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Abstract: Soil compaction was largely studied in different scenarios with laboratory and field scale
experiments, with various soil conditions and traffic intensities. However, a detailed analysis to
better understand the protective role of plant residues or cover crop mulch is still required. A field
test was conducted in Northeast Italy aiming to fill this gap. Rye was chosen as a winter cover crop,
and growth on a controlled traffic random block experimental field. Four different cover crop mulch
treatments were compared to study the effects of root systems: roller crimper, flail mower, bare
soil control and harvested biomass control. Four different traffic intensities were used to evaluate
the multiple passages with 0, 1, 3, 5 traffic events. During traffic events, the mean normal stress
was measured. Penetration resistance was then evaluated after trafficking and soil samples were
collected. The obtained results showed a 19.3% cone index increase in bare soil compared to flail
mower treatment after the first traffic event, while low differences were found in harvested biomass
bulk density during the first and third traffic events. Moreover, mean normal stress increased 16.5%
on harvested biomass treatment compared to the flail mower. These findings highlight that the cover
crop maintains a lower soil penetration resistance during compaction events, helping the subsequent
field operations. Furthermore, roller crimper and flail mower cover crop termination impact soil
bearing capacity differently due to different soil moisture content. However, the results showed a
low contribution of cover crop mulch on mitigating soil compaction effects during the experiment.

Keywords: soil compaction; cover crop; bulk density; mean normal stress; soil cone index; mulch

1. Introduction

Soil compaction is one of the main causes of soil degradation [1]. In fact, soil com-
paction induces a complex change in soil conditions and behaviour, including loss of soil
porosity and pore function [2]. This phenomenon occurs when the load transmitted by
vehicles applied a higher stress than the soil bearing capacity, which involves plastic soil
deformation [3]. Different approaches can be used to mitigate soil compaction effects on
soil and plant growth, such as enhancing soil bearing capacity [4], decreasing soil stress [5]
or reducing the trafficked area [6]. During forestry operations, the use of brush mats
as a soil protective layer was frequently adopted to decrease compaction and improve
trafficability [7]. Conservation agriculture can match the same forestry strategy to mitigate
compaction when residues are left on the surface, but the main aim is to mitigate soil
erosion. Few experiments studied soil compaction mitigation on the surface residue layer.
Ess et al. studied the cover crop effects on mitigating soil compaction with field experiments
by analysing roots and surface biomass effects on soil characteristics and behaviour [8].
In addition, field tests with stress state transducers showed residues effects on soil stress
compared to bare soil [9], but the quantity, type and conditions of residues was not de-
fined. Other lab and bin experiments showed no differences between different amounts of
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residues mixed with soil on the compression index [10]. However, a bin experiment with
surface residues showed that mean normal stress decreases less than 80 kPa comparing
maize residues and bare soil treatment with no statistical differences in bulk density [10].
Other outcomes regarding residues effects on stress mitigation were obtained in a labora-
tory experiment, but they did not confirm the field test [11]. Recent findings obtained in a
laboratory experiment showed that residues effects have subtly increased soil load-bearing
capacity (e.g., 15 kPa in apparent precompression stress, 7%). Soil bulk density changes
decreased below 100 kPa stress and increased over 400 kPa stress [12]. Few previous studies
showed a complete approach to evaluate the residues effects on soil compaction [8]. Indeed,
other studies were focused on residues effects only, without analysing the soil conditions
due to the lying residues or cover crop growth [11,12]. The aim of our study was to test the
effects of residues obtained from differing cover crop management on soil compaction in a
real-scale field experiment by considering possible interactions and effects that affect the
soil compaction phenomena during cropping operations, which are difficult to observe in
laboratory experiments.

2. Materials and Methods

The field experiment was conducted on the University of Padova Experimental farm
(Legnaro, Italy, 45◦21′4′′ N; 11◦56′49′′ E; 6 m a.s.l.) in 2022 (Figure 1). Temperatures rise
from January (min average: −1.5 ◦C) to July (max average: 27.2 ◦C). The sub-humid climate
receives approximately 850 mm of rainfall annually, with the highest average rainfall in
June (100 mm) and October (90 mm). The lowest averages were recorded in January and
February (50–60 mm). The soil texture of the experiment field is clay loam and was already
analysed in another field experiment [13]. The soil was characterised by a 33.8% sand
content, 37.0% silt and 29.2% clay. The organic matter content of the topsoil was 1.81%.
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Figure 1. Traffic pattern of the experimental field test for every covering plot. The picture shows 
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through the sampling area of the bulk density, penetrometer to measure cone index and Bolling 
probe to assess mean normal stress. A total of 16 covering plots were used with 4 different covering 
treatments and 4 replicates. 

Figure 1. Traffic pattern of the experimental field test for every covering plot. The picture shows how
the traffic was managed during the experiment to avoid compaction on the sampling zone through
the sampling area of the bulk density, penetrometer to measure cone index and Bolling probe to
assess mean normal stress. A total of 16 covering plots were used with 4 different covering treatments
and 4 replicates.

The area of the experiment was selected after preliminary soil variability analysis
conducted using a high-resolution electromagnetic conductivity meter (CMD mini explorer
6 L, GF instrument, Brno, Czech Republic). Thus, a homogeneous area was selected,
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avoiding headlands. After this process the field was divided in plots and tilled to prepare a
homogeneous seedbed. The field had a 45 cm depth ploughed on 26 October 2021 with
a Bordin (Padova, Italy) double furrow plough, and all field operations were carried out
following controlled traffic to avoid compaction in the sampling area. A Pegoraro (Lonigo,
Italy) PTO powered rotary harrow was used for seedbed preparation, and rye (Secale cereale
L.) was sown with a common Carraro row drill (Campodarsego, Italy) on 29 October 2021.
Seeding rate was 165 kg ha−1 (cultivar: Antoninskie). One thousand seeds weight 23.9 g.
No fertilizer was applied during the experiment. Bare soil treatments were also tilled,
without sowing. On bare soil treatment, two weed controls were conducted with chemical
herbicide (glyphosate 1.44 kg ha−1 each one).

Four cover crop mulch treatments were considered: roller crimper (Crimped), flail
mower (Shredded), bare soil (Bare), harvested canopy (Harvested) (Figures 2 and 3). The
cover crop mulch was terminated with one passage of the roller crimper (Crimped treat-
ment) or mounted flail mower (Berti Machine Agricole spa, Caldiero, Italy) (Harvested and
shredded treatment) on 26 May 2022, following a random block design. The roller crimper
involved in the test was built by modifying an iron smooth-roller. The roller crimper had
a total mass of 880 kg and a working width of 3.3 m. The crimping action was achieved
using twelve iron plates with 6 mm thickness and 60 mm height. Plates were welded
orthogonally to the tangential plane of the roller surface, every 121.7 mm of circumference.
The resulting external roller diameter was 585 mm. Mulch was removed by hand just before
trafficking in the “Harvested” treatment. Two irrigations were applied with a hose-reel
sprinkler irrigator (Irrigazione Veneta srl, Torri di Quartesolo, Italy) four days before traffic
due to a drought during spring and summer 2022, the first of 50 mm and second of 15 mm.
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The experimental plots were trafficked simultaneously 0, 1, 3 and 5 times at 4 km h−1,
as shown in Figure 1 on the undisturbed sampling zone. The biomass samples were
collected before traffic events. The soil samples were collected immediately after traffic
events. The two-wheel drive tractor used for trafficking is described in Table 1.
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Figure 3. Effect of the four different cover crop managements compared in the experiment: (1) bare
soil (Bare); (2) roller crimper (Crimped); (3) harvested canopy (Harvested); (4) flail mower (Shredded).

Table 1. Technical data of the tractor used in the experiment.

Name Unit Model

Tractor Model Fiat 680
Total mass kg 4310
Front axle kg 780
Rear axle kg 3530
Rear tyre Kleber traker 420/85R30
Front tyre Vredestein multirill 7.50–16
Front tyre inflation pressure bar 1.7
Rear tyre inflation pressure bar 1.45

2.1. Soil Cone Index

Penetration resistance was measured with a cone penetrometer to evaluate the effect
of traffic conditions on soil. The cone penetrometer (Penetrologger Eijkelkamp, Geesbek,
The Netherlands) was inserted into the soil at a constant speed with a penetration rate of
less than 2 cm s−1. The cone used in the penetrometer had a base diameter of 12.83 mm
and cone angle of 30◦, as specified in ASAE Standards S313.3 and EP 542 (ASAE Stan-
dards, 1999, 2001). The penetrometer was mounted on a designed iron frame fixed to
the hydraulic piston (Figure 4). The iron frame allows the penetrometer to change the
location of measurement horizontally. The hydraulic piston driven by the tractor allows
for the uniform insertion speed during measurement. One transect centred on the wheel
rut was performed for every level of traffic and cover crop mulch treatment for a total of
64 transects. Every transect had 15 penetration points spaced 5 cm with depth up to 60 cm.
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The cone index was calculated as the average of 7 centred on the rut penetration points on
4 defined depth layers: 5–15, 15–25, 25–35, 35–45 cm. After a preliminary data analysis,
the deeper layer (35–45 cm depth) was not considered in the statistical analysis due to the
presence of plough pan.
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2.2. Rut Profile Analysis

Penetrometer data were used to analyse rut profile evolution after 0, 1, 3, 5 passages.
The penetrometer was mounted on a hydraulic frame to start penetration every time from
the same position. The ultrasonic depth sensor of the penetrometer allows for cone tip
depth reading with a 1 cm interval. The value with zero before soil penetration was used to
estimate the rut section area. Rut profile areas (cm2) were calculated using the following
Equation (1):

Rut profile area = ∑ Pd ∗D1 (1)

where:
Pd = distance measured with penetrometer ultrasonic sensor (cm)
D1 = distance between two penetrations (cm)

2.3. Soil Bulk Density and Soil Moisture

Soil samples were collected with a special hydraulic sampler up to 60 cm depth [14].
Frost storage was used to maintain samples during processing. The soil samples were
divided into the following depth layers: 5–15, 15–25, 25–35, 35–45 cm. Samples were
weighed and oven-dried at 105 ◦C until constant weight. Bulk densities (g cm−3) were
calculated using the following Formula (2):

Bulk Density =
m
v

(2)

where:
m = dry mass of soil collected on undisturbed and defined volume “v” (g)
v = volume of soil sample (cm3).
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The deeper layer (35–45 cm depth) was not considered in the statistical analysis due to
the presence of plough pan.

Soil moistures were measured with undisturbed soil samples used to measure bulk
density. Volumetric water content (%) was calculated using the following Formula (3):

VWC = 100 ∗ (M−m)

(d ∗ v)
(3)

where:
M = wet soil mass (g)
m= dry mass of soil collected on undisturbed and defined volume “v” (g)
d = water density (g cm−3)
v = volume of soil sample (cm3).
Additionally in this case, the deeper layer (35–45 cm depth) was not considered in the

statistical analysis due to the presence of plough pan.

2.4. Biomass

Biomass samples were collected after trafficking the experimental field, using an iron
wire square with 0.4 m side. Biomass was weighed and oven-dried at 105 ◦C until constant
weight to measure dry mass and biomass moisture.

2.5. Mean Normal Stress

Mean normal stress was estimated using the Bolling probe [15,16]. The probes have
a deformable cylindrical bulb and can easily be inserted in undisturbed soil at a defined
depth with special installation tools. Sampling grids were created to align probe bulbs
in order to define the trafficking and measuring area. Bulbs were filled with water and
pressurized before trafficking. A Keller (Winterthur, Switzerland) hydraulic pressure
sensor provided real time measurements. A laptop computer was connected to the sensor
to monitor sampling and datalogging. Bolling probes were installed at 20 and 40 cm depths
without damaging the cover crop mulch, as showed in Figure 5. Only maximum values,
corresponding to the peak of rear axle traffic, were used. The first two passes were not
considered during data analysis to avoid unreliable data due to soil deformation around
the bulb zones. The pressure data under different depths were collected after each time
compaction (five times in total; only the last three were considered in the analysis).
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Mean normal stress (σm) was calculated [15,16] from Bolling probe pressure data in
order to compare the results in different cover crop mulch treatments. The following is the
calculation Formula (4) of the mean normal stress (kPa):

σm =
1 + v

3(1− v)
pi (4)

where:
pi is the measured stress from the Bolling probe (kPa)
v is the Poisson ratio in the soil matrix
The value of the Poisson ratio for soils is usually between 0.20 and 0.45 [17–21]. We

set the Poisson ratio as 0.3 in our study using data available from previous studies [16,19].

2.6. Statistics

The trials were arranged in a randomized block design. In each of the 4 blocks, all
the 4 considered cover crop management strategies were tested, in randomized order,
as fixed effect factors. The number of transits and depths of measurement were further
introduced in the model as random factors. Data were treated with an analysis of variance
(ANOVA) model considering the main effects of the 3 tested factors, their interactions, and
the experimental blocks. The chosen significant threshold was p < 0.05. The Tukey HSD
was chosen as the post hoc test.

3. Results

The statistical significance of the results obtained in the experiment are summarized
in Table 2.

Table 2. Analysis of variance, with all soil properties and variables taken into account.

Analysis of Variance Summary

Cover Crop Mulch Traffic Events Depth Soil Moisture CCM
× TE

CCM
× Depth

Bulk Density <0.001 <0.001 0.04 0.02
Cone Index <0.001 <0.001 <0.001 <0.001 0.01
Volumetric Water
Content <0.001 <0.001 ns ns

Rut profile area 0.004 <0.001 ns
Surface Biomass <0.001
Mean Normal Stress 0.004 <0.001 0.001

ns = Not Significant; p-values are missing where factors were not involved in statistical analysis. CCM×TE is the
interaction between cover crop mulch and traffic events, while CCM×epth is the interaction between cover crop
mulch and depth.

3.1. Soil Cone Index

The results of the statistical analysis of the data from the soil cone index obtained in
the four compared treatments after different passages of the tractor are shown in Figure 6.

Because the soil was undisturbed, no differences between mulch treatment were found
at the zero traffic event. After the first tractor transit, the CI of bare soils becomes statistically
significantly higher in comparison to the treatments involving cover crops. Specifically,
Bare results in a 19.33% higher CI compared to Shredded. The increasing penetration
resistance is higher after the first traffic event, but with a residues effect that resulted in an
increase of 62% on Bare and 53% on Harvested compared to an increase of 31% on Crimped
and 29% on shredded. The other traffic events recorded a lower increase in penetration re-
sistance. Bare also had higher values after the following traffic events. Harvested treatment
showed no significant difference from the other cover-cropped treatments Crimped and
Shredded. However, the study of the interaction with traffic highlights that this difference
is statistically significant only in the first and fifth traffic events. Differences were also found
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in the third traffic event, but without statistical significance. Traffic effects show differences
between the fifth and other traffic intensities and between zero and other traffic intensities
only. No differences were found between the first and third traffic events (Figure 6).
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Figure 6. Cone index means after different numbers of traffic events and cover crop mulch treatments
(Harvested; Bare soil; Crimped; Shredded). Residual standard errors were used on bar error.

3.2. Rut Profile Analysis

Rut profile analysis showed statistically significant differences between Shredded and
Harvested-Bare mulch treatments. Bare and Harvested resulted in the higher rut profile
area compared to the other treatments. Significant differences were also found between
traffic treatments, as shown in Table 3. The increase in the number of traffic events was
followed by an increase in the rut profile area. No interaction effect was found among the
cover crop mulch treatments and number of traffic events.

Table 3. Result of statistical analysis on Rut area profiles (cm2).

Treatment Rut Profile Area Standard Error Treatment Rut Profile Area Standard Error

Crimped 1405.94 55.13 ab 5 1639.06 50.56 a
Shredded 1328.75 54.31 b 3 1495.63 59.43 b

Bare 1507.19 54.35 a 1 1365.00 38.84 bc
Harvested 1498.44 66.80 a 0 1240.63 36.97 c

alpha: 00.5

Treatments with the same letter are not significantly different.

3.3. Soil Bulk Density and Soil Moisture

The results of the statistical analysis of bulk density data obtained in the four compared
treatments after each passage of the tractor are shown in Figure 7.
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Figure 7. Bulk density means resulted from different number of traffic events and cover crop mulch
treatments (Harvested; Bare soil; Crimped; Shredded). Residual standard errors were used on the
bar error.

Bulk density increased significantly until the third traffic event. Zero traffic was
statistically lower than other traffic events. One traffic event was statistically higher than
the zero traffic event, but was statistically lower than three or more traffic intensities. No
differences were found between the third and fifth passages. Cover crop mulch treatment
was characterized by significantly lower bulk density on bare soil treatment compared
to Harvested and Shredded. Crimped mulch treatment cannot be considered statistically
different from the other mulch treatments. Statistically higher BD values were found on
removed mulch treatment (Harvested) after the first and third passages in comparison with
the other treatments when considering the interaction effect between traffic and cover crop
mulch treatments. Moreover, BD also did not show differences between mulch treatment at
zero and five traffic events. Statistical analysis also showed differences in bulk density in
the soil layers between 5 and 15 cm depth and 15 and 25 cm depth. No differences were
found between the deeper layer and the other layers.

Volumetric soil water content did not show any statistical difference at the different
depths where it was analyzed. Interaction effects between traffic and mulch treatment
were not detected during statistical analysis. Harvested and Shredded treatments resulted
in significantly higher water content in comparison to Bare and Crimped treatments. No
differences were found between Harvested and Shredded, nor between Bare and Crimped.
Only zero traffic was significantly lower than the other traffic events. No differences in
water content were found between the first, third and fifth passages. Removed mulch
treatment (Harvested) showed a higher level of moisture at every traffic intensity.

3.4. Biomass

The results of the statistical analysis of mulch dry biomass are shown in Table 4.
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Table 4. Result of statistical analysis on mulch dry biomass.

Treatment Mulch Dry Biomass (Mg ha−1) Standard Error

Crimped 11.24 a 4.18
Shredded 12.63 a 3.08

Bare 1.14 b 0.61

Harvested 3.54 b 4.49
Treatments with the same letter are not significantly different. Groups according to probability of means differences
and alpha level (0.05).

Significant differences were found between the covered treatments (Crimped and
Shredded) and not-covered treatments (Harvested and Bare). There were no statistical
differences found between covered and not covered. Crimped treatment showed higher
variability, probably caused by early bedding of cereal rye in a random position before
crimping.

3.5. Mean Normal Stress

The results of the statistical analysis of soil mean normal stress determined at 20 and
40 cm obtained in the four compared treatments after each passage of the tractor are shown
in Figure 8.
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Figure 8. Results of the statistical analysis of mean normal stress (kPa). Residual standard errors
were used on the bar error. Treatments with the same letter are not significantly different.

Significant differences were found between 20 and 40 cm depth mean normal stress.
No statistical differences were found between treatment at 40 cm depth; only Harvested
and Shredded can be considered different with p < 0.05. Strong variability was found in
treatment Crimped at 20 cm depth, probably due to the spatial variability of rye biomass
distribution caused by early crop bedding, before roller crimper passage. This effect could
be mitigated by the flail mower action in treatment Shredded, resulting in less variability
of stress data.
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4. Discussion
4.1. Effect of Cover Crop Mulch

The effect of cover crop mulch on soil compaction could be divided into three different
actions:

First, the cover crop presence, growth and termination method affect soil moisture.
The higher volumetric water content found in treatment (Harvested, Shredded) can be
explained by the increased water retention gained through cover crop root penetration,
while their exudates improved soil pore stability, which was consistent with the study by
Angers and Caron [22]. In contrast to our initial hypothesis, Crimped treatment shows
low volumetric water content in comparison to other mulched treatments, probably due
to incomplete termination immediately after crimping. The cover crop died slowly in the
days after crimping and, in the meantime, water transpiration from the soil continued,
as established in previous research [23]. This phenomenon probably did not happen in
Harvested and Shredded treatments where termination was achieved with a flail mower.
This tool causes the immediate death of the plant by cutting and shredding the stem,
decreasing soil moisture loss. Furthermore, we hypothesized that the lower variability
found on Shredded treatment mulch biomass was explained by the spreading effect of
the flail mower compared to Crimped treatment. The rolling action during crimping, on
Crimped treatment, probably did not modify the biomass distribution, maintaining the
mulch rooted to the ground

Second, the root exudation and exploration change soil structure. The higher cone
index on bare soil could be explained by the lack of cover crop root growing action, which
stabilizes soil aggregates, mitigating the internal slaking of soil structure [24–26]. The
internal slaking and the wetting and drying cycle cause the formation of a surface crust that
could increase the susceptibility to soil compaction [25], resulting in increased penetration
resistance, as observed in zero traffic; there was no difference in the cone index between all
treatments, and there was an increase in the cone index in “Bare” after the traffic events.
Indeed, the Bare treatment did not have a different soil moisture level compared to Crimped,
but did record a higher cone index. The higher cone index in Bare could explain the slower
increasing in bulk density compared to the cover cropped treatment, due to the phenomena
described above.

Third are the surface residues. Indeed, “Shredded” resulted in 16.54% lower mean
normal stress compared to “Harvested” treatment, and this finding could be explained
by the surface residues effects. Moreover, this residues effects result was higher than a
previous experiment on the effect of residues on soil compaction [10]. The differences
recorded between “Shredded” and “Crimped” treatments suggest a different behaviour of
the two cover crop termination methods considered in this experiment. This effect can be
also divided to obtain a deep analysis on the direct residues effects on force transfer during
traffic and on the effect of the termination method on soil bearing capacity, as analysed in
the previous point. In this experiment, the strong variability found in “Crimped” limited
the analysis of the residues effect.

All of this action at different magnitudes affects the soil compaction, but the main
effects could be considered the change in soil structure. This could be explained by bulk
density results during traffic events. Indeed, treatment with higher moisture content
resulted in higher bulk density because higher soil moisture content increased the risk of
soil compaction. The significant—but lower—difference in soil moisture (<3%) could only
partially explain the difference with lower moisture Bare treatment because the Crimped
treatment without different VWC from B is not different from the other mulching treatments.
The secondary action of the residues could also be explained by the same results. In fact,
the Shredded treatment did not have a different bulk density from Harvested, despite the
significant decreasing in mean soil stress measured and compared to Harvested treatment.
Moreover, no additive effects were measured on Crimped treatment, where both enhanced
conditions, low water content and residue mulch can be found.
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4.2. Effect of Repeated Traffic

All of the soil analyses highlight an increased susceptibility to soil compaction during
multiple trafficking, especially comparing all the trafficked treatments with the zero traffic
event. The VWC at zero traffic was significantly lower than after the other traffic events,
probably due to a concentration effect caused by the loss of air-filled macroporosity. More-
over, the cone index had an average increase of 30.41% after the first traffic event and of
9.11% between the third and fifth traffic events. The rut profile area increased about 9.11%
on the first wheeling and maintained a constant average increase of 8.86% for every traffic
treatment. Cone index and rut profile analysis showed no difference between the first and
third passages. Otherwise, bulk density significantly increased (7.21%) between zero and
one passages and also between one and three traffic events (2.95%). These findings were
aligned to the result obtained in other studies [27–29]. The repeated traffic effect on soil
compaction was more relevant after five traffic events and less influenced by the residues
effect. Indeed, no differences were found between different mulch treatments on soil bulk
density after five traffic events.

5. Conclusions

Cover crop mulch can, in some cases, dissipate part of the machine load during traffic,
but this effect could already be negligible with 4 Mg of tractor traffic. The residues effect
changes with cover crop termination methods and affects soil susceptibility to compaction
in different ways and magnitudes, first on soil water content. The use of a roller crimper
could cause a slow cover crop termination that seems to determine an increase in the
amount of water used by the cover crop during its life cycle and a decrease in soil water
availability. Furthermore, the cover crop roots improve soil water retention, resulting in
higher moisture content if termination occurs early in the season and according to the
termination method. Moreover, the termination method affects the residue bearing capacity,
and in some cases, counterbalances the lower soil bearing capacity with lower soil stress
due to higher moisture content. Finally, the use of a cover crop can affect the soil structure,
decreasing the penetration resistance and resulting in an easier soil penetration during the
following operations, such as no-till planting or tillage. The findings of this study confirmed
the results obtained in previous research, but underlined the variability of residues effects
due to different soil conditions and cover crop termination methods. However, taking into
account the limited load adsorbed by the surface residues layer, further studies are needed
to increase the knowledge on how residues interact on soil compaction with light loads,
as happens on a no-till planter closing wheel, where a compacting action was needed and
could be disturbed by different types of residues.
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