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Abstract: Controlled traffic farming (CTF) is used to confine soil compaction to the least possible area
of the field, thereby achieving economic and environmental benefits. In the context of climate change,
soil erosion is one of the most discussed topics, and there is a research gap in understanding the effects
of CTF on soil erosion in Central Europe. The aim of this work was to show the potential of CTF
to reduce water erosion, in terms of water runoff and soil loss on steep land. A 16 ha experimental
field with a CTF technology implemented since 2009 at the Slovak University of Agriculture was
used in this research. Three traffic intensity locations were selected and watered using a rainfall
simulator. The results showed that the soil which had not been wheeled for 12 years had the lowest
water runoff: its intensity after 20 min of simulated rain was 10 times lower compared to the multiple
traffic treatment. The soil loss, expressed as the total soil sediments collected after 35 min, in the no
traffic area was lower by 70%, compared to the soil with one-pass treatment and only 25% of the loss
in the multiple traffic areas. These results show that CTF can significantly reduce soil loss through
water runoff on steep land.

Keywords: machinery traffic; soil compaction; water infiltration; soil structure; environmental effects;
heavy machinery

1. Introduction

Soil compaction caused by machinery wheels affects the crop production role of soil,
e.g., soil water and nutrient availability, natural biological activity, and vulnerability to
soil erosion [1,2]. In traditional farming, almost all the field area is subjected to the traffic
of agricultural machinery [3,4]. Controlled traffic farming (CTF) is a technology which
minimises the compacted area of the field by using permanent tramlines to conduct all crop
operations [5]. In random (conventional) traffic farming (RTF), machinery can wheel up
to 88% of the soil yearly if ploughing is carried out. This area decreases to 73% and 56%
of the field if a minimum or no tillage (direct drilling) system is implemented [3]. On the
contrary, CTF leaves 80–90% of fields permanently without soil compaction. In order to
achieve this, the implement and machinery widths must be matched. The main advantage
of CTF is confining the soil compaction due to machinery movement to the least possible
area. This area is constituted by permanent tramlines that can be cultivated (intermediate
permanent tramlines) or used only for traffic without cultivation. In CTF, the traffic area
of the field goes down to approximately 15%. Thus, the soil with no traffic benefits from
better soil structure, lower fuel consumption, and higher crop yield. Published results
report crop yield increases up to 25%, depending on the crop and location [4], together
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with yield stability increases, confirmed in dry growing seasons [6,7]. Other benefits of CTF
are decreases of energy consumption, due to reduction of tilled areas; lower soil resistance,
resulting from avoiding compaction; lower rolling resistance and wheel slip on permanent
tramlines; and enhanced fertiliser use efficiency [8–10]. These have been summarised by
Tullberg et al. [11] and Antille et al. [1].

CTF can be combined with soil conservation methods used for crop establishment [12].
Even if some farmers fear the initial decrease in crop yield when converting to a non-
plough-based tillage, this decrease is compensated by lower production cost and yield
increases after the initial 5–7 years [13–15]. The benefits from soil conservation methods
increase when they are combined with CTF [14], as avoiding traffic increases the benefits
from zero tillage.

Avoiding field traffic has positive effects on the environment, especially in terms of
greenhouse gas (GHG) emissions reduction [16–18], which is critical in relation to climate
change. Moreover, soil erosion and loss are a critical issue in today’s farming [15,19].

Gasso 2013 [16] summarised results from Australia and China showing that CTF
causes, in general, significant reductions in water runoff (by 28–42%) [20–22]. Additionally,
the direction of permanent traffic lines has been discussed in the literature with contradic-
tory results. In 2004, Titmarch et al. [23] showed that water runoff and soil erosion levels
were usually slightly higher on permanent tramlines with up/down orientation than for
ones running across the slope. However, others reported that water runoff is stimulated
when these are parallel to the slopes and inhibited when these are perpendicular to the
slopes [13]. The positive effects of no traffic at bed growing systems in Mediterranean
conditions were shown, wherein a permanent bed without traffic resulted in lower water
runoff and soil loss compared to a conventionally tilled bed [24].

Moreover, the published results [1,20] show that traffic and tillage effects can be
cumulative, wherein the mean yearly water runoff from controlled traffic and zero tillage
plots, representing the best practice, was 112 mm (47.2%) lower than that from wheeled
stubble mulch plots, representing the conventional practice. To summarise, CTF improves
soil structure [25], which is expected to have a positive effect on the reduction of soil erosion
resulting from high water infiltration and low runoff. This was shown for Australian and
Mediterranean conditions. There is a research gap in information on the effect of CTF on
erosion for Central European conditions.

Therefore, the aim of this work was to evaluate the effect of CTF on soil physical
properties and soil erosion with the focus on rainfall erosion and soil loss.

2. Materials and Methods
2.1. Experimental Field Characteristics

A long-term field scale experiment based on a 16 ha (48◦37′17′′ N, 18◦20′75′′ E) field
converted to CTF together with soil conservation tillage was established in 2010. The CTF
system was designed on the basis of a 6 m machinery module (Figure 1), resulting in 55%
of the field being a no traffic area, 39% covered by a single pass (combine harvester), and
24% covered by permanent tramlines. The permanent tramlines were used for all field
traffic, and thus they represent multiple traffic soil; their direction is shown in Figure 1. In
order to obtain a larger area of single-pass traffic needed for sampling and analyses, three
strips were trafficked by tractor wheel (single pass) each year (Figure 1). These areas were
compacted by a wheeled tractor, which is also used for other field operations, during each
year, after each harvest. The machinery traffic patterns and the layout of the experiment
had been previously used [6,7]. Hereby, three different traffic intensity areas were found
in the field, i.e., the soil with no traffic (soil which has not been subjected to the traffic of
agricultural machinery since 2009), the soil with one traffic pass a year (RTF strips), and the
soil with multiple traffic passes a year (permanent traffic lines).
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Figure 1. Experimental field showing the direction of the permanent tramlines and the three traffic
intensity areas: (A) no traffic area; (B) single pass area; (C) multiple pass/permanent tramline area.

For sampling and data collection, these refer to A, B, and C areas, where:
A is a no traffic area;
B is a single pass area;
C is a multiple pass/permanent tramline area.
In the long-term experiment, there are 9 locations in each area, i.e., A, B, and C,

monitored in terms of yield and selected soil parameters since 2010 (Figure 1). However,
these parameters were not the subject of this paper.

One location in each area, i.e., A, B, and C, was selected to conduct in situ measure-
ments of soil erosion, as further explained in Section 2.2.

In terms of field management, before the CTF technology was implemented, a con-
ventional plough was used. However, a soil conservation method based on crop residue
distribution and shallow tillage has been used since 2009. Direct sowing (zero tillage) was
implemented in the 2021 season. As this is a field scale experiment, the field was treated as
a whole from an agronomic point of view: tillage and other crop operations were the same.

Field elevation varies between 196 and 212 m above sea level. The field exhibits a
downward slope in the direction of east to west, which ranges between 3 and 7%. The soil
texture was analysed on the basis of the Slovak Standards [26] and classified according
to the Novak classification [27], being characterised as a silt loam (both the topsoil and
subsoil). The only exception was the subsoil in the southwest corner, which has a slightly
higher clay content than the rest of the field and, therefore, was characterised as a clay loam.

2.2. Field Measurements, Calculations, and Modelling
2.2.1. Soil Erosion Model

As it is not economically viable to carry out soil erosion measurements using a rain
simulator in the whole field, one of the 9 locations for A, B, and C traffic intensity areas
needed to be targeted. As the aim was to identify the field area having the highest erosion
risk, the soil erosion was firstly modelled. The USLE (universal soil loss equation) model,
which represents the average yearly soil erosion, was used, and defined as [28]

E = R × K × LS × C × P (1)

N 

A 
Legend 
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for traffic 1reatments A and C 

Ell Monitoring points 
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where

E is the soil loss (t ha−1);
R is the rainfall erosivity (MJ mm ha–1);
K is the inherent erodibility of the soil (t ha−1 h ha–1 MJ–1 mm–1);
LS is a dimensionless topographic factor based on slope length and steepness (-);
C is a dimensionless factor representing vegetative cover (-);
P is a dimensionless conservation support practice factor (-).

The values of these erosion factors were determined from the long-term data of the
total rainfall and its intensity (R-factor), the soil survey (K-factor), a high-resolution digital
elevation model (LS-factor), the landscape structure (C-factor), and the land management
(P-factor) were neglected as they would not affect the differences between the A, B, and
C locations.

The evolution of USLE resulted in RUSLE (revised universal soil loss equation), de-
rived by Moore and Burch [29] and applied by Desmet et al. [30] and Mitasova et al. [31].
This model includes a replacement of the slope length factor (L) (as a part of the topographic
factor—LS), with 5 as the upslope contributing area (A), so that the model can predict
an increased soil loss (by erosion) due to a concentrated flow, without the need to define
these areas as individual inputs. The modified LS factor was calculated on the basis of
the equation:

LS = Am × (sin β)n, (-) (2)

where

A is the upslope contributing area per width unit (m2 m−1);
B is the slope angle (◦);
m and n are constants that depend on the type of flow and the soil parameters (-).

Where the rill soil erosion prevails, the constant values are usually defined as m = 1.6
and n = 1.3; where the sheet erosion dominates, they are set to m = n = 1.0 [32].

In order to process these models for the experimental area, the following data sources
were used:

• Digital Terrain Model 5.0 (DTM 5.0)—year 2018 (having a spatial resolution of 1 m),
established in 2017 by the Geodesy, Cartography and Cadastre Authority of the Slovak
Republic (ÚGKK SR) [33]; the output data from the airborne laser scanning (ALS)
were used; they are characterised by the scanning density of 33 points per m2 and
the absolute vertical accuracy of the point cloud of 0.03 m; the DTM 5.0, as a raster
model having a spatial resolution of 1 × 1 m, was built up using the inverse distance
weighting (IDW) interpolation method.

• The flow direction (as an input raster for calculating the slope length and contributing
area) was derived by the D8 algorithm [34].

Orthophotomosaic—year 2020 (having a spatial resolution of 0.20 m), provided
by Geodetic and Cartographic Institute Bratislava (GKÚ) and National Forest Centre
(NLC) [35]. The R-factor was determined according to the nearest precipitation gauge
station (Nitra) as a constant value (24.62) from the published data [36]. The value was
obtained by evaluating rainfall records for a 50-year observation period (since 1960). As the
rain intensity changes during a rainstorm, the rainfall curves were divided into sections
having approximately the same intensity, while the kinetic energy was calculated for each
section. As Slovakia is located at the border of inland continental and coastal climates in
variable weather conditions, thus rainstorms vary in intensity; for this reason, published
rainfall records were used. The K-factor was defined according to the main soil unit in
the experimental field, as well as a constant value (0.59) from the available source [37].
The determination of the value was preceded by a soil analysis performed by the Soil
Science and Conservation Research Institute (SSCRI) in Bratislava between 1960 and 1970.
The soil sample was taken from a depth of 20 cm. The current research from 2010 did
not find any significant differences in the soil properties measured. On the basis of the
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calculated models, the locations for the in situ measurement of water runoff and soil loss
were targeted. The details of these measurements are provided in Section 2.2.2.

2.2.2. Field Measurements of Water Runoff and Soil Rainfall Loss

The soil erosion measurements were conducted in October 2021. The climate charac-
teristics of the year are shown in Table 1 and Figure 2. In order to show the actual water
regime conditions of the field, the actual soil moisture was determined following the same
methodology described in Section 2.2.2.

Table 1. Climate parameters of the study area in 2021, compared to the long-term average values.

Parameter
Average Yearly Value

in the Period
1991–2020, mm [37]

Actual Yearly Value
in Experimental

Field in 2021, mm
Difference, mm Relative to Average, %

otal rainfall, mm 660.00 560.20 −99.80 84.88
Air temperature, ◦C 10.70 10.29 −0.41 96.16

Relative air humidity, % 71.90 75.77 3.87 105.38
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Figure 3. Rain simulator: a frame having a nozzle and an assembly for sampling water runoff.

The measurements were conducted in the 3 locations with 4 replications (2 in each
monitoring point). The rain intensity of 1.3 mL min−1 was simulated for 50 min, which is
equal to the rainfall of 80 mm per hour.

2.2.3. Soil Compaction Measurements

In order to complete the information on the locations, soil compaction was measured
in the study locations. The handheld soil cone penetrometer Eijlkelkamp 06.15.31.SA,
having an accuracy of ±0.01 MPa (eijlkelkamp.com, accessed on 20 October 2022), was
used during the tests. Soil cone penetrometer resistance was measured and recorded every
centimetre until the depth of 80 cm. A cone tip having a bottom area of 1 cm2 and a vertex
angle of 60◦ was used, according to the ASABE standard S313.3 [36]. In each location (A, B,
and C), 45 replications were obtained. The sampling methodology followed the ASABE
standard EP542.1 [39,40]. The actual soil moisture was measured at the same time using
the gravimetric method following the standard ISO 11465 [41].

The statistical analysis was performed for all traffic treatments using Statistica soft-
ware [42]. This analysis involved tests of normality (Shapiro–Wilk test), descriptive statistics
followed by Levene’s test of variance homogeneity, and the analysis of variance (ANOVA)
and least significant differences (LSD), in order to compare the means using probability
levels of 5%.

3. Results
3.1. Soil Erosion Model of the Field

In order to calculate the erosion model, the slope length was firstly analysed (Figure 4).
The slope length was lower than 25 m in 64.4% of the experimental area. However, there
were some extreme lengths—the longest one was 700 m. As shown in Figure 4, the longest
slope went from north to east, downhill, and along the western border. Moreover, it was
clear that the field area was affected by the surrounding fields, as there was water coming
from the other areas, especially the neighbouring area to the north. For the calculations of
RUSLE, the contributing area was needed, as shown in Figure 5. Most of the field had a
contributing area lower than 50 m2.
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7◦ (Figure 6).
On the basis of the above information, the potential yearly soil loss was calculated

according to USLE, as well as its modification (RUSLE). The data are shown in Figures 7 and 8.
The highest risk of soil erosion causing the highest soil loss was identified on the steep areas.
The areas which had different categories of soil loss risk are shown in Table 2. According to
both calculations, the potential yearly soil loss ranged from less than 5 to 50 t ha−1. Even if
most of the area of the experimental field had the lowest potential yearly soil loss, a yearly
soil loss between 5 and 15 t ha−1 was found in almost 30% of the area itself.
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3.2. Calculation of Water Runoff and Soil Loss

On the basis of the erosion model derived from the available data, the field areas with
the highest erosion risk were targeted. These areas are shown in Figure 8 as sites 1 and 2.
In site 1, the rainfall simulator was used for measurements in location B, while in site 2, the
locations A and C were targeted. The distance between A and C is shown in Figure 1.

The soil moisture content was measured before the rain simulation. The average soil
moisture content was 22.14%, which indicates dry conditions, according to the climate
parameters and calculated soil water limits shown in Table 3. This was also expected from
the climate conditions of the year, which are shown in Figure 2.
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Table 3. Calculated soil water limits in the monitored locations.

Traffic
Treatment

Bulk Density,
g cm−3

Soil Moisture
Content

(Gravimetric), %

Soil Moisture
Content

(Volumetric), %

Field Water
Capacity, mm

Point of
Decreased

Availability, mm

Wilting Point,
mm

A 1.53 22.86 34.89 348.9 226.8 167.7
B 1.55 22.14 34.24 342.4 222.5 164.6
C 1.57 21.42 33.71 337.1 219.1 162.0

The water runoff from the three locations (A, B, and C) is shown in Figure 9. The data
show the amount of water which did not infiltrate into the soil from the applied amount
(1300 mL min−1). In location A, almost all the water infiltrated within the first 20 min.
Then, the water runoff started to increase, and after 50 min, it increased to 500 mL min−1.
In location B, the water runoff started to increase after 15 min. In location C, the lowest
infiltration and, consequently, the highest runoff were reached: the water started to flow
on the soil surface 8 min after the simulated rain. For both compacted locations (single
and multiple passes), the water which exceeded the infiltration rate and resulted in runoff
exceeded the values of 800 mL min−1 50 min after the simulated rain.
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Further, the dry weight of sediments was derived in laboratory conditions. Due to the
operational circumstances during the measurements, the samples were not taken in the
same minute of rainfall simulation in all three locations, and thus the timescale differed for
the A, B, and C locations. Figure 10 shows the soil loss (sediment weight) measured in each
location. The total weight of sediments was determined after 35 min and resulted in being
1.52 g in location A, 2.63 g in location B, and 6.52 g in location C.

3.3. Determination of Soil Physical Parameters

In order to show the effect of using the permanent tramlines and avoiding soil com-
paction in the rest of the field, soil cone penetrometer resistance was measured in the three
locations (Figure 11).
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Figure 10. Weight of soil sediments sampled during the simulated rain in the three locations: (A) no
traffic; (B) single pass; (C) multiple passes/permanent tramlines.
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Soil moisture content was measured at three depths and ranged between 17.2 and
18.3%. The results confirmed that avoiding soil compaction significantly improved its
structure in the topsoil, as it was expressed by significantly lower soil cone penetrometer
resistance in location A, compared to locations B and C. In location C, the soil cone pen-
etrometer resistance at the depth between 10 and 25 cm increased from 1.8 MPa, measured
in location A, to 3.4 MPa. The subsoil conditions showed the effect of permanent tramlines,
as location C was the most compacted area.

4. Discussion

Nowadays, in the conditions of climatic extremes, it is possible to observe more
commonly occurring dry periods followed by heavy rainfalls in the continental climate.
Even if GHG emissions, water restoration, and soil erosion have previously been inves-
tigated [1,14,19,21,43,44], the research on soil erosion itself is limited. Soil conservation
methods include minimum or no tillage and soil coverage with crop residues [45]. Con-
trolled traffic farming (CTF) increases these environmental benefits so that machinery traffic
is confined to the least possible area (permanent tramlines), while the rest of the field is
not compacted [45]. This study presents the benefits of CTF in terms of reduction in water
erosion and soil loss. The long-term experiment, where CTF was implemented in 16 ha
steep field, provides a unique experimental area. The layout of the experiment offered
three areas with different traffic intensity: (A) no traffic; (B) single pass a year; (C) multiple
passes/permanent tramlines a year.

In terms of soil erosion assessment, the experimental field was evaluated firstly as the
whole 16 ha area, using the data from the long-term research. The erosion risk was deter-
mined by means of USLE and its revised version (RUSLE) using the LS factor, providing
the potential yearly soil loss. Both approaches showed that almost 30% of the field had
the erosion risk of 5–15 t ha−1, which is within the maximum value established by Slovak
legislation, i.e., 15 t ha−1 [46]. On the basis of the compensation theory of soil erosion [47],
the yearly soil gain was estimated to be 1.5 t ha−1.

Then, the area of highest erosion risk was targeted. Here, a series of in situ field
measurements of water runoff and, consequently, soil loss was carried out in the three areas
with different traffic intensities. Rain intensity of 1300 mL min−1 was simulated to evaluate
the intensity of water runoff recorded in the locations after 20 and 40 min. In location A,
almost all water infiltrated into the soil after the first 20 min. The water runoff intensity of
28 mm min−1 was recorded after 20 min. After another 20 min (40 min after the beginning
of rain simulation), the water runoff intensity of 374 mL min−1 was recorded. In location
B, with one machinery pass a year, after 15 min, the water runoff started to increase up to
227 mL min−1 after 20 min and further to 721 mL min−1 after 40 min. In location C, water
runoff started to increase after 8 min, while after 20 min, its intensity reached the value of
276 mm min−1, and after 40 min, 722 mL min−1. It is evident that the soil subjected to the
multiple forms of traffic of agricultural machinery reached the highest rates of runoff and
the water started to flow on the surface earlier after the rain simulation.

These results are in agreement with the research conducted in the UK and Aus-
tralia [21,48,49] and can be explained by damaged soil structure caused by heavy agri-
culture machinery passes [50]. The direction of permanent traffic lines (location C) is
important to manage water runoff [16]. In the experimental field, the permanent tramlines
were designed perpendicular to the slope, as this is the best practice of crop establishment
used in Slovakia. However, some scientists [13] report that, when the permanent traffic
lines are parallel to the slope, the water runoff is better stimulated.

Moreover, the infiltration rates can be determined from the obtained data when the
water that runs off is subtracted from the applied water. The improved soil infiltration in
location A results from the improved soil structure, compared to locations B and C. These
results are consistent with others published on the improved infiltration rate [48,49,51]. The
improved soil structure is proved by the soil cone penetrometer resistance measurements.
The differences in the topsoil were statistically significant at p lower than 0.05. The highest
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difference between the locations A and C was at the depth of 15 cm, while the soil cone
penetrometer resistance in location C was double the value in location A. The effect of the
soil compaction caused by agriculture machinery was evident also in the subsoil (30–80 cm),
where the highest soil cone penetrometer resistance was obtained after multiple passes
(area C). Although the differences were lower than in the topsoil, they were still statistically
significant (p < 0.05). Some studies reported that the stress from agricultural machinery is
transferred down to 1 m depth [52].

The water samples collected in the three locations showed that one machinery pass a
year caused an increase in water runoff by 50%, compared to no traffic soil. After multiple
traffic passes, the area can lose almost triple its amount of water when compared to no
traffic soil. Assessing the soil sediments in the water samples showed that in location B,
73% more sediments were found after 35 min of simulated rain, compared to location A.
The soil compacted by multiple machinery passes (location C) recorded the worst results,
i.e., 6.52 g of soil in the sample collected after 35 min, compared to 1.52 g in the location
without any traffic applied for 12 years. The area which has the potential to benefit from
better infiltration, lower water runoff, and soil loss differs on the basis of the adopted
CTF system. The ratio of the areas with different traffic intensity differs depending on
machinery width, tyre contact area, and traffic scheme in the field. In random traffic
farming (RTF) systems, machinery can apply their weight to up to 88% of the field a year if
ploughing is implemented. This area decreases to 73 and 56% for the field if minimum or
no tillage (direct sowing) is implemented, respectively [3]. On the contrary, CTF systems
used in Australia result in 85% of their area not being subjected to the traffic of agricultural
machinery [8]. In Europe, different CTF systems are used, and the best system for reducing
the area subjected to the traffic of agricultural machinery is based on an 8 m machinery
module. When permanent traffic lines are used and 8 m wide machines are matched, 77%
of the field is not subjected to traffic. Environmental and economic benefits can, then, be
extrapolated on the basis of this ratio. A yield increase of 4% was recorded for a CTF system
with a 30% traffic area, while a further improvement up to 7% yield was obtained for a CTF
system with 15% of traffic soil [14].

The practical adoption of CTF in Europe follows the “tier” approach [48], beginning
with low-cost conversion from RTF to CTF, on the basis of using standard farm machinery
and respecting only the CTF layout (as is the case of the presented experimental site) up
to the 8 m module, where machinery replacement would be needed. Therefore, the cost
of technology implementation may vary from investments for only GNSS technology to
those for tractor adjustments and implement replacement. However, these initial costs are
compensated by the economic benefits derived from increased crop yields and decreased
tillage costs, as shown by Godwin et al. [14] and Galambosova [53], who confirmed that
even the most expensive conversion to an 8 m module would pay off within 4 years for an
area of 500 ha, 2.5 years for 1000 ha, and within 1.5 years for 2000 ha [53].

However, the aim of this work was to show that the permanent reduction of field
traffic significantly reduces the soil loss caused by water runoff, which is economical-
ly unmeasurable.

5. Conclusions

This work evaluated the effect of a controlled traffic farming (CTF) system (in field
conditions) on water runoff and soil erosion, estimated using the USLE equation. The
results showed that up to 30% of the field has a potential yearly soil loss of 5 to 15 t ha−1.

Furthermore, three areas with different traffic intensity were used to conduct a series
of measurements by means of a rain simulator. The area where no traffic has been applied
for 12 years (location A) showed significantly better conditions in terms of soil structure,
which was reflected in the lower water runoff and soil loss. When comparing the data
35 min after rain simulation with an intensity of 1300 mL min−1, the following results
were obtained:
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- the water runoff intensity was on average 2.5 times lower in the no traffic area (A),
compared to the traffic areas (B and C);

- the amount of total water and sediments collected after 35 min increased by 50% in
the area with one machinery pass (B), compared to the A area; in the multiple traffic
area (C), it tripled, compared to the no traffic area (A);

- the weight of soil loss, expressed in terms of soil sediments, was 1.7 times higher in
one machinery pass area (B) and 4.3 times higher in multiple pass area (C), compared
to the no traffic area (A).

The results show that CTF offers the potential to significantly reduce water erosion
and soil loss on steep land.
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