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Abstract: Soil compaction forms a major threat to the well-functioning of agricultural soils. This
threat is primarily driven by the increasing wheel loads of modern farming machinery and the
increased frequency of field operations in periods when the soil is moist to wet and thus more
prone to compaction. The application of slurry in early spring can have a highly detrimental impact,
certainly for a crop like sugar beet, which is sensitive to soil compaction. A one-year experiment
was set up on silt loam soil in the Belgian loess belt to assess the short-term impact of this field
operation on soil under conventional ploughing and under non-inversion tillage. Two types of
farming machinery were compared: a widely used tractor-trailer combination and a less common self-
propelled slurry spreader, with the latter having higher wheel loads. Both machines were operated
according to common or standard practice and a practice that aims at preventing soil compaction.
For the tractor-trailer, this was with tyre inflation pressure recommended for road traffic and field
traffic, respectively, corresponding with high and low tyre inflation pressure. The self-propelled
slurry spreader was operated under standard and crab steering, respectively. Lowering the tyre
inflation pressure to the recommended level for field traffic limited soil compaction and sugar beet
yield loss. Although the effects of crab steering were less pronounced, it lowered the impact on the
soil by limiting the number of passages. The overall machinery effect remained limited. The heavier
self-propelled slurry spreader did not significantly increase the level of soil compactness and reduce
sugar beet yield compared to the more common tractor-trailer combination. Soil under conventional
ploughing showed more soil compaction, while the effectiveness of reducing tyre inflation pressure
as a prevention strategy was lower compared to non-inversion tillage. The tillage practice, however,
did not have any overall influence on sugar beet yield.

Keywords: soil compaction; prevention strategies; tyre inflation pressure; crab steering; repeated
wheeling; machinery choice; tillage method; sugar beet cultivation

1. Introduction

Soil compaction forms a major threat to the well-functioning of agricultural soils [1]. By
reducing the pore volume and continuity, crop growth and yield can be severely reduced [2],
while ecological services, like water infiltration and storage, can also be negatively affected
(e.g., [3–6]). Soil compaction is a world-wide problem, but soils in Europe seem to be most
affected [7]. Estimations of Europe’s critically compacted soils range from 23 up to 43% of
the total agricultural area [8,9].

The increased occurrence and severity of soil compaction results primarily from the
ever-increasing size and thus load of farming machinery and the increased incidence of
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farming operations at soil moisture conditions that are suboptimal for traffic [10–12]. From
1990 up to 2010 the wheel load of a typical combine harvester used in western Europe
increased by 50%, from approximately 6 to 9 tons [13]. From the same time up to 2020,
in Belgium, for example (where this study was conducted), the area of crops with a late-
season fall harvest has increased by 45% [14]. These factors have not only increased the
extent and severity of soil compaction, but also expanded its impact further down into the
subsoil (i.e., below the tillage layer) [13,15]. Traffic-induced compaction has been observed
down to 1 m depth and as a general rule it is considered that a 5-ton wheel load will
compact a moist (i.e., at field capacity) soil down to 50 cm depth [2,16]. At depths below
30 cm most compaction will be cumulative, persistent, and very difficult to sustainably
remediate [2,17–20]. Prevention strategies are therefore needed.

Prevention strategies should seek to keep the traffic-induced stress lower than the
soil strength. Previous studies have pointed to tyre–soil contact area, wheel load and
number of passages as the most important factors determining the levels of soil stress.
Contact area for the most part is linked to tyre dimensions, but tyre inflation pressure
can also play a role. Correctly lowering tyre inflation pressure has been shown to reduce
the mean and peak ground pressure [21–25]. However, at greater depths wheel load
seems to become a much more determinative factor than the increased contact area, as
earlier demonstrated by the modelling work of Söhne [26] and experimentally confirmed
in [24,27–30]. Multiple studies link the number of passages with an increased risk of soil
compaction. Jakobsen et al. [31] and Lipiec et al. [32] found that compaction increased
linearly with the logarithm of the number of passages, while Peth et al. [33], Botta et al. [34]
and Naderi-Boldaji et al. [35] observed a linear relationship. Compaction induced by the
number of passages continues down into the subsoil. Schjønning et al. [36] found an
increased penetration resistance until 60 cm depth after four passages, in contrast with
one passage that did not induce measurable compaction. Schjønning et al. [37], Pulido-
Moncada et al. [38] and Seehusen et al. [39] all found increased levels of subsoil compaction
after multiple passages with smaller wheel loads compared to a single passage with a
larger wheel load. ten Damme et al. [40] observed increased compaction with an increased
number of passages, but this effect remained restricted to the topsoil. Manufacturers of
farming machinery have tried to limit the growing impact on the soil by increasing the size
of tyres, so as to increase the contact area with the soil, and by reducing the number of
tyres that run in one track. The latter can be achieved by reducing the number of axles or
tyres, but this will lead to an even bigger increase in wheel load. Altered steering modes
for field traffic, such as crab steering, make it possible to limit the number of passages per
location while keeping the number of axles and tyres constant. In comparing two types
of manure application equipment, a traditional, widely used tractor-trailer combination
and a self-propelled slurry spreader (tricycle frame), Schjønning et al. [37] and Pulido-
Moncada et al. [38] found a significantly negative impact of a higher numbers of passages
on subsoil compaction. While ten Damme et al. [40] looked into different steering modes
of a specifically designed tractor-trailer combination to evaluate the impact of number of
passages and traction on soil structure, to the best of our knowledge, the effect of different
steering modes for practical farming machinery on soil compaction has not been reported
in scientific literature.

The effectiveness of prevention strategies depends on the soil strength at trafficking.
Soil moisture content, organic matter and structure are highly determinative factors for the
soil strength [41] and can be influenced by farm management. For example, the time of field
traffic [12], the presence of cover crops in the rotation [42] or tillage method [43] all affect
soil strength. Several studies have demonstrated that inversion tillage (i.e., conventional
ploughing) increases the susceptibility of soil to compaction compared to conservation or
non-inversion tillage [44,45]. Since tyre deformation depends on the relative stiffness of
tyre and soil [10], tillage will also influence the stress magnitude and distribution at the
tyre–soil interface. Lamandé et al. [46] demonstrated that recent inversion tillage optimized
the stress distribution at the tyre–soil interface. However, the reduced topsoil strength
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did not significantly affect the stress propagation deeper into the soil profile, as would be
expected from the modified elasticity theory [47] that is widely used in modelling of soil
compaction (e.g., [48]).

The response of crop yield to soil compaction is most often not linear, but parabolic,
with an optimum at an intermediate level of compactness [49–51]. This optimum varies
strongly between crops. Traditionally, root crops have been considered particularly sen-
sitive to compaction [49]. The roots of sugar beets and carrots can be easily deformed
in compacted soils by forking and fanging [52]. These effects have been shown to sig-
nificantly increase with decreasing depth of the compacted layer [53,54]. The impact of
different compaction levels on sugar beet growth and yield has been extensively stud-
ied in the past [51,55–57]. The experimental results pointed to clear reductions in root
yield and sugar content [54], after field traffic with heavy farming machinery [57,58].
Pabin et al. [59] determined optimal levels of bulk density (1.51 g cm−3) and penetra-
tion resistance (1.75 MPa) by traffic-induced compaction and loosening of the soil for a
sandy loam in Poland. Marinello et al. [60] linked the crop yield of sugar beets with the
frequency of traffic and found that yield increases up to 10% could be possible with the
implementation of careful traffic management. We do not know of any study that looks at
the immediate effects of different manure application methods on sugar beet productivity.
Yet, several studies did look at the effects of farming machinery commonly used in sugar
beet cultivation on soil quality, with a particular focus on the long-term effects in the
subsoil [37,38,61,62].

This study was set out to evaluate and quantify the short-term effects of tyre inflation
pressure, number of passages and type of machinery during slurry spreading on the
physical quality of a silt loam soil under different tillage practices and on the subsequent
sugar beet crop. A widely used tractor-trailer combination was compared with a more
recent self-propelled slurry spreader. The machines were different in wheel load, number
of passages and tyre type (i.e., tyre dimensions). They were operated according to common
or standard practice and a practice that aims at preventing soil compaction. For the
tractor-trailer this was with tyre inflation pressure recommended for road traffic and field
traffic, respectively, corresponding with high and low tyre inflation pressure. The self-
propelled slurry spreader was operated under standard and crab steering, respectively.
Since the application of measures to prevent soil compaction is still quite uncommon in
Europe, it is highly relevant to look into the possible benefits their adoption might entail.
We hypothesised that lowering tyre inflation pressure and limiting the number of tyre
passages would be successful in limiting soil compaction and consequently improving
sugar beet yield. The higher wheel loads of the self-propelled slurry spreader are expected
to increase the impact on the soil, especially the subsoil, compared to the tractor-trailer
combination. We further hypothesised that the traffic treatments would have a larger
impact on conventionally ploughed soil because of its more disrupting effects on topsoil
strength and thus higher susceptibility to soil compaction, than on non-inversion tilled
soil. Since the experimental traffic was already preceded by tillage down to 20–30 cm and
would only be followed up by a shallow (10–15 cm deep) cultivation before sowing, this
study focuses on both topsoil and subsoil compaction. The experiment was limited to
one year, since standard tillage operations in the winter after the harvesting of the sugar
beet crop were expected to remediate most of the topsoil compaction resulting from the
experimental treatment.

2. Materials and Methods
2.1. Study Site

The study site (50◦43′39′′ N–5◦03′10′′ E) was located in the Belgian loess belt, char-
acterized by fertile silty soils. The Belgian soil map designates the field of interest as a
dry silty soil with a texture B-horizon and a thin (<40 cm) A-horizon and could thus be
classified as a Cutanic Luvisol (WRB, [63,64]). The soil texture is silty loam in the top 30 cm
and silty clay loam from 30 to 60 cm (USDA). Basic soil properties of the top 60 cm are given
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in Table 1. The particle size distribution was determined with the sieving, sedimentation
and pipette method (ISO 11277:2020; [65]) on three composite samples per depth interval,
one per block (see Figure 1). A heated potassium dichromate oxidation was used to analyse
soil organic carbon content (ISO 14235:1998) of the top 30 cm. The climate of the study area
is temperate maritime with mild winters and warm summers [66], with a mean annual
temperature of 9.2 ◦C and an average annual precipitation of 747 mm (data according to
Bevekom weather station from the Royal Meteorological Institute of Belgium, RMI).
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Figure 1. Experimental plan with a two-factor strip-plot design. The two tested tillage methods,
ploughing or inversion tillage (PL) and non-inversion tillage (NIT) were whole plot (three per block-
vertical) treatments. The slurry application methods, self-propelled slurry spreader, in crab steering



Land 2022, 11, 913 5 of 23

(SP-C) and in standard steering (SP-S), and tractor-trailer combination, with inflation pressure that
is recommended for road traffic (TT-H) and at a level recommended for field traffic (TT-L), each
were repeated once per block (horizontal). The traffic of all slurry application methods was done
wheel-to-wheel, with the intent of driving over the entire area of each plot. The control (C) plots
remained un-trafficked. The blue arrow indicates the sequence of passages per treatment and the
number inside corresponds with the number of passages needed to drive over the entire plot. The
numbering on the left of the plan (1–81) shows each passage during sowing. These passages all
had a width of 2.7 m. The B in a black square and the P in a green square indicate the location of,
respectively, the collected soil samples and the measurement of penetration resistance.

Table 1. Average soil texture and organic carbon content ± standard deviation and the resulting
texture class (USDA) for the depth intervals 0–30 cm and 30–60 cm (n = 3). The organic carbon content
of the upper subsoil (30–60 cm) was not determined.

Depth (cm) Sand
(g kg−1)

Silt
(g kg−1)

Clay
(g kg−1)

Organic Carbon Content 1

(g kg−1)
Texture Class

(USDA)

0–30 99.0 ± 18.0 688.7 ± 51.8 212.3 ± 33.9 12.1 ± 1.7 Silt loam
30–60 82.2 ± 13.5 618.8 ± 68.5 299.0 ± 56.4 - Silty clay loam

1 Detection limit organic carbon content: 3 g kg−1.

2.2. Experimental Design

The experiment looked at two main factors: tillage method and slurry application
method. The applied tillage methods were ploughing or inversion tillage (PL) and non-
inversion tillage (NIT). In this region tillage is standardly conducted in autumn/winter, so
the field was already tilled three months before the slurry was applied in spring. The four
tested slurry application methods will be discussed in more detail below. As a reference, an
un-trafficked control with no passage of a slurry spreader (C) was added. Both factors were
included in a randomized strip-plot design with three blocks and the tillage methods as
whole-plot treatments (Figure 1). Block 1 was located on a gentle slope, and the other two
on flatter ground. The slurry application methods each had three replications per tillage
method. The cultivation methods had four and five repeats for inversion and non-inversion
tillage, respectively. Due to practical constraints the tillage methods were only considered
for the evaluation of the impact on rut depth, penetration resistance and the measured crop
parameters. The evaluation of the other soil parameters was only done for the plots with
non-inversion tillage (Figure 1). In the remainder, the term ‘treatment’ will refer to the
slurry application methods.

Two of the slurry application treatments were performed with a self-propelled slurry
spreader, one in crab steering (SP-C) and the other in standard steering (SP-S). These
steering modes differ in the position of their axles during traffic. With crab steering the
front axle is still perpendicular to the rear axle, but the tyres no longer drive in the same
track, with only limited overlap between the tracks of front and rear axle. This allows the
driver to limit the number of tyre passes per location to one. A conceptual drawing of both
steering modes is given in Figure 2. The other two slurry application treatments used a
tractor-trailer combination, with two axles on the trailer. All tyres of this combination were
tested at an inflation pressure that is considered ideal for road traffic (TT-H) and at a level
recommended for field traffic (TT-L). The inflation pressure of the tyres on the self-propelled
slurry spreader was also at a level recommended for field traffic. The inflation pressures,
the tyre types and the wheel loads for all treatments are given in Table 2. All tyres had the
same design, i.e., they all were radial, but differed in tyre width: 1.05 m for both axles of
the self-propelled slurry spreader and 0.54, 0.65, 0.75 and 0.75 m for the four axles of the
tractor-trailer combination. The wheel load was measured prior to experimental traffic on
a weighing scale designated for farming equipment.
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Figure 2. Conceptual drawings of the tested slurry application methods, showing the two steering
modes of the self-propelled slurry spreader, i.e., standard steering, SP-S (a) and crab steering, SP-C
(b) and the tractor-trailer combination with both high and low tyre inflation pressure, TT-H and TT-L,
respectively (c). The red star locates the position where the undisturbed soil samples were taken, and
the penetration resistance was measured. This position corresponds with the centre of the tyre track
that was driven over by, at least, the rear axle.

The trafficking experiments were performed on 27 February 2019, a few months before
the sowing of sugar beets. The year before, winter wheat was grown on the field. After
the harvest in July 2018, the field had been cultivated and had remained fallow during the
winter period. The depth of cultivation was 20 cm for the non-inversion plots and 30 cm
for the ploughed plots. This was the first time in over 10 years that part of the field had
been ploughed.

The traffic of all treatments was done wheel-to-wheel, with the intent of driving over
the entire area of each plot. During traffic, the tank of the self-propelled slurry spreader
and the trailer of the tractor-trailer combination remained completely full of water, to keep
the wheel load constant for all plots. So, no slurry was applied during the experimental
set-up. Only mineral fertilizers were applied prior to the sowing of the sugar beets.

The soil moisture conditions during the experimental traffic, shown by the gravimetric
water content in Figure 3, were around field capacity, considered here at a matric suction
of 10 kPa. The two tillage methods showed no differences in gravimetric water content
in the subsoil but did in the topsoil. At the soil surface the inversion tillage plots had
a significantly lower water content than the non-inversion plots, while it was markedly
higher between 10 and 30 cm depth.
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Table 2. Tyre properties and wheel load for each axle of the four slurry application methods. The
numbering of the axles is given from front to rear.

Treatment
Axle

1 2 3 4

SP-C

Tyre type
Michelin Mega X BIB

1050/50R32
17A8/172D TL

Michelin Mega X BIB
1050/50R32

17A8/172D TL
- -

Wheel load
(103 kg) 9.405 10.375 - -

Tyre inflation pressure
(kPa) 220 220 - -

SP-S

Tyre type
Michelin Mega X BIB

1050/50R32
17A8/172D TL

Michelin Mega X BIB
1050/50R32

17A8/172D TL
- -

Wheel load
(103 kg) 9.405 10.375

Tyre inflation pressure
(kPa) 220 220 - -

Tractor Trailer

TT-H

Tyre type Cultor RD03 540/65
R30

Cultor RD03 650/65
R42

Alliance 750/45
R26.5 Flotation radial

Alliance 750/45
R26.5 Flotation radial

Wheel load
(103 kg) 1.330 4.445 5.080 5.845

Tyre inflation pressure
(kPa) 250 250 450 450

TT-L

Tyre type Cultor RD03 540/65
R30

Cultor RD03 650/65
R42

Alliance 750/45
R26.5 Flotation radial

Alliance 750/45
R26.5 Flotation radial

Wheel load
(103 kg) 1.330 4.445 5.080 5.845

Tyre inflation pressure
(kPa) 60 130 90 140
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Figure 3. Average gravimetric water content during experimental traffic for non-inversion (dark blue)
and inversion (light blue) plots ± standard deviation (n = 4) for three depth intervals (0–10, 10–30
and 30–60 cm). The given field capacity (−10 kPa-red) was determined for the non-inversion plots.
The horizontal axis is scaled from 0 up to gravimetric water content at saturation (0.36 g g−1).
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2.3. Field Measurements

In the tyre tracks, tyre contact area and rut depth were measured on the day of
experimental traffic. The tyre contact area was measured once per axle by scattering chalk
powder around the tyre, without repeats. These measurements were done at the edge
of the field, which was cultivated with non-inversion tillage. The mean contact pressure
per axle was calculated as the ratio between wheel load and contact area. The rut depth
was determined by measuring the distance between the surface of the tyre track and
a ruler placed perpendicular to the driving direction at the original surface level. This
measurement was done five times in and five times between the tyre ridges, spread out
over the track. The rut depth was measured during traffic with two repeats, once for each
tillage method, per treatment per block. Because of the slight overlap of the front and rear
tracks, which made it difficult to find the original surface level, the measurements for SP-C
were done only twice at the edge of the field for non-inversion tillage.

Penetration resistance (PR) was measured with a hand-held penetrologger (Eijkelkamp
Soil & Water) to 80 cm depth. The cone had a 1 cm2 base area, a 11.28 mm nominal
diameter and a 60◦ top angle. These measurements were performed just before and after
the experimental traffic, each time with eleven repeats per plot. The exact locations of the
measurements are given in Figure 1. The pre-traffic measurements were performed to check
the in-field variability and the differences in soil strength between the tillage methods. The
post-traffic measurements were all taken in the centre of the tyre tracks (Figure 2). For the
treatment SP-C the track created by the rear axle was chosen, since this axle carried the
highest load. In summarizing previous studies, Bengough et al. [67] state that 2.0 and 3.0
MPa cause a 50% and 70% reduction in root elongation rate, respectively. These values are
often used as general thresholds for PR.

The crop parameters were determined in September 2019. Firstly, 18.9 m2 was man-
ually harvested to determine the percentage of deformed sugar beets. This was done in
four and five plots for the ploughed and non-inversion tillage plots, respectively. The sugar
beets were visually divided into four predefined classes based on the shape of their roots
(KBIVB). Figure 4 shows an example for each of the four classes. The sugar beet roots in
class 1 had an unbranched taproot. Class 2 was characterized by small root branches at the
tip of the taproot, Class 3 by moderate splitting of the taproot and Class 4 by the absence of
a clear taproot and strong splitting. In accordance with KBIVB procedure, classes 3 and 4
can be defined as seriously deformed. Further analysis of root deformation will therefore
focus on the proportion of these two classes. Later, 18.9 m2 was harvested in five plots for
both the ploughed and non-inversion tillage sections. The sugar beets were weighed after
washing. A selection of the harvested sugar beets was then analysed for sugar content.
Sugar content and total weight of sugar beets harvested were used to calculate total sugar
yield, for which the farmer is actually paid.
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2.4. Laboratory Measurements

All laboratory measurements were performed on undisturbed soil samples collected
in 100 cm3 steel cores with 5.1 cm height and 5 cm diameter. The sampling was only done
for non-inversion tillage at one location per plot at 5, 20 and 45 cm depth, resulting in three
repeats per depth and treatment. The sampling was done after traffic and just like with the
penetrometer, it was done in the centre of the tyre tracks (Figure 2).

First, water retention curves were determined with a sandbox and pressure chambers
according to the procedure outlined in [68]. The samples were brought to the matric
suctions of 1, 3, 5, 7, 10, 33, 100 and 1500 kPa.

At 10 kPa matric suction, air permeability (Ka) was determined with the steady-state
method of Grover [69] according to the procedure described by Pulido Moncada et al. [70].
The used equipment consists of an annular water-filled reservoir with an open-bottomed
float resting on the water. This creates an air chamber that goes through the inside of
the water reservoir to the holding position of the sample. The float falls as the air in
the air chamber passes through the soil sample. The rate of this fall is a measure for the
air permeability.

A set of soil physical quality parameters and the pore size distribution were calculated
from the water retention curves. Air capacity represents the pore volume filled with air at
field capacity, here considered at a matric suction of 10 kPa (pF 2.0) [71]. Plant available
water capacity, the ability of the soil to store and provide water to plant roots, is determined
by subtracting the volumetric water content at field capacity by the volume at a matric
suction of 1500 kPa [71]. Relative field capacity is a value for the ability of the soil to
store water and air relative to the total pore volume, so the volumetric water content at
field capacity divided by the volumetric water content at saturation [72]. Finally, the bulk
density was determined by oven-drying the soil at 105 ◦C for 48 h [73]. Table 3 gives all
relevant threshold values for the employed parameters.

Table 3. Relevant threshold values for the investigated soil physical parameters.

Parameter Threshold Values References

Bulk density (g cm−3)
Ideal: <1.30 g cm−3 (silt soil)
Restricting root growth: >1.60 g cm−3

Optimum for sugar beet yield: 1.51 g cm−3

[74,75]

[59]

Penetration resistance (MPa) Restricting root growth: >2 MPa
Optimum for sugar beet yield: 1.75 MPa

[67]
[59]

Air capacity (m3 m−3) Limiting value: 0.10 m3 m−3 [71]

Plant available water capacity (m3 m−3)
Ideal for root growth: ≥0.20
Limiting value: 0.10 m3 m−3 [71,76–78]

Relative field capacity (-) Optimal range: >0.60 & <0.70 [79]

Air permeability (µm2) Limiting value: 20 µm2

Impermeable: <1 µm2
[80]
[81]

Disturbed soil samples were taken concurrently with the PR measurements and at the
time of the experimental traffic to determine the gravimetric water content by oven-drying
the samples at 105 ◦C for 48 h [82].

2.5. Weather Conditions

Figure 5 presents the minimum and maximum temperature and total monthly rainfall
for the experimental period (January–December 2019). These data are compared with the
long-term averages for the period 1991–2020 (Data on the municipality of Landen from the
Royal Meteorological Institute of Belgium, RMI). The growing period of sugar beets on
the experimental field was from April to September 2019. The temperatures of this period
were quite close to the long-term average. The precipitation, however, was relatively low,
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especially from July until September. June was the only month where the total monthly
precipitation exceeded the long-term average.
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Figure 5. Precipitation (mm), maximum temperature (Tmax-◦C) and minimum tempera-
ture (Tmin-◦C) in Landen for the experimental period (January–December 2019) and the
1991–2020 average.

2.6. Statistical Analysis

The statistical analysis was performed with SPSS Statistics 27 (SPSS, Chicago, IL, USA).
The analyses of the rut depth, penetration resistance (per 10 cm depth interval) and crop
parameters were performed as a two-way strip-plot ANOVA with tillage method as the
vertical-factor, slurry application method (plus control) as the horizontal factor (fixed) and
block as random factor. The analyses of the laboratory measurements were done as a
one-way ANOVA with slurry application method as the fixed factor. If a significant effect
was observed for the slurry application method (plus control), a Tukey post-hoc test was
performed to show significant differences (p < 0.05) between the experimental treatments.

3. Results
3.1. Field Measurements

The area of tyre contact with the soil linked well with the tyre properties (Tables 2 and 4).
Tyres with the lowest width (0.54 m–front axle tractor) showed the lowest contact area,
whereas the widest ones (1.05 m–self-propelled slurry spreader) had the highest contact
area. Likewise, tyre inflation pressure had a substantial effect on the tyre contact area.
The axles of the trailers showed a +46% and +31% increase in contact area after lowering
the tyre inflation pressure. The higher contact area for the self-propelled slurry spreader
resulted in mean contact pressures (1.29 and 1.68 kg cm−2) that were similar to those for
the trailer of TT-L (1.37 and 1.58 kg cm−2) and lower than those for the trailer of TT-H (2.01
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and 2.08 kg cm−2). This is noteworthy since the wheel load for the self-propelled slurry
spreader was almost twice as high as for the tractor-trailer combination.

Table 4. Wheel load (kg), tyre contact area with the soil (cm2) and the resulting mean contact pressure
(kg cm−2) for all axles of the four experimental treatments (n = 1). The numbering of the axles is
given from front to rear, as shown in Table 2.

Axle

1 2 3 4

Wheel
Load
(kg)

Tyre
Contact

Area
(cm2)

Mean
Contact
Pressure

(kg cm−2)

Wheel
Load
(kg)

Tyre
Contact

Area
(cm2)

Mean
Contact
Pressure

(kg cm−2)

Wheel
Load
(kg)

Tyre
Contact

Area
(cm2)

Mean
Contact
Pressure

(kg cm−2)

Wheel
Load
(kg)

Tyre
Contact

Area
(cm2)

Mean
Contact
Pressure

(kg cm−2)

Treatment

SP-C 9405 7280 1.29 10,375 6160 1.68 - - - - - -
SP-S 9405 7280 1.29 10,375 6160 1.68 - - - - - -
TT-H 1330 2026 0.66 4445 3876 1.15 5080 2528 2.01 5845 2814 2.08
TT-L 1330 2141 0.62 4445 4350 1.02 5080 3697 1.37 5845 3692 1.58

Table 5 shows the rut depth for the tested slurry application methods and tillage
methods. The statistical analysis pointed out that both factors played a significant role
in determining the rut depth. The traffic treatments on the inversion tillage plots caused
69% deeper ruts than for non-inversion. The differences between the traffic treatments
were more modest, but still significant (p < 0.05). Treatment TT-H resulted in significantly
deeper ruts than both SP-S and TT-L. Lowering the tyre inflation pressure reduced the rut
depth by 23%. The rut depth in the treatment SP-C was measured only twice and only for
non-inversion tillage, which prevented us from including it in the statistical analysis. So,
although only demonstrative, these results do seem to point towards a clear reduction in
rut depth with a reduction in number of passes.

Table 5. Average rut depth (cm) ± standard deviation for the four experimental treatments (n = 6)
and for the two tillage methods (inversion or ploughed and non-inversion) applied in this experiment
(n = 9). The treatment SP-C was kept out of the statistical analysis since it was only measured twice
and only in the non-inversion plots. Different letters indicate significant differences (p < 0.05) for the
Tukey post-hoc test.

Treatment Rut Depth (cm)

SP-C 2.3 ± 1.6 -
SP-S 6.4 ± 2.3 a
TT-H 7.5 ± 3.0 b
TT-L 5.8 ± 1.9 a

Tillage

Non-inversion 4.5 ± 2.2 a
Inversion 7.6 ± 2.6 b

Statistical analysis p-value
Treatment <0.01

Tillage <0.01
Treatment*Tillage <0.01

-: Not taken into account during statistical analysis.

Figure 6 presents the pre-traffic PR down to 80 cm depth for both tillage methods.
These results can be viewed as an indication of the soil strength just before experimental
traffic. As expected, the main differences between the tillage methods can be found in the
topsoil. Down to 30 cm depth the inversion tillage caused a larger reduction in PR than
the non-inversion tillage. The difference was significant (p < 0.05) between 0 and 20 cm,
and a strong trend (p = 0.06) was observed between 20 and 30 cm depth. The disruption
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of soil by the inversion tillage also seems more homogeneous since the variation in PR
was considerably lower than for non-inversion tillage. For the latter tillage method, a
clear compacted layer, exceeding 1.75 MPa around 25 cm, was present between 20 and
40 cm depth. Inversion tillage partly disrupted this compacted layer, resulting in a peak
occurring now deeper down the profile and the threshold value for sugar beet root growth
(1.75 MPa) only being exceeded by the average PR measured around field capacity at 60 cm
depth. The compacted layer, and what remains of it after inversion tillage, might work as
a potential buffer against stress propagation reaching the deeper soil layers and causing
subsoil compaction.
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Figure 6. Average penetration resistance (MPa) ± standard deviation (n = 165) between 0 and 80 cm
depth after tillage (non-inversion: dark blue; inversion: light blue), but before experimental traffic.
The red dashed line represents the threshold values for sugar beet root growth (1.75 MPa).

In Figure 7, PR after experimental traffic is presented, with Figure 7a showing the
effects of the slurry application methods and the un-trafficked control (treatment), while
Figure 7b displays the effects on the two tested tillage methods. The values shown were
adjusted to take the rut depth into account. The statistical analysis pointed out that the
experimental traffic treatments had a significant effect on PR down to 80 cm. In the top
20 cm all four slurry application methods significantly (p < 0.05) increased the PR compared
to the un-trafficked control. Treatment SP-C had a significantly reduced impact compared to
SP-S: −14% (0–10 cm) and −10% (10–20 cm), while it also showed a strong trend (0–10 cm:
p = 0.06; 10–20 cm: p = 0.06) towards reduced impact compared to TT-L: −12% (0–10 cm)
and −9% (10–20 cm). Deeper into the soil profile no significant increases in PR were caused
by SP-C and TT-L, in contrast with SP-S and TT-H, which still showed significant PR
differences between 20 and 30 cm depth. At this same depth interval TT-L showed a strong
trend (p = 0.05) towards reduced impact (−13%) on PR compared to TT-H. Between 20
and 70 cm depth the highest average PR was measured for TT-H. Between 70 and 80 cm
depth, the PR for TT-H was lower than that of the un-trafficked control, just like the other
treatments, which did not differ much from each other. The un-trafficked control, SP-C and
TT-L all surpassed the threshold value of 1.75 MPa for restriction of sugar beet root growth
at 30 cm depth. For SP-S this was at 29 cm and for TT-H at 28 cm depth.
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Figure 7. Average penetration resistance (MPa) ± standard deviation for the untreated control (C)
and the four experimental treatments (a) (n = 66) and for the tested tillage methods (b) (n = 165)
between 0 and 80 cm depth, adjusted for rut depth. The red dashed line represents the threshold
values for sugar beet root growth (1.75 MPa).

Even after experimental traffic the differences in PR between the tillage methods
remained significant (p < 0.05) in the topsoil, with non-inversion tillage showing the highest
values. The statistical analysis did also show a significant interaction between both tested
factors for most of the depth intervals. When plotting PR of the slurry application methods
and un-trafficked control per tillage method (Figure 8), it can be seen that the method
of slurry application had a higher impact after inversion tillage in comparison with non-
inversion tillage. This effect though was only significant in the topsoil of the inversion
tillage plots. The difference in PR between SP-S and SP-C was clearer for inversion tillage.
The opposite was true for TT-L and TT-H, with TT-L even resulting in higher topsoil PR
than TT-H for inversion tillage.
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Figure 8. Average penetration resistance (MPa) ± standard deviation of the untreated control (C)
and the four experimental treatments (n = 33) for the tested tillage methods: non-inversion (a) and
inversion (b), adjusted for rut depth. The red dashed line represents the threshold values for sugar
beet root growth (1.75 MPa).

Table 6 shows the effects of the traffic treatments and tillage methods on fresh beet
yield, sugar yield and proportion of seriously deformed sugar beets. None of these param-
eters were clearly impacted by the tillage method and no significant interaction with the
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traffic treatment was observed. The traffic treatments, however, did result in significant
effects on all three crop parameters. TT-H had the most negative effects with a significant
4% drop in sugar yield and 25% rise in seriously deformed sugar beet roots, compared to
the un-trafficked control. The effects of the other treatments were much less pronounced
and all insignificant. The SP-S treatment was the only other treatment that resulted in
observable negative effects (−1% sugar yield and +1% seriously deformed beets), while
the crop parameters under TT-L did not differ from that of the control, and those for SP-C
were even higher than that of the control (+1% sugar yield and −1% seriously deformed
beets). Between the traffic treatments, significant differences were limited to TT-H and
SP-C. However, TT-L did show a trend (p = 0.08) towards reduced impact compared to
TT-H for sugar yield. The effect of reduced tyre inflation pressure (TT-L compared to TT-H)
was +3% for sugar yield and −25% for the portion of seriously deformed beets. The effect
of reducing the number of passages (SP-C compared to SP-S) was +2% for sugar yield and
−16% for the portion of seriously deformed beets.

Table 6. Average fresh beet yield (kg ha−1), sugar yield (kg ha−1) and proportion of (seriously)
deformed sugar beet roots (%-Classes 3 and 4) ± standard deviation (n = 5) for the untreated control
and the four experimental treatments and for the two tillage methods (inversion or ploughed and
non-inversion) applied in this experiment. Different letters indicate significant differences (p < 0.05)
for the Tukey post-hoc test, n.s. points out insignificant (p > 0.10) differences.

Treatment Fresh Beet Yield
(kg ha−1)

Sugar Yield
(kg ha−1)

Deformed Beets
(%)

C 85,919 ± 2355 ab 17,896 ± 669 b 40 ± 8 ab
SP-C 86,687 ± 2278 b 18,048 ± 530 b 36 ± 13 a
SP-S 84,570 ± 3730 ab 17,639 ± 775 ab 43 ± 11 ab
TT-H 83,056 ± 2398 a 17,246 ± 431 a 50 ± 7 b
TT-L 84,818 ± 1133 ab 17,843 ± 474 ab 40 ± 10 ab

Tillage

Non-inversion 85,111 ± 2529 n.s. 17,733 ± 631 n.s. 42 ± 8 n.s.
Inversion 84,909 ± 2914 n.s. 17,736 ± 636 n.s. 41 ± 13 n.s.

Statistical analysis p-value
Treatment 0.02 0.01 0.05

Tillage 0.66 0.90 0.82
Treatment*Tillage 0.09 0.09 0.30

n.s.: Not significant.

3.2. Laboratory Measurements

The bulk density (Table 7) showed a substantial increase at 5 cm (+0.06 to 0.12 g cm−3)
and 20 cm (+0.07 to 0.20 g cm−3) depth and a very limited increase at 45 cm (+0.02 to
0.04 g cm−3) depth after experimental traffic. However, none of these effects were statis-
tically significant. Treatment TT-H did result in the highest bulk density at all sampled
depths, while TT-L caused the least compaction. The differences between SP-C and SP-S
were negligible.

For air permeability, a marginally significant effect of experimental traffic was only
observed at 20 cm depth, but the post-hoc test did not show clear differences between
the treatments. The post-hoc test only showed a trend between treatments TT-H and C
(p = 0.08) and between SP-C and C (p = 0.09). The limited number of soil samples and
the high variability of this parameter might help to explain this discrepancy between
ANOVA and post-hoc test. The treatments SP-C and TT-H caused the clearest reduction,
even below the limiting value of 20 µm2 as suggested by Fish and Koppi [80]. A similar,
although insignificant, pattern was observed at 45 cm depth. At 5 cm depth the only clear
reduction was observed for SP-C, which seemed to have made the surface layer practically
impermeable for air (<1 µm2, [81]). The SP-S and TT-L treatments even showed an increase
in air permeability. A very high variability was observed for all treatments and depths.
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Table 7. Average bulk density (g cm−3) and air permeability (µm2) ± standard deviation (n = 3) at
5 cm, 20 cm and 45 cm depth. The letters underneath the results indicate the statistical grouping
(p < 0.05) of the Tukey post-hoc test, n.s. points out insignificant differences.

Bulk Density (g cm−3) Air Permeability (µm2)

Depth (cm) 5 20 45 5 20 45

C
1.50 ± 0.07 1.35 ± 0.15 1.52 ± 0.05 22.96 ± 18.45 109.58 ± 68.92 29.42 ± 17.50

n.s. n.s. n.s. n.s. n.s. n.s.

SP-C
1.58 ± 0.04 1.50 ± 0.07 1.55 ± 0.04 0.54 ± 0.71 13.27 ± 4.92 9.58 ± 9.44

n.s. n.s. n.s. n.s. n.s. n.s.

SP-S
1.56 ± 0.08 1.50 ± 0.09 1.56 ± 0.04 47.99 ± 70.19 76.21 ± 54.04 33.83 ± 14.08

n.s. n.s. n.s. n.s. n.s. n.s.

TT-H
1.62 ± 0.02 1.55 ± 0.05 1.56 ± 0.01 20.94 ± 29.73 11.04 ± 6.12 9.42 ± 6.68

n.s. n.s. n.s. n.s. n.s. n.s.

TT-L
1.56 ± 0.04 1.42 ± 0.09 1.54 ± 0.01 48.72 ± 61.39 27.27 ± 21.60 17.94 ± 14.13

n.s. n.s. n.s. n.s. n.s. n.s.

Statistical analysis p-values
Treatment 0.18 0.15 0.14 0.65 0.05 0.49

n.s.: Not significant.

The water retention curves show some clear trends induced by experimental traffic
(Figure 9). At 5 cm depth the traffic seems to have reduced the portion of larger pores,
while increasing that of smaller ones. These effects were similar for all treatments. Only
TT-H stood out with a slightly larger reduction in the portion of larger pores. Also at 20 cm
depth, the treatments did show clear differences. Treatment TT-H had the largest effect on
the pore space, more than SP-S and SP-C, which in turn, showed a larger impact on pore
space than TT-L. At 45 cm depth the effects of the experimental traffic were negligible.
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Figure 9. Water retention curves for the control and the four experimental treatments at
5 cm (a), 20 cm (b) and 45 cm (c) depth (n = 3). The dashed lines indicate field capacity (pF = 2.0) and
permanent wilting point (pF = 4.2). The vertical bars represent repeated-measures LSD (5%) values
for the matric suctions at which the water content was determined: 1, 3, 5, 7, 10, 33, 100 and 1500 kPa.

None of the soil physical parameters derived from the water retention curves were
significantly (p < 0.05) affected by the experimental traffic (Table 8). At 5 cm depth the air
capacity for all treatments was reduced by 0.03 m3 m−3 compared to the control. This is a
small reduction, but considering the very low pre-traffic air capacity values, well below the
limiting value of 0.10 m3 m−3 [71], it should not be neglected. The very low air capacities
follow from the extremely high water content at field capacity at this depth, resulting also
in high relative field capacity values. With pre-traffic soil physical quality at 20 cm depth
being far better than at 5 cm, the tested parameters were more clearly impacted at this
depth, which resulted in a trend (p = 0.06) in the statistical analysis. The effects on air
capacity and relative field capacity were highest for TT-H and SP-C. Noteworthy is the
higher plant available water capacity under the experimental traffic (p = 0.08). At 45 cm the
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biggest impact could be observed for TT-H, followed by SP-S and SP-C. Treatment TT-L
showed no difference with the control at this depth.

Table 8. Average air capacity (m3 m−3), plant available water capacity (m3 m−3) and relative field
capacity (m3 m−3) ± standard deviation (n = 3) at 5 cm, 20 cm and 45 cm depth. The letters
underneath the results indicate the statistical grouping (p < 0.05) of the Tukey post-hoc test, n.s. points
out insignificant differences.

Air Capacity
(m3 m−3)

Plant Available Water Capacity
(m3 m−3)

Relative Field Capacity
(m3 m−3)

Depth
(cm) 5 20 45 5 20 45 5 20 45

C
0.04 ± 0.05 0.17 ± 0.08 0.07 ± 0.03 0.23 ± 0.01 0.16 ± 0.03 0.16 ± 0.02 0.90 ± 0.11 0.66 ± 0.13 0.84 ± 0.08

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

SP-C
0.01 ± 0.01 0.05 ± 0.04 0.05 ± 0.01 0.24 ± 0.01 0.21 ± 0.02 0.17 ± 0.01 0.97 ± 0.01 0.88 ± 0.07 0.87 ± 0.02

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

SP-S
0.01 ± 0.01 0.08 ± 0.04 0.05 ± 0.03 0.23 ± 0.01 0.20 ± 0.03 0.17 ± 0.01 0.96 ± 0.02 0.83 ± 0.09 0.88 ± 0.07

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

TT-H
0.01 ± 0.01 0.05 ± 0.03 0.04 ± 0.01 0.22 ± 0.01 0.19 ± 0.02 0.17 ± 0.01 0.98 ± 0.01 0.88 ± 0.06 0.90 ± 0.03

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

TT-L
0.01 ± 0.01 0.08 ± 0.05 0.07 ± 0.01 0.23 ± 0.02 0.22 ± 0.02 0.16 ± 0.02 0.96 ± 0.01 0.82 ± 0.09 0.83 ± 0.01

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Statistical
analysis p-values

Treatment 0.34 0.07 0.47 0.14 0.08 0.95 0.40 0.06 0.41

n.s.: Not significant.

4. Discussion
4.1. Tyre Inflation Pressure

The tyre inflation pressure had a noticeable impact on compacting the soil by the
experimental traffic. At the soil surface, the higher tyre inflation pressure significantly
increased rut depth by 39%. Higher values for bulk density and lower values for air
permeability, air capacity and relative field capacity also pointed towards a higher reduction
in soil quality. However, apart from rut depth, differences between TT-H and TT-L were
only significant for PR. The high number of repetitions (i.e., 33) for PR compared to
only three for the undisturbed samples could be a possible explanation. Several studies
showed that lowering the tyre inflation pressure to the recommended value for field traffic
resulted in reduced levels of soil compactness by lowering the mean and peak ground
pressure, especially for tyres that allow for expansion of the tyre–soil contact area [21–25,83].
Although only demonstrative with one replication per axle, this experiment also showed a
clear increase in contact area after lowering the tyre inflation pressure. This was clearest for
both axles of the trailer, which had the highest reduction in tyre inflation pressure.

Contrary to our expectation, PR did not differ significantly between TT-H and TT-L
near the soil surface (0–20 cm). The preventing effects of lowering the tyre inflation
pressure only became observable from 20 cm downwards. Between 20 and 30 cm (−13%)
and between 40 and 50 cm (−12%) the effect was clearest, although there was no significant
difference with the un-trafficked control for both TT-H and TT-L at the latter depth interval.
Deeper into the subsoil the effect of tyre inflation pressure did seem to fade away. Although
not completely contradicting earlier findings that the effect of contact area on soil stress is
highest in the topsoil, but decreases with depth, where wheel load comes to play a more
important role [24,27–30], these results do show a less straightforward story. As said before,
both treatments did not lead to significant increases in PR compared to the un-trafficked
control in the subsoil. Thus, it could be that the attenuation of the stress through the
soil profile was too high for it to cause noticeable soil compaction in the subsoil. This
could be explained by the pre-existing compacted layer at the interface between top- and
subsoil, which, as previously observed by Spoor et al. [84] and Schäfer-Landefeld et al. [19],
could have prevented the stress from reaching the subsoil. It is also important to stress
that previous studies that observed significant subsoil compaction after traffic with heavy
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farming machinery used in sugar beet cultivation all made use of repeated machinery
passes in one year [36,61] or spread out over a period of three [39,62] to four years [37,38].

The treatment TT-H caused a 25% increase in seriously deformed sugar beet roots
and a significant 4% reduction in sugar yield compared to the un-trafficked control, in
contrast with TT-L, which showed almost no negative impact on crop growth. These
results confirm that sugar beets are highly sensitive to soil compaction, especially topsoil
compaction [53,54,58]. The only treatment that caused a significant reduction in sugar
yield, TT-H, was also the only treatment that increased the bulk density (1.55 g cm−3) at
20 cm depth to a value above the threshold set by Pabin et al. [59] at 1.51 g cm−3. The
threshold for PR (1.75 MPa) was exceeded at a slightly shallower depth for TT-H than
for any of the other treatments. Unlike the other measured soil quality indicators, plant
available water capacity was positively impacted (p = 0.08) by the experimental traffic.
However, this does not necessarily mean that under the experimental traffic there was
effectively more water available to the crops. After all, field capacity is dynamic rather than
static [85], and water that may be available is not necessarily accessible [86]. It should be
noted that our study concerns a one-year experiment which imposes some limitations on
possible broad interpretations. However, the experimental period was characterized by a
relatively dry summer, which is expected to become more prevalent with changing climate
conditions [87–89].

4.2. Number of Passages

The impact of tyre passage number was studied by operating the self-propelled slurry
spreader in crab (SP-C) and standard (SP-S) steering mode. The crab steering-mode made it
possible to limit the number of passes per location to one, compared to two for SP-S. Even
though both axles had the same tyre dimensions and similar wheel loads, SP-S caused a
higher increase in PR than SP-C. Significant differences were restricted to the upper topsoil.
So, our study confirms the results of ten Damme et al. [40], who reported an increased
compaction with an increased number of passages, but with the effects mostly restricted
to the topsoil. Yet, as also noted earlier, the relatively small impact on the subsoil was
unexpected given such heavy wheel loads (9.405–10.375 tons) [2,16].

No differences between SP-C and SP-S were observed for the other physical soil
parameters, except for air permeability. This parameter even shows a lower value for
SP-C throughout the soil profile. These differences are, however, never significant. A
possible reason could be the higher traction for SP-C since its track area and the soil that
needs to be displaced is twice as high. This would increase the shear stress in the soil
profile and thus promote soil deformation [90] and breaking the continuity of vertical
pores, which determine the air permeability [91]. Indeed, ten Damme et al. [40] did find
a substantial amplifying effect of traction on soil compaction. Whether this explains our
observation remains speculative, since this study lacks any data on the traction of the
machines during traffic.

The crop parameters were negatively impacted by the increased number of passages,
although only slightly and insignificantly. Marinello et al. [60] did find a significant
reduction in sugar beet yield after an increase in traffic intensity, although it is important to
note that this study looked at machine passes and not wheel passes.

4.3. Machinery Choice

To evaluate the effect of the machine choice as such (TT vs. SP), we compared SP-C
and TT-L, which both used the tyre inflation pressure recommended for field traffic but
differed in wheel load, tyre dimensions and number of passages, which are intrinsic to
the machine. Although mostly demonstrative, the results for the calculated mean normal
pressure showed only minimal differences between SP-C and TT-L, which is noteworthy
since the wheel loads for the self-propelled slurry spreader (9.405–10.375 tons) were almost
twice as high as for the trailer of the tractor-trailer combination (5.080–5.845 tons). The
rut depth did not show any significant differences between SP-C and TT-L, nor did PR.
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However, there was a strong trend at the surface (0–20 cm) towards a reduced impact on
PR from SP-C compared to TT-L. Deeper into the soil profile the differences were mostly
negligible, which does not support previously reported findings of wheel load being a
more important factor than tyre–soil contact area for risk of subsoil compaction [24,26–30].
For the other soil physical parameters TT-L consistently had the lowest impact, but the
observed differences were always insignificant. The crop parameters did not show any
clear differences either.

The small differences in impact for such large differences in wheel load make us reject
the starting hypothesis on machinery choice, which expected that the self-propelled slurry
spread would have a bigger impact on the soil, especially the subsoil. However, it should
be noted that the wheel load for both machines can be considered high, and high enough
to have caused compaction into the subsoil in previous studies [2,16].

4.4. Tillage Method

The PR measured before experimental traffic showed clear differences in topsoil
strength between both tillage methods. Inversion tillage had disrupted the soil much more
than non-inversion tillage. It was therefore not surprising that the rut depth was 69%
deeper after inversion tillage. However, the significant differences in topsoil PR between
both tillage methods were still observed after experimental traffic. Both had been clearly
compacted. There were some indications that non-inversion tillage preserved the soil from
compaction to a higher extent from an increased number of passages, while at the same
time resulting in better observable, although insignificant, differences between TT-H and
TT-L. The first observation corresponds with the conclusion from previous studies that
non-inversion tillage is less susceptible to soil compaction [44,45]. So, a soil with lower
strength will be more affected by increasing the number of passages. The latter observation
could possibly be explained by the differences in stiffness of the soil surface between both
tillage methods. After all, the tyre deformation, which is needed for the reduced tyre
inflation pressure to have an effect [21–25], depends on the relative stiffness of tyre and
soil [10]. As Lamandé et al. [46] pointed out, the higher level of disruption of the soil
surface after inversion tillage could have optimized the stress distribution at the tyre–soil
interface for all traffic treatments. This in turn could have limited the influence of the
prevention strategies that count on increasing the contact area and reducing peak stresses
at the tyre–soil interface, such as reducing the tyre inflation pressure. However, since we
did not measure the stress distribution beneath the experimental traffic treatments and only
measured the contact area for non-inversion tillage, this line of reasoning remains a matter
of conjecture.

Despite the partial disruption of the pre-existing compacted layer, inversion tillage
did not result in more pronounced cases of subsoil compaction. For both tillage methods
the effects on PR in the subsoil remained limited. This corresponds with the observations of
Lamandé et al. [46], who did not observe significant differences in stress propagation reach-
ing the subsoil between recent inversion tillage and a non-disturbed soil. This might have
been expected for this experiment, since the difference in topsoil strength was even lower
in this case, with both tillage methods disrupting the soil to some degree. Similarly, [62]
did not observe an improved resistance to subsoil compaction by reduced tillage compared
to deeper inversion tillage after repeated wheeling with heavy farming machinery.

The tillage method did not significantly influence the crop response. All measured
crop parameters were almost identical for both tillage methods. These results correspond
with the findings of previous Belgian field trials that observed no clear negative effects
of non-inversion tillage on sugar beet yield [92–94]. Koch et al. [62] and Jabro et al. [95]
pointed towards the importance of tillage depth for sugar beet yield when comparing
conventional and conservation tillage. Shallower tillage did lead to significant reductions
in yield.
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5. Conclusions

This experiment looked at the effects of different slurry application methods, with
a focus on prevention strategies, and preceding tillage method on soil compaction and
sugar beet crop response, specifically for a silty loam soil. Since the experiment made use
of machinery and practices that are available and commonly used by arable farmers in
western Europe, it allowed us not only to come to theoretical conclusions, but also practical
recommendations that are readily applicable.

(1). Lowering the tyre inflation pressure to the recommended level for field traffic had a
clear positive effect on the prevention of soil compaction and helped to avoid losses in
sugar beet yield. Taking the time to alter the tyre inflation pressure before field traffic,
possibly with a central, rapid tyre inflation system, should be a top priority.

(2). The effects of repeated wheeling were less clear, but still observable, for PR and sugar
beet yield. Crab steering can be used to prevent soil compaction by limiting the
number of passages.

(3). The overall effect of the machinery used remained limited. The heavier self-propelled
slurry spreader did not significantly increase the level of soil compactness and reduce
sugar beet yield compared to the more common tractor-trailer combination.

(4). Experimental traffic after inversion tillage caused more soil compaction than after
non-inversion tillage and it also led to a decreasing effectiveness of reducing tyre
inflation pressure as a prevention strategy. The tillage method did not have any overall
influence on sugar beet yield. Entering the field with heavy farming machinery when
the topsoil has a low bearing capacity should be avoided.

It should be noted that our study concerns a one-year experiment, which imposes
some limitations on possible broad interpretations. However, the experimental period was
characterized by a relatively dry summer, which is expected to become more prevalent
with changing climate conditions.
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