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1 | INTRODUCTION

Michael Kuhwald |

Wolfgang Berengar Hamer

Abstract

Process-based model ling has long been used as a well-suited tool to simulate soil
erosion. Despite a large number of scientific articles that emphasize the role of
compacted tramlines for soil erosion and surficial nutrient transport, no study exists
that integrates these artificial structures into process-based modelling at catchment
scales. Thus, this study aims to quantify the effects of tramline compaction on soil
erosion dynamics within a catchment. For this reason, high-resolution spatial data
(1 x 1 m) have been incorporated into the model EROSION 3D, which was used, cali-
brated, and tested for a soil erosion event with measured discharge and soil loss data.
To quantify the contribution of tramlines to soil erosion, two different model parame-
terizations have been used: the tramline parameterization (TLP) and the common
model parameterization (CP) that disregards the tramlines. The results reveal that:
(i) the parameterization of tramlines improved model outcomes; (ii) tramlines signifi-
cantly contribute to overall soil loss and sediment entrance into the channel network;
(iii) the bulk density of tramlines is the most important driver of increases in soil ero-
sion and runoff. Moreover, our investigation suggests that the impact of compacted
tramlines have long been underestimated in soil erosion modelling and can assist in
the assessment of surficial flow path connectivity. Thus, the integration of tramlines
into soil erosion modeling is important for the implementation of adequate soil con-

servation and water protection measures.
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challenges sustainable soil management around the globe
(Pennock, 2019; Poesen, 2018), while the redistribution of soil parti-

Soil erosion by water is acknowledged as a primary concern in the
degradation of soil quality and functionality (Borrelli et al., 2016;
Lal, 2014). The reduction of soil productivity by erosional loss

cles and nutrients causes a variety of negative impacts in adjacent
ecosystems (Boardman & Poesen, 2006; Fiener et al, 2011;
Poesen, 2018). Soil erosion also produces additional economic costs
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for farmers, for example, due to increased fertilizer application, which
has been estimated at 115 billion US$ for N and P fertilizer annually
(Govers et al., 2017).

Several monitoring and field experiments across Europe identified
that frequent and severe soil erosion is commonly linked to tramlines
and tractor wheeling (e.g., Evans, 2017; Prasuhn, 2020; Remund
et al., 2021; Steinhoff-Knopp & Burkhard, 2018). Tramlines are semi-
permanent structures established by farm machinery for crop mainte-
nance. Depending on the operating distance, tyre, and axle width,
tramlines are estimated to occupy 3% (Gillespie & McDonnell, 2020)
to 6% (Augustin et al., 2020) of arable fields. Despite the low area per-
centage, Evans (2017) observed that 70% of 788 erosion events
occurred in tramlines. The increased susceptibility of tramlines to soil
erosion can be linked to an increased runoff generation due to soil
compaction, the concave micro-relief of tyre ruts and to the absence
of vegetation (Fleige & Horn, 2000; Gillespie &
McDonnell, 2020; Withers et al., 2006) as shown in Figure 1. In addi-
tion, previous studies reported that losses of P from tramlines are sig-

cover

nificantly higher compared to areas without tramlines (Deasy
et al., 2009; Silgram et al., 2010; Withers et al., 2006). Based on moni-
toring Remund et al. (2021) concluded that tramlines belong to the
most important pathways of sediment and particulate phosphorus, for
example, into water bodies. A consideration of the effects of tramlines
on soil erosion processes seems to be essential to identifying at-risk
areas and surficial pathways for water and sediment transport on ara-
ble soils accurately.

Today soil erosion models are indispensable tools for predicting
at-risk areas and estimating soil loss rates beforehand and, in a cost-,
and time-efficient manner (Jetten et al, 2003; Schindewolf
et al., 2012). Despite the variety of qualitative and quantitative soil
erosion models currently available (Batista et al, 2019; Merritt
et al., 2003), tramlines are rarely given explicit consideration in soil
erosion modelling (e.g., PSYCHIC, Davison et al, 2008), although

raster-based models generally have the capability to account for
small-scale structures
et al., 2020).

A first attempt to integrate high spatial resolution data of tramline
wheeling into a raster- and process-based model, EROSION 3D (E3D),

was shown by Saggau et al. (2019). They incorporated tramline prop-

by adjusting the cell-sizes (Baartman

erties in the parameterization process and tested the effects of differ-
ent spatial resolutions on soil loss and runoff for three different fields.
It was found adjusting the input parameters for tramlines in E3D
improves the relative prediction accuracy for cell sizes of <1 m. How-
ever, the modeling results were critical as the study lacked adequate
calibration, which led to an over-prediction of soil erosion rates by
two orders of magnitude. Simultaneously, modeled surface runoff in
tramlines was underestimated, as the parameterization did not
account for tyre ruts. Finally, the limited spatial extent of individual
fields could not deliver suitable information regarding the fate of
mobilized sediments and surface runoff beyond field borders.

Until now, no process-based model approach exists that analyses
the effects of tramlines on soil erosion dynamics and sediment deliv-
ery to surface waters for an entire catchment. Thus, our study aimed
to conduct a catchment-scale analysis that includes the spatial pat-
terns and properties of tramlines using the process-based soil erosion
model E3D for a single erosion event. The objectives of this study are:
(i) to improve the predictive accuracies of soil loss and runoff by con-
ducting model calibration and optimizing the parameterization pro-
cess, by accounting for tyre ruts; (ii), to evaluate the impact of
tramlines on soil erosion, runoff dynamics and sediment transfer; and
(iii) to identify the driving parameters of tramlines that affect soil ero-
sion and surface runoff dynamics. We hypothesize that: (1) tramlines
are the main contributor to runoff generation and soil loss within a
catchment; (2) the integration of tramlines improves model outcomes;
and (3) soil compaction is the driving parameter responsible for soil

loss and runoff generation in tramlines.

FIGURE 1 Rill erosion (a; Leibniz
University of Hannover, 2021) and
surface runoff (b; Saggau, 2017)
within compacted tramlines [Colour
figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 2

2 | MATERIAL AND METHODS

21 | Studyarea

The study was conducted in the Eastern Uplands of Schleswig-
Holstein (Northern Germany, Figure 2), an area formed by glacial
deposits of the Weichselian Glaciation (54°13'-54°16' N, 10°27'-
10°32’ E) (Figure 2). The study area comprises a 5.7 km? catchment of
the Mihlenbach Creek, which is part of the Schwentine River basin.
The catchment is characterized by a complex hummocky topography
and widely occurring undrained depressions (kettle holes). Elevation
of the site ranges between 35 and 63 m a.s.l. with an average slope of
5.5%. The climate is oceanic (Cfb) according to Képpen & Geiger (Peel
et al., 2007) with mean annual temperature of 8.1°C and precipitation
of 721 mm (weather station Doernick, DWD). Parent material is gla-
cial till, which predominantly formed Luvisols (IUSS Working Group
WRB, 2015) with loamy soil textures. Soils of steep slopes are

Land use and drainage network of the study area [Colour figure can be viewed at wileyonlinelibrary.com]

frequently degraded and dominated by Regosols with coarser tex-
tures, while foot slopes are often covered by fine-textured colluvial
deposits (Fleige & Horn, 2000). About 70% of the catchment is arable
land, crossed by a complex network of artificial drainages and ditches.
The dominant crop rotation is winter wheat (Triticum aestivum L.), win-

ter barley (Hordeum vulgare L.) and winter rape (Brassica napus L.).

2.2 | Soil sampling and laboratory analysis
Disturbed soil samples were taken from 350 points based on random-
ized stratified sampling. Soil sampling was conducted in autumn 2017
and 2018. Samples were taken from a depth of 0-30 cm. Positions of
the sampling sites were recorded by an RTK-dGPS (Leica Viva CS
10, GNSS GS08 plus).

Soil samples were air-dried (35°C) and sieved to <2 mm for fur-

ther analyses. Total carbon content was determined by dry
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combustion using a CN elemental analyzer (EURO EA HEKAtech).
Carbonate content was determined by Scheibler analysis (Blume
et al., 2010) and subtracted from total carbon for the derivation of soil
organic carbon (SOC) content. Particle size distribution was analyzed
by the combined sieve and sedimentation method (NAW, 2002). The
subfractions of soil texture were classified according to the German
classification standards. The degree of soil coverage was determined

at each sampling site following the instructions of DVWK, 1996).

2.3 | Model design

2.3.1 | Model selection and description

For soil erosion modeling the process-based model E3D (version
3.3.0.132; Schmidt, 1991; Von Werner, 2007) has been selected for
the following reasons:

1. the model is raster-based and fully distributed allowing the reduc-
tion of cell size for the implementation of tramlines;

2. E3D simulates surface runoff, sediment budgets, and sediment
delivery to surface waters (Jetten et al, 2003; Starkloff &
Stolte, 2014);

3. it has been extensively tested for Germany and has been applied
in numerous studies, (e.g., Hansel et al., 2018; Routschek
et al., 2014; Schindewolf & Schmidt, 2012; Schmidt et al., 1999);

4. E3D offers a parameter catalog (Michael et al., 1996) for auto-
mated processing by derivation of soil parameters as a function of
soil texture, land use, tillage, and simulation date. The parameter
catalog is based on extensive data and is integrated in the software
DPROC-version 1.9 (Von Werner, 2009; Schindewolf et al., 2013).

5. E3D showed promising results for parameterization of tramlines at
the field-scale (Saggau et al., 2019).

Since E3D is described in detail by (Schmidt, 1991;
Schmidt, 1992; Starkloff & Stolte, 2014), we briefly outline the main
sub-processes simulated, which are: (i) infiltration of precipitation
(Green & Ampt, 1911), (ii) discharge generation and detachment of soil
particles using the momentum flux approach (Schmidt, 1991;
Schmidt, 1996), (iii) transport and deposition of fine soil material. The
latter depends on the transport capacity of overland flow and the con-
centration of soil particles along the transport path (Hansel
et al., 2018; Von Werner, 2007), considering the grain size distribution
of the transported sediment and the sediment delivered to down-
stream water courses (Routschek et al., 2014).

Furthermore, the application of E3D requires site-specific
information: (i) relief data [elevation 9m], (ii) precipitation data
(date, time, and intensity [mm)]) and (iii) soil data that comprise
eight soil parameters: particle size distribution (% mass), bulk den-
sity (BD; kg m™3), soil organic carbon content (SOC; % weight), ini-
tial soil water content (SWC; % volume), erosional resistance

1/3)

(N m~2), hydraulic surface roughness (s m~/3), soil cover (% area)

and skin factor (—).

2.3.2 | General model parameterization

To assess the impact of tramlines on soil erosion, two parameteriza-
tions were simulated and subsequently compared; a tramline parame-
terization (TLP) and a common parameterization (CP) without
tramlines (cf. Figure 3 and Section 2.3.4). Because the tramline area is
dependent on tyre width, which typically ranges from 429 to 752 mm
(ten Damme et al., 2019), the choice of an adequate cell size is essen-
tial. In this study we followed the suggestions of Saggau et al. (2019),
recommending a raster cell size of 1 m for all datasets, which is a com-
promise between model accuracy and maximum processing cell size
within E3D for the investigated catchment.

For soil erosion modelLing, a single rainstorm event from October
4th, 2017 was chosen. Freely available precipitation data (https://
opendata.dwd.de/) with a temporal resolution of 5-min intervals from
official weather station Doernick (German National Meteorological
Service; DWD), located 2.5 km east of the study area, were used. The
rainstorm considered in our study lasted 33 hr and 10 min amounted
to a total precipitation of 61.02 mm and reached a maximum five-
minute rainfall intensity of 1.55 mm.

The digital elevation model (DEM) was provided by the Govern-
mental Surveying Office of the German Federal State of Schleswig-
Holstein (LVermGeo, 2005-2007). Its spatial resolution is 1 x 1 m
(horizontal accuracy +30cm; vertical accuracy *20cm). High-
resolution DEMs need to be corrected prior to use in hydrodynamic
models such as E3D in order to ensure surface hydrologic connectiv-
ity and accurate representation of overland surface flow (Poppenga &
Worstell, 2016; Rieger, 1998; Walker et al., 2021). Therefore, we used
a hydrologic enforcement method, by burning streams, culverts, and
artificial drainage structures (e.g., tile drainages) into the DEM. Agri-
cultural drainage structures were localized by our own surveys, local
drainage plans, and information from local farmers. The
hydrologically-corrected DEM was then filled using the procedure
developed by Wang & Liu (2006). This approach made it possible to
optimize hydrological conductivity by reducing the artificially filled
area of the original DEM by 85.2% which accounts for 0.9% of the
total cells. To calculate the minimum upstream area, which is needed
to define a flow channel within E3D, the critical source area (CSA)
was set to 35,000 raster cells (m?). This value was found to provide
the best (visual) representation of the drainage system in the investi-
gated catchment. For flow-routing, the FD8 algorithm was used
within E3D.

Soil layers used as input for erosion modelling were constructed
by spatial interpolation of SOC and the individual fractions of soil tex-
ture measured at 350 sampling points for the depth of 0-30 cm. For
interpolation kriging with external drift (KED; McBratney et al., 2000;
2003) was
(e.g., topographic wetness index, slope) as auxiliary variables. For soil

Hengl et al, applied, using terrain attributes
texture fractions, compositional KED was used. The resulting soil ras-
ter layers were integrated in E3D. The performance of the predicted
soil variables is shown in Table 1. A detailed documentation of the
interpolation procedure is available via Zenodo (https://doi.org/10.

5281/zenodo.5153427).
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FIGURE 3

Scheme of the modelling approach. Input data handling, parameterization, calibration and modelling (DEM, digital elevation model;

DOP, digital orthophoto; E3D, EROSION 3D; DPROC, data-base processor for E3D) [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Model performance of

Sand Silt . X R

kriging with external drift (KED) for the
Method Coarse Medium Fine Coarse Medium Fine Clay SOC seven considered soil texture fractions
RMSE 3.67 4.85 527 294 207 169 369 131 (compositional) and soil organic carbon

content (SOC) by means of root mean
MAE 2.04 3.45 3.85 215 1.49 1.20 2.69 0.71

square error (RMSE), mean absolute error
R? 77.6 37.2 66.3 18.8 40.9 327 415 0.8 (MAE) and coefficient of determination

The degree of soil coverage for every individual field was derived
from aerial photographs (RGB-camera) using a supervised classifica-
ENNVI-version 5.4 (L3Harris
Geospatial). To optimize the calculation of infiltration rates in E3D,

tion (maximume-Likelihood) in
rock fragment content (% mass) from soil sampling was included in
the model. The soil parameters SWC, hydraulic surface roughness,
erosional resistance, and skin factor were taken from DPROC. Man-

agement information about tillage practice and cultivated crop type

(R?) based on leave-one-out cross
validation (LOOCV)

were obtained from detailed interviews with local landowners and

farmers.

2.3.3 | Parameterization of tramlines

The courses and widths of tramlines were derived from digital

orthophotos (LVermGeo, 2017), with a ground resolution of
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20 x 20 cm taken in the crop period of the investigated soil erosion
event. Rasterization of tramline areas was performed for the outer
width of the wheel tracks as shown in Figure 4. According to the
raster-based generalization, the mean areal share of tramlines is about
13.5% per arable field. This accounts for 50.4 ha (8.8%) of the total
catchment, which is an increase of about 76% compared to the real
tramline extent (7.7% per arable field).

For each corresponding tramline raster cell, values for erosional
resistance and hydraulic surface roughness were derived from the
parameter catalog, which also provides a selection of estimates for
tramlines. Soil cover values for tramlines were adapted by excluding
vegetation cover from the total soil cover. The BD values suggested
by DPROC (for unwheeled areas) were increased by 15% for tramline-
cells based on Fleige & Horn (2000), who recorded mean bulk densi-
ties of about 1.4 g.cm™3 for the topsoil of cultivated fields and

1.6 g.cm™2 for tramlines based on comparative measurements of

FIGURE 4 Generalization of (a) original
tramlines from orthophotography into

(b) rasterized tramlines for tramline
parameterization (TLP) basedon1 x 1 m
resolution [Colour figure can be viewed at
wileyonlinelibrary.com]

[ tramline properties

similar soils at the same times within a year. To account for the micro-
morphology of tramline ruts, we reduced the elevation in the DEM for
tramline-cells by 5cm, following the average tramline wheeling

depths measured by Fleige & Horn  (2000).

2.34 | Calibration and model testing

In our study, E3D was calibrated against total discharge, measured by
a gauging station equipped with a portable sampling system (ISCO
6172) at the catchment outlet. The recording interval was set to
1 min. For calibration, SWC was adapted due to its high sensitivity in
E3D and extended artificial drainage networks within the catchment.
The best fit between modelled and measured discharge was achieved
by reducing SWC by 20% (Figure 5). This setting was subsequently
applied for all further model applications. In total, the reduced SWC
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led to a mean absolute decrease of about 5.8% compared to the
suggested SWC of DPROC. The estimated total discharge of the cali-
brated TLP is about 0.17% lower than the measured.

For testing the modelled negative sediment budget against real
numbers of eroded soil masses, soil erosion mapping was conducted,
directly after the rainfall event on 28 fields within the catchment
based on the instructions given by DVWK (1996). Soil loss was esti-
mated by measuring the length and cross-sectional area of linear ero-
sion features (e.g., rills) (e.g., Ledermann et al., 2010) with RTK-dGPS.
To calculate the masses of eroded soil from soil volume estimates, the
latter were multiplied with BD data taken from the E3D input layer
used for TLP. Sheet erosion was documented but not included for soil
loss calculations, because it cannot be quantified by exact
measurement.

2.4 | Statistical analysis and reproducibility

To evaluate the importance of individual tramline properties on soil
erosion, a nominal range sensitivity analysis (Cullen & Frey, 1999;
Frey & Patil, 2002) was conducted. Here, we changed one of the
adapted tramline parameters of TLP at a time by using all others from
CP. Afterward, the implications of each model run on the modelling
outcomes (e.g., soil erosion, runoff) were compared.

For statistical analysis of the dependent model variables, soil ero-
sion and runoff, among tramlines, cultivated areas, and total fields
unpaired two-samples Wilcoxon-tests were applied to evaluate differ-
ences. The p < 0.05 level was considered to be significant.

All statistical analyses, pre- and post-processing routines were
progressed in R-version 1.4.1106 (R Core Team, 2021) and QGIS-
version 3.4.7 (QGIS.org, 2021). For reproducibility, raw data and pro-
gramming codes used in this study are documented and accessible via
ZENODO (https://doi.org/10.5281/zenodo.5153427).

3 | RESULTS
3.1 | Model results of tramline (TLP) and common
parameterization (CP)

The integration of tramlines in E3D revealed that 172.8 ha of the
catchment (30.3%) is affected by soil erosion processes (53.3% ero-
sion; 46.7% deposition). Compared to CP, it causes a slight increase of
the area affected by erosion of 1.7 ha (+1.9%) while sediment
deposits cover an additional area of about 18.5 ha (+30%) inside the
catchment. Accordingly, the calculated sediment budget points to a
more diverse distribution of erosion and deposition patterns for TLP.
Field 1000 (Figure 6) shows how accumulation rates and areas are
increased at sites where tramline erosion dominates. Cells with high
deposition are common at foot slopes and concave terrain surfaces,
like depressions, and are frequently found on the sides of tramlines.
Related to the total catchment, TLP indicates an average soil loss
of 17.0 +230.8 Mg ha ' This equals a total of 9738.7 Mg of

relocated and redistributed soil, which is 2.1-times higher than the
amount calculated for CP. Moreover, soil loss calculated for TLP
mainly occurs on arable fields (99.7%), but reveals a high variation in
runoff and soil erosion, especially along the tramlines (Table 2).

TLP shows that soil loss rates for tramlines are 13.2-times higher
compared to the same sections of CP. This suggests that an area per-
centage of 8.8% covered solely by tramlines, contributes to 71.9% of
the total soil loss in the catchment. For TLP, the average runoff inside

1 which is

the tramline area reveals a mean of 1.4+ 13.2m°m"~
2.3-times higher than that calculated for the cultivated land (0.6
+10.9 m3m™Y). The predicted increase in both soil loss (p < 0.0001)
and runoff (p < 0.01) inside the tramlines is highly significant com-
pared to the cultivated field area.

The comparison of runoff and soil loss, calculated for selected
fields, according to TLP and CP, reveals a significant increase of both
the simulated runoff volume and the amount of eroded soil in tram-
lines (p < 0.0001) as for the total fields (soil erosion, p < 0.01; runoff
p < 0.05; Figure 7). Surprisingly, cultivated field areas show slightly
higher soil loss in CP, although the increase in average runoff genera-
tion is 20% higher in TLP.

The mean soil loss rate of all arable fields in the catchment and
the sediment delivery to channel arms considering all upstream sub-
catchments (Figure 8), indicates a strong increase of soil loss rate for
most fields, which led to a change from 10.3 (+21.3) to 25.6 (+37.9)
Mg per arable field (+148.5%). This increase of soil erosion for TLP
promoted the increase of sediment input into the channel network by

~1 sediment

61.2%, resulting in an additional amount of 7.9 Mg/ha
entering the channel system of the catchment. The arms adjacent to
fields with a higher soil loss rate are highly affected by an increased
gain of sediment.

As shown in Figure 9, E3D calculated a total sediment delivery to
the channel system of 4475.1 Mg for TLP which equals 45.9% of the
total soil mobilized in the catchment. This equals an increase of 59.6%
of soil (2803.3 Mg) and 41.4% of runoff delivery to channel network
compared to CP. In addition, TLP shows differences in the predicted
proportion of sediment particle sizes delivered to watercourses.
Finally, clay and silt fractions increase by 5.5% (in total 32.7%) and
7.9% (in total 60.8%) at the expense of the sand proportion.

3.2 | Sensitivity analysis of tramline parameters

Figure 10 shows that the adopted BD values in tramlines cause the
strongest increase in soil loss rates (+33%) and runoff (+27.9%) com-
pared to CP, which also resulted in the highest increase in sediment
input to surface waters (+32%). Erosional resistance of tramlines is
estimated to affect average soil loss with a gain of 9.8% and an addi-
tional sediment delivery of 8.6% to channels. In general, erosional
resistance, defined by particle and aggregate size and stability
(Schmidt, 1991), specifically affected the composition of mobilized soil
particle fractions, with higher proportions of silt and clay. Hydraulic
surface roughness and soil cover in tramlines were discovered to have

no stronger impact on soil erosion (+ < 1%) and even less for runoff
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FIGURE 6 Predicted sediment
budget of the catchment by E3D for
(a) tramline parameterization (TLP)
and (b) common parameterization
(CP) with additional focus on one
selected field (field 1000) [Colour
figure can be viewed at
wileyonlinelibrary.com]
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(+ < 0.1%). The integration of tramline ruts in the DEM showed the 3.3 | Testing of modeled soil loss

second highest increase in average runoff of about +3%, while its

effect in soil loss was low (+0.4%). Surprisingly, total sediment deliv- Soil erosion mapping showed measurable linear soil loss on four
ery to the channels was even reduced by - 0.2% (4.9 Mg) for adapted of 28 fields (Figure 11). All other fields showed clear evidence of
micro-morphology compared to CP. severe interrill erosion in nearly all tramline areas as well as in
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TABLE 2 Model predictions of EROSION 3D (E3D) for soil erosion and runoff based on the tramline parameterization (TLP) and the common

parameterization (CP), separated by different field zones

Model output Model input Field zone Area (km?) Mean SD (+) Min Max Med Sum
Soil Erosion (Mg ha™?) TLP Tramlines 0.5 138.9 626.9 0.0 95,784.3 0.0 6999.7
Cultivated 3.2 8.4 174.0 0.0 86,995.9 0.0 2708.7
Non-Arable 2.0 0.2 16.6 0.0 10,740.3 0.0 30.3
Catchment 5.7 17.0 230.8 0.0 95,784.3 0.0 9738.7
CP Tramlines 0.5 10.5 295.7 0.0 59,573.4 0.0 531.1
Cultivated 3.2 13.2 3514 0.0 99,786.6 0.0 4252.0
Non-Arable 2.0 0.2 225 0.0 16,696.4 0.0 40.3
Catchment 5.7 84 278.4 0.0 99,786.6 0.0 48234
Runoff (m® m™%) TLP Tramlines 0.5 14 13.2 0.0 1278.5 0.1 723,412.2
Cultivated 3.2 0.6 10.9 0.0 1348.3 0.0 2,021,622.8
Non-Arable 2.0 0.4 9.5 0.0 693.1 0.0 889,332.0
Catchment 5.7 0.6 10.7 0.0 1348.3 0.0 3,634,366.9
CP Tramlines 0.5 0.4 6.4 0.0 956.6 0.0 190,159.2
Cultivated 3.2 0.5 8.9 0.0 1147.4 0.0 1,629,511.2
Non-Arable 2.0 0.4 8.4 0.0 569.0 0.0 792,460.8
Catchment 5.7 0.5 8.5 0.0 11474 0.0 2,612,131.1
(a) A ns - FIGURE 7 Box plots of results
3 . for (a) average runoff and (b) average
soil loss rates based on arable fields
~ (N = 75), comparing tramline area,
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o 5 L § o ° o orange) and the common
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< ° ' Significance levels: Ns: p > 0.05, *:
. : . p <=0.05*:p<=0.01, ***
0 A ! : ' p < =0.001***: p < = 0.0001. @*
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concave slope features, which were regularly accompanied by
colluvial deposits in depressions. For the four fields with domi-
nating linear erosion (Table 2), we registered 96 rills with a maxi-
mum length of 119.8 m (average 32.8 m) and a total soil loss of
53.9 Mg.

The spatial distribution of modeled erosion and deposition within
the catchment corresponds qualitatively well to our field observations.
It was also found that the predicted transfer points for sediment input
into the river network fit accurately to the mapped locations. Mod-

elled soil loss rates for TLP are higher for each mapped field and field
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FIGURE 8 Simulated average soil erosion rates on arable fields and average sediment delivery to channel arms of the up lying watershed
based on (a) the common parameterization (CP) and (b) the tramline parameterization (TLP) [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 9 Predicted sediment (a) (b)
delivery to channel network (a) and total 5000+
channel flow (b), by comparing common
parameterization (CP) and tramline 15000 -
parameterization (TLP) [Colour figure can 4000 4
be viewed at wileyonlinelibrary.com]
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section, which range from the same magnitude to two orders of mag- derived from mapping. E3D predicted maximum soil loss rates in tram-
nitude above the measured soil loss. However, soil loss rates for tram- lines of field 1001 (346.5 Mg ha~1), which was also the highest soil

lines were highest in both the modeling results and the estimates loss rate from measurements (7.2 Mg ha™2).
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FIGURE 11

selected field (field 1000) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Sensitivity of
adapted tramline parameters in E3D
(DEM, digital elevation model; BD,
bulk density; SC, soil cover; ER,
erosion resistance; HSR, hydraulic
surface roughness; and CP, common
parameterization) for (a) sediment
input and particle distribution to
channel system, (b) average soil loss
(c) and average runoff, based on the
total catchment [Colour figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 12 Comparison of
model results from the tramline
parameterization (TLP) with soil

=
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fields (field 1000, 1001, 1003, 1013), 1.00- 4049 49%
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The shares of absolute soil loss between tramlines and cultivated
area for mapped and modeled results of TLP (Figure 12) show, that
except for field 1013, the proportion of soil loss in the other fields is
in good agreement between modelled and measured soil erosion
(+ 1.9%-14.2%). The figure also shows that predicted soil loss for the
tramlines share is overestimated in all fields. In case of fields 1000
and 1003, soil erosion in tramlines dominates for measured and mod-
elled estimations, while field 1001 reveals higher proportions of soil
loss for cultivated areas. For field 1013, the proportions of modelled
and mapped erosion do not match. In this case, E3D predicted soil loss
almost exclusively from tramlines, while 81.1% of measured rill ero-
sion was located in cultivated areas. Considering the total mass of soil
moved within the fields, modelled soil loss is one (1000 and 1001) to
two (1003 and 1013) orders of magnitudes higher. While the highest
(field 1001) and lowest (field 1013) soil losses fit the predicted esti-
mates, modeled soil loss for field 1000 was comparably low despite

high measured estimates.

4 | DISCUSSION

4.1 | Indications from model results

Our results highlight that tramlines integrated into process-based
models can significantly contribute to runoff and soil loss calculations

field area cultivated tramline
1001 1003 1013
38% - 1.7% 0.6 %
38.7 %
52.9 %
81.1 %
96.2% 98.3% 99.4 %
61.3 %
471 %
18.9 %

map;ped modlelled maplped mod|elled maplped modlelled

1001
941.8

1003 1013

156.8 116.3

30.8 9.5 2.4

map;ped modlelled map;ped mod'elled maplped modlelled

in a catchment, resulting in a more realistic prediction of soil erosion
risk. The estimated addition of tramlines to runoff (2.3 times) is in
good agreement with Fleige & Horn (2000) who found an increase in
runoff by a factor of 4 on similar soils. The integration of tramline ruts
in the DEM results in a significant improvement in runoff prediction,
and seems to be a key mechanism in the adequate parameterization
of tramlines for process-based models.

According to the sensitivity analysis, the increases in runoff and
soil loss inside the tramlines are mainly attributed to the process of
soil compaction, rather than the lack of vegetation cover. Compaction
through repetitive wheeling successively reduces micro-morphology,
surface roughness, soil erosion resistance, and increases BD
(Batey, 2009; Mosimann et al., 2008; Weisskopf et al., 2010). The lat-
ter was found to be the key parameter responsible for increases in soil
loss and runoff, as reported by others (Govers et al., 1990; Hieke &
Schmidt, 2013; Parker et al., 1995). Under the given conditions the
degree of soil coverage from vegetation was identified as an insensi-
tive parameter that contributes only a little to changes in modelled
soil erosion rates. This apparent contradiction certainly results from
the fact that the rainfall event investigated in this study occurred at
an early stage of crop development. Consequently, vegetation cover
is expected to play a more vital role with progressing phenological
cycle of the crops. Thus, soil compaction is the main process responsi-
ble for soil erosion processes in tramlines, but its dominance may shift
depending on the time of the year.
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Interestingly, mobilized soil fractions of silt and clay increased
within tramlines due to reduced erosional resistance, which is depen-
dent on, for example, aggregate size and stability (Schmidt, 1991). This
is in agreement with studies highlighting that soils with reduced
aggregate size and stability (e.g., by compaction) release finer soil frag-
ments (Leguédois & Le Bissonnais, 2004; Shi et al., 2017). As the pro-
portion of mobilized finer fractions (silt and clay) preferentially bound
nutrients such as P (Davison et al., 2008), it can be expected that
tramlines are more affected by nutrient losses, which is supported by
studies from Withers et al. (2006) and Silgram et al. (2010). Therefore,
it can be concluded that tramlines not only increase soil erosion, but
also the transport of nutrients, which are likely to cause environmen-
tal problems in adjacent ecosystems.

The unanticipated finding that runoff and soil erosion was
increased but sediment input to channels reduced, suggests that tram-
line ruts influence water and sediment connectivity by channeling and
redirecting runoff. In this case, the arrangement of tramlines in the
catchment seems to have a slightly positive effect on sediment deliv-
ery by reducing overland flow connectivity.

The unanticipated lower soil loss on cultivated areas for TLP, com-
pared to CP, could be explained by an intensified deposition. When
runoff with an increased load of suspended sediment leaves the tram-
line, soil conditions, and relief of the cultivated field (e.g., hydraulic sur-
face roughness and surface cover) reduce concentration and speed of
overland flow, which consequently decreases its transport capacities.
This favours deposition of soil particles, despite additions of runoff, as
an increase in depositional areas consequently reduces the average
and total soil loss within the cultivated fields for TLP.

Considering the implication of soil erosion for the investigated
catchment, the estimated soil loss rates of our event exceeded the
estimated annual average of soil loss for arable land in Germany
(3.6 t ha= yr~1: Saggau et al., 2017). Although the event in 2017 was
the most erosive one within the period of 2016 and 2020, it shows
that, in consideration of soil production rates (ca. 0.036
+0.04 mm yr~!) (Montgomery, 2007) soil erosion, especially from
tramlines, can be a major degradational process in Weichselian

moraine landscapes affecting sustainable land management.

4.2 | Model performance

Soil loss prediction of TLP showed plausible and promising results
when compared with the measured patterns and quantities of erosion
(Section 3.3). Especially the good agreement of the share of modeled
and measured amounts of soil loss from tramline and cultivated areas
are promising (field 1000, 1001, 1003). The discrepancy between
modeled and measured values for field 1013 can be explained by the
fact, that in 2016 the field was divided into two smaller parcels. In this
year the headland was located at the same spot where the rill system
was found. Headlands are highly affected by compaction due to
increased field traffic intensity (Augustin et al., 2020; Kuhwald
et al., 2016) and thus may have favoured rill formation in 2017. This is
in agreement with several studies (e.g., Prasuhn, 2020; Remund

et al., 2021; Steinhoff-Knopp & Burkhard, 2018), who identified head-
lands as highly erosion prone areas, related to tramlines, which seems
to be important determinants for soil erosion modeling.

The reason for the higher estimations supplied by E3D, compared
to testing data, can be linked to the fact that the conducted resolution
of 1x1 m, which was limited by the software and catchment-extent,
resulted in an over-prediction of tramline area by 76%. This not only
leads to an increase in erosion prone tramline area, but also to a com-
bination of two small wheel tracks to one larger pathway with com-
bined surface runoff. This generalization is likely to overestimate the
severity of predicted runoff and soil erosion processes.

Furthermore, measured soil loss is only based on rill erosion and
does not account for interrill erosion (e.g., sheet wash and raindrop
splash). The share of interrill erosion from total erosion can, however,
range from 10%-99% (Auerswald & Kainz, 1998; Bug &
Mosimann, 2012; Govers & Poesen, 1988; Poesen et al., 2003). Inter-
rill erosion is difficult to assess because of gaps in our knowledge
regarding soil erosion processes (Poesen, 2018) and depends on sev-
eral factors, for example, soil texture and climatic conditions (Evans
et al, 2016). In Table 3 we integrated approximations for less pro-
nounced interrill erosion (25%; Prasuhn, 2011) and dominant interrill
erosion (75%; Bug, 2011). Suggesting a dominant interrill erosion of
75%, measured soil erosion rates are in the same or at least one order
of magnitude lower and account for 16.2% of modeled soil loss. The
calibration of E3D was a fundamental step, which improved model
results noticeably, by narrowing runoff by 81.6% and soil erosion by
76.9% compared to uncalibrated modeling. Compared to other
process-based studies, which report overestimations of two magni-
tudes (Jetten et al., 2003; Saggau et al., 2019; Schmidt et al., 1999;
Starkloff & Stolte, 2014), our approach can be seen as a step forward
in the optimization of model parameterization.

4.3 | Model uncertainties

Although the results point to an improvement in predicting soil ero-
sion, some limitations remain that occur from variations and overesti-
mations in the model outcomes (Section 3.3). These inaccuracies can
be mainly addressed to deficits in the input data and model structure.
The latter implies that process-based models such as E3D are to some
extent based on empirical data from plot experiments. Plot-data incurs
limitations for distributed modeling, as described by, for example,
Batista et al. (2019), Parsons (2019), and Boardman & Evans (2020),
thus those models are likely to overestimate severity and spatial
extent of soil erosion.

In addition to the previously discussed overestimations of tram-
line area (Section 4.2), computational grid cell size is another impor-
tant sensitive parameter that affects the outcome of grid-based
modelling (Saggau et al., 2019). By changing spatial resolution, hydro-
logical and geomorphological parameters (e.g., slope, slope length,
catchment size) can vary considerably (Hancock & Evans, 2006; Jetten
et al., 2003; Millares et al., 2012). Furthermore, model results also

depend on the hydrologic preprocessing (e.g., flow-routing algorithm,
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TABLE 3 Comparison of modeled soil erosion rates for tramline parameterization (TLP) and measured rill erosion rates based on fields with

measurable soil loss subdivided into different field zones

Soil loss rates (mg ha—?)

Field ID Field zone Modelled

1000 Cultivated 0.6 0.1
Tramline 83.9 6.1
Total 10.6 0.8

1001 Cultivated 28.6 1.0
Tramline 346.5 7.1
Total 65.4 1.7

1003 Cultivated 0.1 0.0
Tramline 49.1 22
Total 6.5 0.3

1013 Cultivated 0.1 0.1
Tramline 49.1 0.2
Total 7.7 0.1

Total Cultivated 6.7 0.3
Tramline 113.8 3.2
Total 20.7 0.7

Measured rill erosion

25% interrill erosion 75% interrill erosion

0.1 0.4
8.2 247
11 3.3
14 4.2
9.5 28.6
23 7.0
0.0 0.1
3.2 9.7
0.4 1.3
0.2 0.5
0.2 0.6
0.2 0.5
0.4 1.2
4.5 134
0.9 2.8

Note: For measured rill erosion rates, integrated shares of estimated 25% and 75% interrill erosion were added

CSA, hydro-enforcement method of the DEM), which affects flow
direction, flow length, and slope characteristics (Poppenga &
Worstell, 2016; Walker et al., 2021).

By including tile drains as part of the hydrologic system
(Section 2.3), the spatial distribution of soil erosion processes is
improved (Luetzenburg et al., 2020; Moloney et al., 2020). However,
these pipes are treated as surface channels during the model routine,
which allows runoff and sediment inputs at places where no direct
surface connection is present. Therefore, sediment input and runoff
gains in the channel system could be over-predicted in this study.

Other possible uncertainties rise from model calibration (Batista
et al.,, 2019; Starkloff & Stolte, 2014), utilization of homogeneous rain
data over the entire catchment, and by the input of soil-parameters
derived by DPROC or literature (Sections 2.3.3 and 2.3.4). Accessible
parameters for tramlines are especially rare and are likely to vary in
space and time. As BD was shown to be a highly sensitive parameter
within tramlines, it also has a high uncertainty potential. Furthermore,
the importance of BD highlights that neglecting (compacted) head-

lands can negatively affect prediction accuracy.

4.4 | Future research needs

Our results highlight the need for more data on soil properties espe-
cially for tramlines. Specifically, the spatio-temporal variation of BD
seems to be an important determinant. In general, the improvement
of assessing accurate input data by offering error propagation is

required in order to better understand the capabilities of model

outcomes (Batista et al., 2019; Parsons, 2019). While we reviewed the
uncertainties of certain input data (e.g., DEM, SOC, and soil texture),
measures for other complex input-data (e.g., BD, erosional resistance,
and hydraulic surface roughness) are still missing. The gap could be
filled by utilizing geostatistical or machine learning approaches
(e.g., Emadi et al., 2020; McBratney et al., 2003), or new measuring
techniques using remote-sensing data (Martinez-Agirre et al., 2020).
At the same time, data and scripts of such studies should be freely
accessible in spirit of reproducibility, to facilitate exchange and pro-
gress in modelling (Kuhwald et al., 2020).

To further increase the spatial prediction accuracy in soil erosion
modelling, the consideration of headlands seems necessary
(Sections 3.2 and 4.1). Additionally, improvements in cell sizes below
1 x 1 m are expected to offer better results, with less over-prediction
as it can more accurately account for tramline areas (Saggau
et al., 2019). As soil erosion by water is a highly spatio-temporal pro-
cess, which is predominantly driven by single events (Fiener
et al,, 2015; Wilken et al., 2018), continuous modelling over time is
essential. Long-term simulations within a catchment should provide
better and more meaningful results concerning the temporal role of
tramlines on soil erosion and consequently soil degradation within an
agricultural landscape.

Our study showed that water and sediment dynamics and con-
nectivity within a catchment are strongly interrelated with tramlines.
Consequently, their impact on water and sediment connectivity needs
to be assessed, as connectivity is an important factor controlling soil
erosion risk (Baartman et al., 2020; Boardman et al., 2019) and sedi-

ment delivery to channel networks (Section 4.1). In order to adapt
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adequate measures for preventing soil degradation and establishing
sustainable land management, our approach offers the possibility to
evaluate the success of conservation measures concerning the reduc-
tion of soil loss related to tramlines e.g. direction to the slope, inter-
mitting planting and tramline renovation (Damanauskas &
2021; 2008; Withers

et al., 2006). This was not possible until now, but needs to be evalu-

Jablonskyté-Rasce, Mosimann et al.,
ated, as soil erosion in tramlines seems to be a major process in agri-
cultural soil degradation.

Finally, we showed that the impact of compacted tramlines on
soil erosion and runoff can be severe. However, other landscapes with
different environmental conditions and management practices might
show a different response to tramlines. Accordingly, more studies in
catchments with different environmental conditions are necessary to
assess, where the risk of compacted tramlines is as serious as indi-

cated in our study.

5 | CONCLUSIONS

We have demonstrated the application of a process-based soil erosion
model that considers the effect of compacted tramlines for an entire
catchment for the first time. The results highlight that:

1. Tramlines strongly influence sediment and runoff dynamics and
increase sediment delivery to adjacent water systems.

2. Compaction induced increases of bulk density has the most severe
impact on modeled soil loss and runoff generation in tramlines.

3. Tramlines are estimated to increase mobilized silt and clay propor-
tions, which promotes the risk of P transport.

4. Adoption of tramline ruts in the DEM improves runoff prediction.

5. Model calibration strongly enhances model outcomes.

Despite general over-predictions and uncertainties of the model
simulations, our results confirm that tramlines are serious sources of
runoff and soil loss, which strongly increase sediment delivery to
channel network. This study advances the application of process-
based soil erosion models and demonstrates that compacted tramlines
cannot be neglected when soil erosion and sediment delivery should
be accurately assessed within a catchment. To adapt management
practices to prevent soil degradation, our approach offers a way to
implement tramline specific conservation measures into the model
design and to assessing their effectiveness. This facilitates adequate
implementation of soil erosion protection measures, which remains
one of the most important goals in soil erosion modeling for the sus-

tainable development of agricultural landscapes.
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