. [77], which suggests specific values for tramlines, given management conditions and soil
texture. Finally, soil cover was limited to the cover of rock fragments and mulch since no plant cover
existed in the tramlines (Table A2, Appendix A).
2.4.4. Field Mapping
Soil erosion and soil cover by vegetation, mulch and rock fragments were mapped on the
fields directly after the rainfall event considered in this study. The mapping method focused on the
quantification of soil loss by linear erosion. Sheet erosion was documented by its location but not taken
into account for soil loss calculations, because that amount of soil loss cannot be quantified by exact
measurement. The erosion mapping was based on a method given by Rohr et al. [84] and DVWK [85].
We measured the lengths and the cross-sectional areas on representative morphological positions of
linear erosion features (rills, ephemeral gullies), with a folding yardstick. The incision volume was
calculated for each section and the mass of eroded soils were calculated by multiplying volumes with
measured average topsoil bulk densities [86]. A more detailed description is given by Ledermann
et al. [87]. In contrast to the mapping approach suggested by Steinhoff et al. [88] we located erosion
structures with dGPS (Leica Viva CS 10, GNSS GS08 plus), which assured high spatial accuracy for
validation (<5 cm). To calculate the soil loss rates from rills in t·ha−1 , all linear segments of each field
are summed and related to the field size.
3. Results
The following paragraphs give a detailed description of the 1 m resolution modelling comparing
SQS and TLS. Afterwards, the effects of different spatial resolutions (5 m and 0.5 m) are demonstrated,
followed by an evaluation with the mapped soil erosion.
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Soil loss occurred at 40% of the total area (<−0.05 kg m−2 ), while alluvial deposits cover 11%
(>0.05 kg m−2 ). The model results indicate that cells of high deposition values are limited to level areas
in concave relief forms. Furthermore, cells of high deposition and high erosion rates (> ± 10 kg m−2 )
are dense were runoff is channeled. For all fields 6.9 mil. M3 runoff were shifted across the cells,
which are in average 14.5 m3 per cell. The maximum of total runoff was found at the outlet of field
B with 7381.8 m3 . However, most of the areas that are located on more gentle slopes show values
of<1 m3 (Figure A1, Appendix A).
Focusing on the individual fields, the highest soil loss and runoff amounts were detected for field
B with an average soil loss of 28.4 ± 314.5 kg m−2 , which contributes to 54.5% of total soil mass moved
over the surface. On this field soil loss affected 42% of the area (ca. 8.3 ha). The runoff simulation shows
the highest mean of 19.6 ± 187.9 m3 for field B. In contrast, field A shows lowest soil loss rates with a
mean of 7.9 ± 278.2 kg m−2 which is about a quarter of the soil loss of field B and 36% less than the
average. Although the distribution of areas affected by soil loss is similar to field B the magnitude of
their loss rate is much less. Runoff generation is relative poor for that field with 7.1 ± 65.7 m3 . Field C
reveals the second-most soil loss with 25.3 ± 792 kg m−2 , which is close to the total average. This field
experienced, the highest deposition 18,975 kg m−2 (Max) and highest soil loss rates −106,637 kg m−2
(Min), indicating high differences in the erosional distribution. The strong scattering of cell values
is also confirmed by the high standard deviation. Besides the high soil erosion rates, field C shows
the highest aerial share of deposition with about 17%, which is quite higher than for field A (13%)
and field B (12%). The high spatial distribution of depositional areas at field C is also noticeable in
contrast to the other fields. Table 2 shows for the 1 m grid size that high standard deviations and
distribution of maxima and minima indicate that runoff and sediment budget of the model results are
scattering strongly.
Table 2. Central statistics for runoff (m3 ) and sediment budget (kg m−2 ) summarized for all three fields
for the Status-Quo (SQS) and Tramline-Scenario (TLS) for different spatial resolutions.
Parameter

Resolution

Scenario

Sum

Min

Max

Median

Mean

SD (±)

SE (±)

Sediment
Budget

SQS

5×5
1×1
0.5 × 0.5
5×5
1×1
0.5 × 0.5

−5,071,330.00
−10,237,723.10
−10,758,013.65
−14,100,857.50
−13,062,212.50
−12,679,400.95

−9670.1
−106,637.0
−185,914.8
−4043.1
−24,098.8
−131,107.9

4171.3
18,975.0
237,472.9
360.9
1361.8
8009.3

−0.3
−0.1
0.0
−0.2
0.0
0.0

−10.4
−21.6
−22.6
−29.0
−27.5
−26.7

150.4
500.2
755.3
86.4
206.5
294.9

1.1
0.7
0.5
0.6
0.3
0.2

5×5
1×1
0.5 × 0.5
5×5
1×1
0.5 × 0.5

6,302,855.00
6,855,674.50
6,956,624.60
7,637,375.00
7,495,960.40
7,310,910.38

0.0
0.0
0.0
0.0
0.0
0.0

1440.0
7381.8
14,839.0
1670.0
7921.6
15,431.2

2.4
1.1
0.8
3.0
1.3
0.8

13.0
14.5
14.6
15.7
15.8
15.4

55.9
148.0
214.0
65.8
159.5
223.0

0.4
0.2
0.2
0.5
0.2
0.2

TLS

Runoff

SQS

TLS

3.1.2. Tramline-Scenario (TLS)
According to the sediment budget results, the area where soil loss occurs is increased by 3% in
contrast to the SQS, while the area of deposition decreased by 2%. The increase is mainly attributed to
field B, where erosional areas increased from 42% to 52%. In contrast, fields A and C exhibit decreased
areas affected by soil loss and deposition.
The spatial adaption of central input parameters for tramlines resulted in an 8% increase of runoff
(15.8 m3 ) and soil loss of 21.7% (Figure 5, Table 2).
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Mean soil loss for field B increased less from 28.5 to 32.8 ± 163.8 kg m−2, while field C exceeded
soil loss rates of field B to 33.2 ± 283.2 kg m−2 (25.3%). For field A, soil loss rates were nearly doubled
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Mean soil loss for field B increased less from 28.5 to 32.8 ± 163.8 kg m−2 , while field C exceeded
soil loss rates of field B to 33.2 ± 283.2 kg m−2 (25.3%). For field A, soil loss rates were nearly doubled
to 14.3 kg m−2 (44.8%). In total, the scatter increased but more strongly for fields A and C (Table 2).
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Table 3. Comparison of tramline (TL) and cultivated field (CF) section for the parameters Sediment
Budget and Runoff for different fields for 1 m resolution.
Field
A

TL

C
Total

Mean

SD (±)

−99.0

410.1

−3.5

84.7

Sum

Share

−1,535,798.3 78.3%

Mean

SD (±)

Sum

Share

7.6

74.2

118,545.0

10.4%

−426,392.9 21.7%
8.4
77.0
1,020,747.7
12 of 29
−2,190,394.9 34.1%
18.8
178.6
413,572.8
CF
−24.3
145.9
−4,225,055.4 65.9%
21.4
204.3
3,719,740.5
Table 3. Comparison of tramline (TL) and cultivated field (CF) section for the parameters Sediment
19.6
187.3
341,066.6
TL
−162.7
599.1
−2,834,316.7 60.4%
Budget and Runoff for different fields for 1 m resolution.
CF
−15.0
195.7
−1,854,796.4 39.6%
15.2
147.2
1,882,425.6
Sediment−6,560,509.9
Budget (kg m−2) 50.2%
Runoff (m3) 269.2
15.3
873,184.4
TL
−120.4
769.9
Field Section
Mean SD (±)
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Share Mean SD (±)
Sum
Share
CF
−14.3
258.4
−6,506,244.8
49.8%
15.0
263.3
6,622,913.8
A
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3.1.4. Mapped Soil Erosion
Soil erosion mapping after the rainfall event in October revealed soil losses in form of sheet erosion
on all three fields. Especially rinsing could be found in all tramlines, with varying degree of intensity
depending on slope. On level slopes at higher elevations, the ruts showed rinsing in the middle
of the ruts, while on steep slopes ruts were totally washed away. At the foot—slopes of tramlines,
high amounts of depositions were observed. However, the absolute masses of those accumulations
were Soil
notSyst.
measured
and
thus
were not available for this study. Sheet erosion on cultivated13areas
2019, 3, x FOR
PEER
REVIEW
of 29 was
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Figure
8. Exemplary
representation
erosionagainst
againstmodelled
modelled
erosion
1 m cell
size—TLS) for three different erosion hot spots (Field A and B).
size—TLS) for three different erosion hot spots (Field A and B).

Rill erosion was only found on fields A and B (Figure 8), while field C showed no definite rill
erosion structures. Rill erosion mapped reached highest amounts on field B with 29.2 t of soil material
(1.5 t ha−1), which was found on an area of 402.3 m². Furthermore, we found 1148.1 m of rills on eight
different hot spots on field B. According to Figure 9 about a 34.6% of the mass eroded by rills were
found in tramlines, while 65.4% occurred in the field in concave major flow pathways. In contrast, in
field A 78.3% of the rills occurred in the tramlines, which is four times more than in the cultivated
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The modelled amounts of soil erosion, deposition and runoff, however, were relatively high for
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between 80% (field B) to 97% (field A). Although the results of the study by Fleige and Horn [37] fit
quite well for field B, fields A and C indicate that soil loss from tramlines make a higher share of the
total erosion than has previously been reported. The higher share might be attributed to the orientation
of tramlines to major slopes. While tramlines are predominantly oriented parallel to contour lines
for field B, tramlines of fields A and C are orthogonal to the slope. This means that for fields A and
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C runoff is more channelized in tramlines, which leads to a stronger increase in erosion and runoff.
Contrary, at field B, channeling effects caused by tramlines are disrupted with cultivated field areas
(Figure A1), which according to model outputs are characterized by higher infiltration rates.
The direction of tramlines seems to have a strong influence within the modelling process as soil
loss is more strongly increased for fields A and C compared to the model results of the SQS. This is
also confirmed by the overall maximum soil loss of field C, which was located at the end of a tramline
with an extremely long slope length (220 m). In contrast, the erosion−prone field B showed a low
increase for TLS (Table 2). Surprisingly, no significant differences were found in runoff generation
among tramlines. While in total TLS results showed an increase in runoff, of 7 to 14.5%, the average
increase within tramline areas was only 0.5% higher and on field A (−2.5%) and B (−3.3%) even lower.
This is surprisingly, as compacted soils in general show much higher flow velocities and Fleige and
Horn [37] reported from experiments that runoff in tramlines is usually increased by 3.8 to 5.3 times
compared to unwheeled areas of the field. As a consequence, the model response to runoff generation
in tramlines seems to be poor.
We assume that this aspect might be an issue of the input DEM. Our measurements found that
tramlines average about 6 cm deeper compared to surrounding surface which is confirmed by other
studies [35,37]. However, in our modelling approach, we have used a 1 × 1 m DEM that precludes
the consideration of micro—relief at this scale. This might also be a reason why depositional areas
were simulated close, but outside of tramlines, and why the model could not reproduce our findings
of mapped soil deposition in the sinks of tramlines. A burning of tramline depth into the DEM
could optimize the reproduction of preferential overland flow and sediment transport. This kind of
parameterization might also be improved with UAV and structure from motion techniques, which are
able to derive DEMs with a resolution and accuracy of 0.2 cm, and could incorporate tramline
depth directly. However, such high spatial resolution would greatly increase the calculation time
(see Section 4.2).
4.2. Model Performance
4.2.1. Modelled vs. Mapped Soil Erosion
Primarily, the comparison of mapped erosion with model results of E3D showed that model
outputs were plausible in terms of the areal distributions of erosion and runoff. According to Figure 4,
the highest soil loss rates are linked to major flow pathways with concave relief forms, which match well
with our observations. The TLS performed with much better results than SQS as it could account for
erosional hot spots in tramlines, which were also detected by field mapping. Furthermore, the shares of
simulated erosion in tramlines compared to erosion in the field were well represented in the mapping
results. Additionally, our mapping confirmed the findings from model prediction, as field B is much
more erosion−prone than field A. For field C it was difficult to draw conclusions from the mapping
because no rills could be measured.
Regarding the model performance between erosion inside and outside of tramlines, the modelled
share for field B is lower in the tramlines than in the cultivated field, which fits the measurements of
mapped rill erosion. Fields A and C, however, have a higher share of soil erosion in tramlines than in
the field, which in case of field A also fits the occurrence of measured rill erosion (Figure 10).
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When comparing measured and simulated sediment yield (Sections 3.1.2 and 3.1.4) it becomes
evident that the results of E3D overestimate real erosion rates about two magnitudes for 1 m resolution.
Although we followed the findings by Bug [36] who estimated that rill erosion accounts for an average
25% of total erosion, our modelled soil loss exceeds our mapped findings by far. The share of rill
erosion on total erosion however is a subject of debate and might vary between 10–99% depending on
slope steepness and climate [92–94].
It must also be stated that soil erosion mapping is frequently error prone. Error rates in the
methods applied for quantifying linear erosion might range between 15–30%, depending on the
experience of the observer [12,86]. Therefore, further research should be undertaken to investigate
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other methods, which could account for sheet erosion and identify rill erosion easily with reduced error.
Here UAV might fill the gap [62,95,96]. Erosion and runoff modelling, however, is also error prone [61].
E3D, for example, tends to overestimate results when used uncalibrated, which has been confirmed by
other studies [69]. Errors in the model outputs could be caused by deficits in model design especially
with respect to channel processes, which are not represented in the model by specific algorithms [62].
Furthermore, generalized input data taken from the DPROC or the E3D parameter catalogue may not
represent conditions for our study area very well. Spatial error propagation is postulated to be more
of an issue in catchment−scale models than it is in field—scale models [61]. In order to improve the
model results in terms of input parameters additional calibration is necessary.
4.2.2. Effects of Cell Size
According to our findings based on predictions at different spatial resolutions, a higher spatial
accuracy of tramlines with smaller grid size could be achieved (99% accuracy for 0.5 m grid). However,
no strong improvements could be made in terms of quantification of soil loss. The 5 m grid resolution
for the SQS can be regarded to perform best in terms of quantities. However, assuming that the
mapped rill erosion made 25% of total soil loss (in accordance to Bug [36]), the SQS results for the 5 m
resolution are still overestimated by about one magnitudes (373%). Thus, E3D performs generally well
with 5 m resolution for SQS, however, the integration of spatial overestimated tramlines for TLS leads
to an unsatisfactory overestimation of the soil loss amount by two magnitudes (1035%). In contrast,
the results for total erosion of 0.5 and 1 m scenarios are very similar and in terms of SQS about twice
as much as for the 5 m resolution. In comparison, for TLS, model results improve slightly with finer
resolution. In addition, finer resolutions improve the optical representation of the results. Furthermore,
the share of tramline erosion compared to cultivated field erosion is reproduced by measured soil loss
for 1 m and 0.5 cell sizes.
According to these findings, we suggest that the adaptation of resolution for the spatial integration
of tramlines should usually be favorable as areal relations can be reflected and distinct relief forms can
be regarded more properly (tramline depth). This approach is especially important in areas were relief
forms can change rapidly. Consequently, we conclude that the field−based integration of tramlines
should employ resolution of 1 m or higher. However, a calibration of our approach must be tested.
An uncalibrated use of E3D, which regards tramlines, still helps to improve spatial occurrence of
runoff and soil loss. A decision must be made about whether the required time and processing efforts
justify improvements that can be obtained from this approach. The processing for 0.5 m was very
time intensive (several days) while results for the 5 m resolution were produced in a few minutes.
A “good practice approach” for uncalibrated use of E3D and tramline integration might be a hybrid
approach. For example, results can primarily be simulated without tramlines using 5 m resolution as
the SQS, which can be processed quickly and showed rather satisfactory results in terms of soil loss
rates. A second simulation, to integrate tramlines on a 1 m grid size, can account for spatial occurrence,
share, and the effect of the direction of tramlines.
4.3. Future Work in Soil Erosion Modelling
In general, several aspects can improve the outputs of future modelling. The first one concerns the
effect of sealing (or crusting) in tramlines. Sealing decreases infiltration rates and therefore increasing
runoff [22], due to the formation of an underlying platy soil structure [97–99]. The sealing effect can be
adopted by changing the skin factor. Furthermore, the spatial distribution of soil water content might
be improved with a soil moisture model that takes into account the effects of relief and lateral water
movements. This might be important as ‘initial soil moisture’ is a sensitive parameter in E3D [70].
Further, it can be assumed that initial water contents vary in tramlines. In our study we used values
derived from uncompacted field areas, however, compacted soils frequently show reduced soil water
contents. The use of pedotransfer functions (e.g., by van Genuchten) may enable the adaptation of soil
water content for the compacted areas in the tramlines. In addition, spatial variation of plant cover
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should be considered more accurately in field−based modelling. The mapped soil cover inside the
field was highly variable and ranged about ±20%. An adaption of these parameters might draw a
better picture of the underlying process and should be a point of further investigation.
As we estimated results on the field scale, we could not measure and compare runoff characteristics
for model outputs. Therefore, a catchment−based approach is needed. This would be also valuable
as on the catchment scale the contribution to sediments and pesticides from tramlines to adjacent
surface waters and ecosystems can be determined [60,61]. Sediment yield data for catchments are
crucial for better understanding the linkages between soil erosion processes and sediment transport
in large rivers [3,100,101]. We derive from our findings that the integration of tramlines should also
be possible for other grid—based erosion models as long as required input parameters are known
or available. In this context, helpful tools like DPROC in case of E3D should be extended further.
This could facilitate the application of tramlines for such models and help with resolution issues.
As our investigation focused on soil erosion characteristics of a single erosive event, the results
have not addressed broader scales, which are valuable in terms of annual rates. Tramlines in particular,
are not only affected during such erosive events, but also affected frequently during the season, as they
do not support a closed plant cover. This will require research studies that focus on a continuous
modelling approach for an entire growing season. Continuous simulations could take into account the
variability of input parameters throughout the year, however, they can consider the share of soil erosion
and runoff for multiple events and cover broader time scales. Accordingly, long—term simulations of
sediment yields over several years should draw a more accurate picture of the temporal occurrence
of soil erosion than compared to those for single events [102]. Most of process—based soil erosion
models have capable options for these kinds of simulations.
Our findings suggest that incorporating tramlines in soil erosion modelling facilitates the base for
evaluating and adapting proper conservation measures. For example, the effects of tramline operations
to the field slope can be assessed. Scenarios with different tramline angles can be modelled and
soil risk can be weighed against operating costs. This is also true for the integration of intermittent
or total planting in tramlines. Several studies showed that these measures can reduce soil loss by
25–80% inside the tramlines [103,104]. Those management practices could easily be integrated in
scenario—based modelling. Furthermore, areas of compaction in arable lands are not limited to
tramlines. They occur in all kinds of wheel tracks initiated from harvesting, cultivation and other
agricultural activities. The headlands of a field are especially problematic because they exhibit the
highest field traffic intensity (e.g., Duttmann et al. [47]). Thus, a further challenge for future modelling
will be to identify those areas (e.g., by the SaSCiA model developed by Kuhwald et al. [105]) and
integrate them in the model process.
5. Conclusions
In this study, the application of a process−based soil erosion model, which considers field−based
compaction effects of tramlines, was successfully performed for the first time. In detail, our study
revealed that:
i.
ii.
iii.

iv.

Grid−based erosion models like E3D are able to integrate tramlines.
The share of measured soil loss between tramlines and cultivated areas is well accounted for on
grid sizes ≤1 m.
The integration of tramlines showed a high dependency to the angle of slope. Therfore,
the increase in estimated soil loss was higher for fields where tramlines were in the direction of
the major slope, as confirmed by mapped soil erosion.
The soil loss and runoff were initiated quicker and increased stronger within tramlines.

Although the amounts of soil loss and runoff were overestimated, the integration of tramlines
in soil erosion modelling revealed a more accurate distribution of soil loss over the land surface,
which was confirmed by field mapping. Based on these results we conclude that tramlines should
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be included in similar soil erosion modelling studies in order to generate more realistic soil erosion
and deposition patterns at the field−scale. However, to confirm our findings and to expand our
knowledge of tramline integration in soil erosion modelling, more research is needed. We suggest that
further research could focus on calibrating finer spatial resolutions (e.g., catchment−scale), long−term
simulations, and improving the parameterizations of such models. Despite the limitations mentioned
above, this study is a step forward in the application of process−based soil erosion models at the
field−scale. The implications of this study could help soil conservationists, advise planning authorities
and guide farmers towards a more comprehensive use of detailed erosion control measures.
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Table A1. Slope and soil cover properties for the different fields (A, B and C) of the investigation.
Field

Min. Slope
(%)

Max.
Slope (%)

Mean
Slope (%)

Area (ha)

Mulch Cover
(%)

Stone Cover
(%)

Vegetation
Cover (%)

A
B
C

0
0
0

18.5
20.6
16.2

5.3
5.8
4.6

13.8
19.6
14.2

1
1
21

2
6
5.5

5
12.2
0

Table A2. Adapted input parameters for cultivated field (CF) and tramline sections (TL) in EROSION
3D using DPROC and the parameter catalogue of Sachsen in dependence of soil texture, crop type and
management operations.
Field

Field
Section

CF
A
TL

CF
B
TL

CF
C
TL

Soil Texture

Crop Type

Management

Surface
Roughness
(s m−1/3 )

Soil
Erodibility
(N m−2 )

Bulk
Density
(kg m−3 )

Soil
Cover
(%)

Sl3
Sl4
Ls3
Sl3
Sl4
Ls3
Sl2
Sl3
Sl4
Ls2
Ls3
Sl2
Sl3
Sl4
Ls2
Ls3
Lu
Lt2
Sl4
Ls2
Ls3
Lu
Lt2
Sl4
Ls2
Ls3

Winter Wheat
Winter Wheat
Winter Wheat
Winter Wheat
Winter Wheat
Winter Wheat
Winter Barely
Winter Barely
Winter Barely
Winter Barely
Winter Barely
Winter Barely
Winter Barely
Winter Barely
Winter Barely
Winter Barely
stubble follow
stubble follow
stubble follow
stubble follow
stubble follow
stubble follow
stubble follow
stubble follow
stubble follow
stubble follow

chisel plough
chisel plough
chisel plough
chisel plough
chisel plough
chisel plough
mouldboard plough
mouldboard plough
mouldboard plough
mouldboard plough
mouldboard plough
mouldboard plough
mouldboard plough
mouldboard plough
mouldboard plough
mouldboard plough
chisel plough
chisel plough
chisel plough
chisel plough
chisel plough
chisel plough
chisel plough
chisel plough
chisel plough
chisel plough

0.035
0.035
0.035
0.008
0.008
0.008
0.013
0.013
0.013
0.013
0.013
0.008
0.008
0.008
0.008
0.008
0.035
0.035
0.035
0.035
0.035
0.008
0.008
0.008
0.008
0.008

0.0030
0.0030
0.0070
0.0001
0.0001
0.0001
0.0006
0.0006
0.0006
0.0038
0.0038
0.0001
0.0001
0.0001
0.0001
0.0001
0.0035
0.0025
0.0030
0.0035
0.0030
0.0001
0.0001
0.0001
0.0001
0.0001

1370.0
1370.0
1370.0
1575.5
1575.5
1575.5
1330.0
1330.0
1330.0
1330.0
1330.0
1529.5
1529.5
1529.5
1529.5
1529.5
1540.0
1450.0
1370.0
1370.0
1370.0
1633.0
1667.5
1575.5
1575.5
1575.5

8.0
8.0
8.0
2.0
2.0
2.0
19.2
19.2
19.2
19.2
19.2
6.0
6.0
6.0
6.0
6.0
26.5
26.5
26.5
26.5
26.5
5.5
5.5
5.5
5.5
5.5
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