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Abstract
The objectives of the experiment were to: (1) evaluate the effects of ground contact pressures of 0.051, 0.103 
and 0.154 MPa on physical properties of sandy loam Eutric Cambisol and clayey loam Vertic Cambisol, and 
(2) assess the effects of winter wheat roots on the recovery of physical properties of the compacted soils. A 49-
day pot experiment included treatments with winter wheat (Triticum aestivum L.) growing until the BBCH 10 
growth stage. The ground contact pressures were created by a hand-operated hydraulic compressor equipped with 
a manometer. As a reference, pots with uncompacted soils without plants were also included in the experiment. At 
the end of the experiment, bulk density, penetration resistance, total amount of water-stable aggregates (WSA), 
their size fractions and weight of dry roots in the whole 0–15 cm layers of both soils were determined. 
The ground contact pressures resulted in significantly higher mean values of bulk density in the 0–15 cm layers for 
both soils without plants compared to the uncompacted soils. Winter wheat roots contributed to a decrease in the 
mean values of bulk density of the clayey loam by 1.4, 3.8 and 4.9 %, but caused the increase in those of the sandy 
loam by 6.2, 5.1 and 1.8 % at the ground contact pressures of 0.051, 0.103 and 0.154 MPa, respectively. The ground 
contact pressures caused mostly a significant increase in the mean penetration resistance of the 0–5 cm layer in 
the clayey loam and sandy loam without plants compared to the uncompacted soils. The roots did not contribute to 
any significant change in the mean magnitudes of penetration resistance of both soils at the three studied levels of 
compaction. Total amount of WSA of the two soils significantly decreased after the compaction by all the applied 
ground contact pressures. Winter wheat roots contributed mainly to a partial recovery of the total amount of WSA 
in both compacted soils compared to those of the uncompacted soils. 

Key words: soil, compaction, soil bulk density, penetration resistance, water-stable aggregation, recovery, winter 
wheat roots. 

Introduction
Currently, soil compaction is still one of the 

main factors of deterioration of soil physical state Soil 
compaction leads to an increase of bulk density and 
penetration resistance and to a decrease of water-stable 
aggregation (Batey, 2009; de Moraes et al., 2020; Ferreira 
et al., 2020; Rizaldi et al., 2020). These unfavourable 
consequences of soil compaction led to a decrease in soil 
porosity and aeration, water-filled pore space, amounts of 
available water, rates of water movement, root growth and 
nutrients (Mujdeci et al., 2017; Hargreaves et al., 2019; 
Seehusen et al., 2019). The capacity of soils to recover 

from such anthropogenic impacts depends on their 
properties, such as texture, soil organic matter, and their 
consequent effects on soil structure (Arthur et al., 2012). 

Among the factors of recovery (tillage and 
plant residues) of compacted soils plant roots can also 
play a useful role. Soil aggregate stability, penetration 
resistance and bulk density are important parameters 
for assessing soil physical state after different impacts 
(Steponavičienė et al., 2020). Roots demonstrate a 
favourable influence on soil porosity, bulk density and 
water-stable aggregation (Bodner et al., 2014; Vergani, 
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Graf, 2016; Stumpf et al, 2018; Vezzani et al., 2018). 
Helliwell et al. (2019) reported that across the three plant 
species (pea, tomato and wheat) significant increases 
in porosity at the immediate root surface were found in 
clay loam and loamy sand at a bulk density of 1.2 and 
1.5 Mg m-3. According to Oleghe et al. (2017), plant 
root exudates influence the root growth pressure and 
porosity of the surrounding soil. The authors reported 
that after compression tests of 200 kPa the increase in 
volume of seed exudate from Salvia hispanica from 0 
to 1.85 mg g-1 penetration resistance decreased by 77% 
for the sandy loam Dystric Cambisol and by 36% for the 
clay loam Gleyic Cambisol demonstrating that exudates 
easily penetrate into compacted soils. Koebernick et al. 
(2019) also reported that the presence of hairless barley 
(Hordeum vulgare L.) roots increased the total detectable 
pore volume and narrowed the pore size distribution in a 
sandy loam Dystric Cambisol. They also reported that the 
presence of hairs on barley roots is more likely to affect 
inter-aggregate pore structure. 

Roots, fungal and microbial biomass, polyga-
lacturonic acids, labile polysaccharides, hydrophobic 
aliphatics, particulate organic matter and microbial-
derived mucilages are included in well-known hierarchical 
models of micro- and macroaggregate formation 
mechanisms (Six et al., 2002; 2004). Denef and Six 
(2005) reported that the presence of actively growing 
winter wheat roots significantly stimulated microbial 
activity and simultaneously promoted the formation of 
large macroaggregates of illitic loam Haplic Kastanazem 
after 46 days of winter wheat at BBCH 10 growth stage 
(or Feekes 10.0 boot stage) in 1 litre pots with 850 g of 
soil at the field capacity. Carrizo et al. (2015) showed that 
growing of winter wheat on loamy Typic Hapludoll and 
silty Typic Argiudoll contributed to increasing content of 
particulate organic matter, carbohydrates, proteins and, 
as a result, to improving soil aggregate formation and 
stabilization. 

The ability of plant roots to recover the aggregates 
of damaged soils is dependent on many factors: plant 
species, their root length density, specific root length, root 
morphology, soil bulk density, soil macroporosity, soil 
penetration resistance, soil texture and mineralogy, soil 
moisture content, microbial activity and organic carbon 
content (Martins et al., 2009; Chimungu et al., 2015; 
Gould et al., 2016; Koebernick et al., 2017; Vezzani et al., 
2018; Atkinson et al., 2020; de Moraes et al., 2020). 

The root-induced recovery of soil bulk density, 
penetration resistance and water-stable aggregation 
after compaction are affected by magnitudes of applied 
ground contact pressures of tractors and harvesters. An 
ability of root to grow in the compacted soils is induced 
by penetration resistance and macroporosity (Atkinson 
et al., 2020). According to Clark et al. (2003), maximum 
axial winter wheat root growth pressure is 0.49 MPa. 
However, a strong limitation of root growth in soils is 
usually observed at penetration resistance of 2–2.5 MPa 
resulting in the formation of high volume of soil 
micropores, which can be smaller in diameter than the 
roots (Carrara et al., 2007). 

At the time of the experiment described in this 
paper, the area under winter wheat in Central Italy was 
about 20% of the total crop area (Bianchi, 1995). The 
growing of winter wheat demands an application of 
machinery (tractors and harvesters), and its development 
over the last few decades has introduced machines 
of a greater weight and has increased the problems of 

finding tyres and ground contact pressures, which are 
capable of keeping soil compaction low by different tools 
(Pagliai et al., 2003). One of the possible tools can be 
the maintenance of optimal soil physical state by roots of 
growing winter wheat. 

The objectives of the experiment were to: (1) 
evaluate the effect of the ground contact pressures of 0.051, 
0.103 and 0.154 MPa on physical properties of sandy loam 
Eutric Cambisol and clayey loam Vertic Cambisol, and (2) 
assess the effect of winter wheat roots on the recovery of 
physical properties of the compacted soils. 

Materials and methods
Soils were classified as sandy loam Eutric 

Cambisol and clayey loam Vertic Cambisol (WRB, 2014). 
Disturbed field moist soil samples for the laboratory 
experiment were collected from the upper 0–20 cm layer of 
plots with winter wheat (Triticum aestivum L., ‘Pandas’) 
at the Fagna (43°59′ N, 11°20′ E) and Vicarello (43°27′ N, 
11°30′ E) Research Stations of the Experimental Institute 
for Soil Survey and Conservation, Florence, Italy. The 
sandy loam contained 44% of sand (53–2000μm), 40% 
of silt (2–53 μm), 16% of clay (< 2 μm), 6% of total 
CaCO3, 1.0% of total organic carbon and had a pH value 
of 7.8 (Valboa et al., 2015). The clayey loam contained 
15% of sand, 43% of silt, 42% of clay, 12.8% of total 
CaCO3, 0.5% of total organic matter and had a pH value 
of 8.2 (Torri et al., 1999). 

The soil material without roots of winter 
wheat was air-dried, passed through a 2 cm sieve and 
then moistened to a field capacity, which was equal to 
20% (of weight) in sandy loam and 27% (of weight) in 
clayey loam. Experimental cylindrical PVC pots had a 
volume of 1440 cm3 (9.7 cm in diameter and 19.5 cm 
high). The soil surface area in the pots was 73.86 cm2. 
The soil material was placed into the pots at the bulk 
density of 1.16 ± 0.01 Mg m-3 for sandy loam and 1.15 ± 
0.01 Mg m-3 for clayey loam. These values of equilibrium 
soil bulk densities were determined at the time of the 
field soil sampling and were considered as initial bulk 
density. The soil in the cylinders was compacted with the 
ground contact pressures of 0.051, 0.103 and 0.154 MPa 
by using a hand-operated hydraulic compressor equipped 
with a manometer to measure the compressive force of 
the steel compression piston on the soil surface. A contact 
area of the steel compression piston was 71.44 cm2. The 
selected ground contact pressures are in the ranges of 
conventional pressures of tractors or harvesters on soils 
(Holthusen et al., 2018). 

The laboratory experiment included compacted 
soils with and without winter wheat plants was conducted 
in three replicates; there were 18/18 pots without/with 
winter wheat for each soil. The winter wheat plants were 
grown for 49 days, which was necessary to reach the 
beginning of the BBCH 10 growth stage (or Feekes 10.0 
boot stage). This growth stage of winter wheat was chosen 
to allow the maximum root growth and root production 
(Denef, Six, 2005). As a reference, three pots were kept 
with each uncompacted soil without growing of winter 
wheat during the entire period of the experiment. It was 
assumed that growing of winter wheat in the reference 
pots could cause soil compaction by winter wheat roots 
(Chomczyńska et al., 2016) and, as a possible result, a 
disturbance of water-stable aggregates (WSA). 

The pots without winter wheat and with 
seedlings of winter wheat plants just after germination 
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were placed on a roof of the Experimental Institute 
building at spring–summer (April–June) weather 
conditions in Florence, Italy. In our previous experiment 
(Balashov, Bazzoffi, 2003), the soil moisture content 
was maintained by adding water regularly but only from 
above the soil to maintain the field capacity during a 
whole period of the research. In the present experiment, 
all the pots were placed in trays with water of 2.5 ± 
0.5 cm deep to maintain a constant flow of water into 
the soils from below. It was supposed that the constant 
flow of water from below would contribute to a greater 
density and length of roots and their better development. 
The pots were regularly weighed, and the soils were also 
moistened from above to maintain the average values of 
moisture content for both soils slightly higher than their 
field capacity. 

A height of soil in the pots was 19 cm. The 
penetration resistance and amount of WSA were measured 
in the top 15 cm of the column. At the end of the pot 
experiment, composite samples of soil (400 g) for each 
treatment were collected from 0–5, 6–10 and 11–15 cm 
layers of the column. To determine the amount and 
distribution of the dry aggregates size fractions, the samples 
were air-dried and sieved through a set of sieves with mesh 
diameters of 0.25, 0.5, 1.0, 2.8, 5.66 and 9.51 mm. 

To measure the amount and distribution of WSA 
size fractions, the dry aggregates of each treatment were 
composed into 50 g samples (according to the content of 
each size fraction). The measurements were conducted in 
three replicates, and the wet sieving method was used with 
a set of sieves with mesh diameters of 0.25, 0.5, 1.0, 2.8, 
5.66 and 9.51 mm. The samples of dry aggregates were 
capillary saturated by water for 10 min, placed on the top 
of the set of sieves, immersed directly into water in an 
apparatus for vertical oscillation and were mechanically 
oscillated with a stroke of 40 mm and at a frequency of 30 
cycles min-1 for 10 min (Valboa et al., 2015). 

Size fractions of WSA were collected from each 
sieve and oven dried at 40°C temperature. Weight of each 
size fraction corrected for sand content was expressed as 
a percentage of the total amount of WSA. At the end of 
the pot experiment, contents of different size fractions of 
WSA were also measured in the uncompacted (reference) 
soils (Valboa et al., 2015). The soil penetration resistance 
in each of the pots was measured by an Eijkelkamp 
penetrometer (06.15.SA) with a cone diameter of 1.6 cm, 
cone angle of 60° and average penetration speed of 
2 cm s-1 (Pagliai et al., 2003). The measurements were 
conducted in three replicates for each pot. 

All the soil columns were carefully removed 
from the pots and were divided into three layers of 0–5, 
6–10 and 11–15 cm. The diameters of these separate 
soil layers were measured to calculate the bulk density. 
Samples were taken from the separate soil layers to 
measure moisture content by a gravimetric method (oven 
drying at 105°C). Two columns were used to measure 
weight of dry roots, but weight of dry shoots was 
determined for all the three soil columns. The roots were 
separated from the soil by their floating in running water 
with a subsequent oven drying at 40°C, and weight of dry 
shoots was also determined by oven drying at 40°C. 

Strength of associations between sets of soil 
parameters in all the treatments was assessed with Pearson 
correlation coefficient (p ≤ 0.05). The standard deviations 
from the mean and the 95% confidence intervals for the 
mean were calculated using the Excel. One-way analysis 
of variance (ANOVA) was applied to evaluate the 

significance of differences (p ≤ 0.05) between the means 
of the experimental data. 

Results and discussion
Effects of compaction on the soil bulk 

density. At the end of the experiment, the mean value 
of the reference bulk density of sandy loam was 1.23 ± 
0.02 Mg m-3. At the ground contact pressures of 0.051, 
0.103 and 0.154 MPa, mean values of the bulk density of 
the sandy loam reached 1.44 ± 0.11, 1.55 ± 0.09 and 1.66 
± 0.11 Mg m-3 (without plants) and 1.54 ± 0.18, 1.64 ± 
0.12 and 1.69 ± 0.06 Mg m-3 (with plants), respectively. 
The results of one-way ANOVA showed that in the 
treatments without plants the mean values of bulk density 
of sandy loam were significantly higher than its reference 
bulk density, respectively, at the ground contact pressure 
of 0.051 MPa (p < 0.05), 0.103 MPa (p < 0.01) and 
0.154 MPa (p < 0.01). In the treatments with plants, the 
mean values of bulk density of compacted sandy loam were 
also significantly higher than the reference bulk density 
at the ground contact pressure of 0.051 MPa (p < 0.05), 
0.103 MPa (p < 0.001) and 0.154 MPa (p < 0.001). 

 Significant differences (p < 0.01) in the 
mean values of bulk density between the compacted 
sandy loam were observed only for the ground contact 
pressures of 0.051 and 0.154 MPa in the treatments 
without plants. Roots contributed to an increase in the 
bulk density of the sandy loam by 6.2, 5.1 and 1.8 % at 
the ground contact pressures of 0.051, 0.103 and 0.154 
MPa, respectively. These results are in accordance with 
the data of Koebernick et al. (2019), who reported that 
barley roots induced compression of sandy loam Dystric 
Cambisol and decreased air-filled pore space between 0.1 
and 0.8 mm from the root surface. Results of our previous 
experiment (Balashov, Bazzoffi, 2003) showed that the 
ground contact pressures of 0.051, 0.103 and 0.154 MPa 
in the sandy loam (with plants) resulted in bulk densities 
of 1.56, 1.71 and 1.74 Mg m-3, respectively, whereas the 
bulk density of the uncompacted soil was 1.44 Mg m-3. 

At the end of the experiment, a mean value of the 
bulk density of the uncompacted clayey loam was equal 
to 1.24 ± 0.02 Mg m-3. At the ground contact pressures 
of 0.051, 0.103 and 0.154 MPa, the mean values of the 
bulk density of the clayey loam were equal to 1.40 ± 
0.16, 1.57 ± 0.16 and 1.62 ± 0.15 Mg m-3 (without plants) 
and 1.39 ± 0.13, 1.51 ± 0.11 and 1.56 ± 0.15 Mg m-3 
(with plants). The results of one-way ANOVA analysis 
of variance showed that in the treatments without plants 
the mean values of bulk density of clayey loam were 
significantly higher than its reference bulk density at two 
ground contact pressures of 0.103 MPa (p < 0.05) and 
0.154 MPa (p < 0.01). In the treatments with plants, the 
mean values of bulk density of compacted clayey loam 
were also significantly higher than the reference bulk 
density also at two ground contact pressures 0.103 MPa 
(p < 0.05) and 0.154 MPa (p < 0.05). 

Significant difference (p < 0.05) in the mean 
values of bulk density between the compacted clayey 
loam was also found only for the ground contact pressures 
of 0.051 and 0.154 MPa in the treatment without plants. 
However, the mean values of the bulk density of clayey 
loam in the treatments with plants tended to be lower than 
those without plants. Roots contributed to the recovery of 
the bulk density by 1.4, 3.8 and 4.9 % at the ground contact 
pressures of 0.051, 0.103 and 0.154 MPa, respectively. 
Results of our previous experiment (Balashov, Bazzoffi, 
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2003) demonstrated that the ground contact pressures 
of 0.051, 0.103 and 0.154 MPa resulted in the values of 
clayey loam bulk densities of 1.41, 1.50 and 1.56 Mg m-3 
(with plants), respectively, whereas the bulk density of 
the uncompacted soil was 1.30 Mg m-3. 

Helliwell et al. (2019) reported that winter wheat 
roots contributed to a significant increase in porosity at 
the immediate root surface in clay loam and loamy sand 
at bulk density of 1.5 Mg m-3. According to these authors, 
the zone of influence of roots on soil porosity was 
significantly impacted by species in the following order: 
winter wheat (694.7 mm3) > pea (483.9 mm3) > tomato 
(21.2 mm3). Besides, this zone of influence was higher in 
clay loam than in loamy sand. These data probably can 

explain the above-mentioned differences in the effects of 
winter wheat roots on bulk density of sandy loam and 
clayey loam. 

Effects of compaction on depth distribution of 
the penetration resistance and moisture content in sandy 
loam. Clark et al. (2003) reported that maximum axial 
root growth pressure can range from 0.60 to 0.80MPa, 
while a strong limitation of root growth in soils is usually 
observed at penetration resistance of 2–2.5 MPa resulting 
in the formation of high volume of soil micropores 
(Carrara et al., 2007). 

Depth distribution of penetration resistance of 
the sandy loam in the treatments without and with winter 
wheat plants is represented in Figure 1. 

Note. Bars show the 95% confidence intervals for the means. 

Figure 1. The penetration resistance in the 0–15 cm layer of sandy loam at the ground contact pressures of 0, 0.051, 
0.103 and 0.154 MPa without (A) and with (B) winter wheat 

In the treatments without plants, the ground 
contact pressures of 0.103 and 0.154 MPa resulted 
in significantly higher (p < 0.05) average values of 
penetration resistance (1.15 ± 0.28 and 1.14 ± 0.13 MPa, 
respectively) compared to the uncompacted soil (0.82 
± 0.25 MPa), but only in the 0–5 cm layer. The ground 
contact pressure of 0.051 MPa did not cause a significant 
increase in penetration resistance (1.07 ± 0.28 MPa) in the 
0–5 cm layer compared to the uncompacted soil. In the 6–
10 and 11–15 cm soil layers, the differences in penetration 
resistance were insignificant for all the three studied 
levels of compaction compared to the uncompacted soil 
(Figure 1A). The highest values of penetration resistance 
in the compacted soil were observed at the depth of 2 cm 
and were equal to 1.38 ± 0.38, 1.41 ± 0.41 and 1.35 ± 
0.25 MPa at the ground contact pressures of 0.051, 0.103 
and 0.154 MPa, respectively. 

For the whole 0–15 cm columns without 
plants, the ground contact pressures of 0.051, 0.103 
and 0.154 MPa resulted only in a slight increase of the 
mean penetration resistance (0.70 ± 0.35, 0.73 ± 0.42 and 
0.75 ± 0.36 MPa, respectively), and the increase was not 
significant compared to the uncompacted soil with the 
mean penetration resistance of 0.66 ± 0.23 MPa. 

In the treatments with plants, the 0–5 cm soil 
layer was also the most sensitive to the effect of the 
three applied ground contact pressures (Figure 1B). 

Nevertheless, only the ground contact pressure of 0.051 
MPa led to significantly higher (p < 0.01) average values 
of penetration resistance (1.37 ± 0.42 MPa) compared 
to the uncompacted soil (0.82 ± 0.25 MPa). The ground 
contact pressures of 0.103 and 0.154 MPa resulted in 
an increase of the mean penetration resistance in the 0–
5 cm soil layer up to 0.91 ± 0.30 and 1.01 ± 0.35 MPa, 
respectively, but the differences were not significant 
compared to the uncompacted soil. The highest values of 
penetration resistance for this treatment were observed 
at the depth of 3 cm and were equal to 1.75 ± 0.63 and 
1.25 ± 0.35 MPa at the ground contact pressures of 0.051 
and 0.103 MPa, respectively. The highest penetration 
resistance of 1.37 ± 0.85 MPa at the ground contact 
pressure of 0.154 MPa was observed at the soil depth 
of 2 cm. For some replicates penetration resistance of 
the soil at the depths of 2 and 3 cm exceeded the critical 
value of 2 MPa. In the 6–10 and 11–15 cm layers, the 
ground contact pressure of 0.051 MPa also resulted in 
the significantly higher (p < 0.01) average values of 
penetration resistance (1.13 ± 0.20 and 0.65 ± 0.10 MPa, 
respectively) compared to the uncompacted soil (0.71 
± 0.10 and 0.42 ± 0.06 MPa, respectively). There were 
no significant effects of the ground contact pressures of 
0.103 and 0.154 MPa on penetration resistance in the 
6–10 and 11–15 cm layers compared to the uncompacted 
soil in the same layers. 
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In the whole 0–15 cm columns of the soil with 
plants, the mean values of penetration resistance were 
equal to 1.07 ± 0.41, 0.58 ± 0.34 and 0.74 ± 0.31 MPa 
at the ground contact pressures of 0.051, 0.103 and 
0.154 MPa, respectively. In general, roots of winter wheat 
did not contribute to a significant recovery of penetration 
resistance at the three studied levels of compaction. 
Nevertheless, the weight of dry roots in the soil 
decreased with the increasing ground contact pressures 
and was 1.11 ± 0.74 g for the 0.051 MPa, 0.84 ± 0.51 g 
for the 0.103 MPa and 0.44 ± 0.13 g for the 0.154 MPa. 
Chomczyńska et al. (2016) showed that root system of 
orchard grass contributed to the formation of a specific 
mesh that bound sand particles and, therefore, the rooted 
media had a greater penetration resistance. Chalise et al. 
(2019) reported that penetration resistance of silty loam at 
a depth of 0–5 cm was significantly higher on plots with 
(2.76 MPa) than without (2.24 MPa) a cover crop. As an 
additional source of higher friction with the penetrometer 
cone, the presence of dense root system could contribute 
to the greater increase of penetration resistance at the 
0.051 MPa compared to the other ones. 

Soil moisture content could be a key factor of any 
changes in the depth distribution of penetration resistance. 
However, moisture content of the uncompacted soil was 
equal to 31.7, 28.5 and 29.6% in the 0–5, 6–10 and 11–15 
cm layers, respectively, and had a weak correlation with 

penetration resistance. In the treatments without and with 
winter wheat growing on the compacted soils, penetration 
resistance decreased with the increasing moisture content 
from 0–5 to 11–15 cm layer. In the treatments without 
plants, moisture content in the 0–5, 6–10 and 11–15 cm 
soil layers were changing in the ranges of 14.6–31.5, 
15.8–28.9 and 16.0–26.3 % (of weight), respectively, 
for all the applied ground contact pressures. The Pearson 
correlation coefficients for the relationships between 
penetration resistance and moisture content in the 0–5, 
6–10 and 11–15 cm soil layers were −0.97, −0.99 and 
−0.99, respectively. In the treatments with plants, moisture 
content in the 0–5, 6–10 and 11–15 cm soil layers was 
changing in the ranges of 14.7–26.8, 19.1–25.9 and 19.0–
24.1% (of weight), respectively, for all the applied ground 
contact pressures. The Pearson correlation coefficients 
for the relationships between penetration resistance and 
moisture content in the 0–5, 6–11 and 11–15 cm soil 
layers were equal to −0.99, −0.85 and −0.80, respectively. 
The penetration resistance decreases with the increasing 
moisture content as a result of decreasing friction between 
the penetrometer cone and the soil particles (Bengough 
et al., 2011; Bartzen et al., 2019). 

Effects of compaction on depth distribution 
of the penetration resistance and moisture content in 
clayley loam. Depth distribution of penetration resistance 
was different within the 0–15 cm soil layer of the 
compacted clayey loam without and with winter wheat 
plants (Figure 2). 

Note. Bars show the 95% confidence intervals for the means. 

Figure 2. The penetration resistance in the 0–15 cm layer of clayey loam at the ground contact pressures of 0, 0.051, 
0.103 and 0.154 MPa without (A) and with (B) winter wheat 

In the treatments without plants, the 0–5 cm layer 
was also the most sensitive to the impact of the ground 
contact pressure. There were significant differences 
(p < 0.05) between the average values of penetration 
resistance of this layer of the uncompacted soil (0.58 ± 
0.06 MPa) and the soil compacted by the ground contact 
pressures of 0.051 (1.31 ± 0.69 MPa), 0.103 (1.00 ± 
0.40 MPa) and 0.154 (0.96 ± 0.37 MPa) MPa. The 
highest penetration resistance (2.16 ± 0.57 MPa) of 
the soil layer was observed at the depth of 5 cm at the 
ground contact pressure of 0.051 MPa (Figure 2A). The 
same ground contact pressure resulted in the significantly 
higher (p < 0.05) average values of penetration resistance 
(1.31 ± 0.44 MPa) in the 6–10 cm layer compared to the 

uncompacted soil (0.48 ± 0.07 MPa). The ground contact 
pressures of 0.103 and 0.154 MPa had no significant 
effects of penetration resistance in the 6–10 and 11–
15 cm soil layers compared to the uncompacted soil in 
the same layers. 

In the entire 0–15 cm columns without plants, 
the average values of penetration resistance were equal 
to 1.02 ± 0.64, 0.62 ± 0.41 and 0.63± 0.36 MPa at the 
ground contact pressures of 0.051, 0.103 and 0.154 MPa, 
respectively. The differences with penetration resistance 
of the uncompacted soil (0.47 ± 0.11 MPa) were 
significant (p < 0.01) only for the ground contact pressure 
of 0.051 MPa. 
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In the treatments with plants, the average values 
of penetration resistance of the 0–5 cm soil layer were 
also the most sensitive to the effects of all the applied 
ground contact pressures. There were significant 
differences (p < 0.05 or p < 0.001) between the average 
values of penetration resistance of the uncompacted soil 
(0.58 ± 0.06 MPa) and those of the soil compacted by 
the ground contact pressures of 0.051 (1.22 ± 0.59 MPa), 
0.103 (1.19 ± 0.38 MPa) and 0.154 (0.89 ± 0.17 MPa) 
MPa. In the 0–5 cm soil layer, the highest penetration 
resistance (1.79 ± 0.37 MPa) was recorded at the depth 
of 4 cm at the ground contact pressure of 0.051 MPa. 
For some replicates, the value of penetration resistance 
exceeded the critical value of 2 MPa. The ground contact 
pressure of 0.051 MPa also resulted in significantly 
higher (p < 0.01) average values of penetration resistance 
(1.08 ± 0.26 MPa) in the 6–10 cm soil layer. The ground 
contact pressures of 0.103 and 0.154 MPa did not cause 
a significant effect on the mean values of penetration 
resistance in the 6–10 and 11–15 cm layers compared to 
the uncompacted soil (Figure 2A). 

In the whole 0–15 cm soil columns with plants, 
the average values of penetration resistance were 0.92 
± 0.53, 0.73 ± 0.45 and 0.59± 0.28 MPa at the ground 
contact pressures of 0.051, 0.103 and 0.154 MPa, 
respectively. The difference with the uncompacted soil 
(0.47 ± 0.11 MPa) was significant (p < 0.01) only for the 
ground contact pressure of 0.051 MPa. 

At the ground contact pressures of 0.051, 0.103 
and 0.154 MPa, the weight of dry winter wheat roots 
in the soil only slightly changed and was 0.61 ± 0.21, 
0.57 ± 0.16 and 0.51 ± 0.11 g, respectively. In general, 
roots of winter wheat did not contribute to a recovery 
of penetration resistance of the soil at the three studied 
levels of compaction. 

The soil moisture content of clayey loam was 
also a key factor of changes in its penetration resistance 
under compaction. However, moisture content of the 
uncompacted soil in the 0–5, 6–10 and 11–15 cm soil 
layers was equal to 30.5, 29.4 and 30.0 % (of weight), 
respectively, and did not affect the depth distribution of 
penetration resistance. 

In the treatments without and with winter wheat 
growing on the compacted soil, its moisture content 
decreased with the increasing soil depth. In the treatment 
without plants, the range of moisture content in the 0–5, 
6–10 and 11–15 cm soil layers was 13.8–41.0, 17.8–
30.6 and 17.1–29.3 % (of weight), respectively, for all 
the applied ground contact pressures. The lowest value 
of moisture content in the 0–5 cm soil layer could be a 
reason for its highest penetration resistance at the ground 
contact pressure of 0.051 MPa. At this ground contact 
pressure, the Pearson correlation coefficients for the 
relationships between penetration resistance and moisture 
content in the 0–5, 6–10 and 11–15 cm soil layers were 
−0.85, −0.98 and −0.97, respectively. 

In the treatments with plants, moisture content 
in the 0–5, 6–10 and 11–15 cm soil layers was changing 
in the ranges of 15.0–38.9, 18.2–37.1 and 19.5–33.9 % 
(of weight), respectively, for all the applied ground 
contact pressures. The Pearson correlation coefficients 
for the relationships between penetration resistance and 
moisture content in the 0–5, 6–10 and 11–15 cm soil 
layers were −0.97, −0.91 and −0.97, respectively. 

Effects of compaction on disturbance and 
recovery of the water-stable aggregates (WSA) in sandy 
loam. In the whole 0–15 cm layer of the uncompacted 

soil, the mean value of the total amount of WSA was low 
and equal to 9.7 ± 1.5%. The ground contact pressures of 
0.051, 0.103 and 0.154 MPa caused a significant decrease 
(p < 0.001) in the total amount of WSA to 4.3 ± 0.2, 3.9 ± 
0.2 and 4.3 ± 0.5%, respectively. In relative terms, these 
values were equal to 44, 40 and 44 % of the total amount 
of WSA in the uncompacted soil. 

The winter wheat growing contributed to a 
significant increase (p < 0.001 to p < 0.05) in the total 
amount of WSA to 7.0 ± 0.8, 7.3 ± 2.9 and 5.9 ± 1.4 % 
in the soil compacted by the ground contact pressures of 
0.051, 0.103 and 0.154 MPa, respectively. Considering 
the total amount of WSA in the uncompacted soil and 
in the compacted soil without plants, the relative root-
induced recovery of the total amount of WSA was partial 
and reached 28, 35 and 17 % for the ground contact 
pressures 0.051, 0.103 and 0.154 MPa, respectively. 

Our experimental data supported the results of 
other studies on the positive effects of roots of barley, 
winter wheat and pea (Pisum sativum subsp. arvense) 
on the recovery of water-stable aggregation of disturbed 
soils (Vezzani et al., 2018). The recovery of WSA with a 
temporal development of winter wheat root system in the 
soil was not an objective of our research. In our opinion, 
the recovery of the total amount of WSA in the compacted 
soil up to their reference values probably has not occurred, 
because the interaction forces between soil particles or 
between roots, and particles were weak in the sandy loam 
at a given amount of roots and at a given soil compaction 
level (Six et al., 2002; 2004; Moreno-Espíndola et al., 
2007). According to results of our previous experiment 
(Balashov, Bazzoffi, 2003), the recovery capacity of the 
winter wheat root system was sufficient for the formation 
of WSA in the sandy loam and clayey loam compacted 
by the ground contact pressures of 0.051 and 0.103 but 
not 0.154 MPa. 

The size fractions of WSA of the sandy loam 
showed a different degree of their resistance and recovery 
after compaction by the ground contact pressures of 
0.051, 0.103 and 0.154 MPa (Figure 3). Among the WSA 
of the uncompacted soil, the size fraction of 0.25–0.5 mm 
had the highest (7.25 ± 1.24%) and of 5.66–9.51 mm – 
the lowest (0.08 ± 0.12%) content of the total amount 
of WSA. The size fractions of 0.25–0.5, 0.5–1.0 and 
2.8–5.66 mm were most sensitive to the compaction and 
demonstrated a significant decrease (from p < 0.001 to 
p < 0.05) after application of the three applied ground 
contact pressures. In relative terms, the decrease in the 
amount of these WSA size fractions in the compacted soil 
was 38–43, 40–47 and 26–38 % for the ground contact 
pressures of 0.051, 0.103 and 0.154 MPa, respectively. 

As mentioned above, the mean weight of dry 
roots was 1.11 ± 0.74, 0.84 ± 0.51 and 0.44 ± 0.13 g in 
the soil compacted by the ground contact pressures of 
0.051, 0.103 and 0.154 MPa, respectively. Data of our 
experiment showed that the highest root concentration 
(1.11 ± 0.74 g) had caused a significant (p < 0.05, < 0.01 
and < 0.001) partial and full recovery of the amounts of all 
the five WSA size fractions in compacted soil compared 
to the uncompacted soil (Figure 3A). The roots with 
the dry weight of 0.84 ± 0.51 g significantly (p < 0.05) 
contributed to the partial and full recovery of amounts of 
only four (0.25–0.5, 0.5–1.0, 1.0–2.8 and 5.66–9.51 mm) 
size WSA fractions at the ground contact pressure of 
0.103 MPa. The roots of winter wheat with the lowest 
dry weight of 0.44 ± 0.13 g contributed only to partial 
recovery of two WSA size fractions with the lowest 
(0.25–0.5 and 0.5–1.0 mm) diameters at the ground 



 105ISSN 1392-3196            Zemdirbyste-Agriculture                         Vol. 108, No. 2 (2021)            

contact pressure of 0.154 MPa. The mean dry weight of 
winter wheat shoots also decreased with the increasing 
ground contact pressures and was equal to 2.69 ± 0.88, 
2.03 ± 0.40 and 1.38 ± 0.08 g for the ground contact 
pressures of 0.051, 0.103 and 0.154 MPa, respectively. 

The described results showed that the significant 
and partial root-induced recovery of all the five WSA 
size fractions in sandy loam could be reached only at the 
ground contact pressure of 0.051 MPa, which maintained 
the most intensive growth of winter wheat roots. However, 
the recovery of all the five WSA fractions did not result 
in the full recovery of the total amount of WSA up to its 
reference values. 

Effects of compaction on disturbance and 
recovery of the water-stable aggregates (WSA) in clayley 
loam. The mean of the total amount of WSA in the entire 
0–15 cm layer in the uncompacted soil was equal to 14.8 
± 1.3%. According to the results of the one-way ANOVA, 
in the compacted soils without plants, application of the 
ground contact pressures of 0.051, 0.103 and 0.154 MPa 
resulted in a significant decrease (p < 0.001) of the total 
amount of WSA to 9.0 ± 1.2, 8.6 ± 1.1 and 8.1 ± 0.7 %, 
respectively. In relative terms, these numbers were equal 
to 60, 58 and 55 % of the total amount of WSA in the 
uncompacted soil. The WSA of clayey loam showed 
a higher resistance to all the applied ground contact 
pressures than the WSA of the sandy loam because of 
higher content of clay particles with stronger binding 
forces than sand particles in WSA (de Andrade Bonetti 
et al., 2017). 

In the treatments with plants, the total amount 
of WSA was 15.2 ± 0.9, 10.5 ± 1.9 and 9.0 ± 0.6 % at the 
ground contact pressures of 0.051, 0.103 and 0.154 MPa, 
respectively. The mean values of the total amount of 
WSA in the soil with plants significantly (p < 0.001, 
p < 0.05 and p < 0.05) exceeded those in the soil without 

plants at the ground contact pressures of 0.051, 0.103 
and 0.154 MPa, respectively. After applying the ground 
contact pressure of 0.051 MPa, the relative recovery of 
the total amount of WSA by the winter wheat roots was 
full and equal to 103% of the total amount of WSA in 
the uncompacted soil. At the ground contact pressures of 
0.103 and 0.154 MPa, winter wheat roots contributed to 
the WSA recovery only partially, by 13% and 6%. The 
ground contact pressures of 0.103 and 0.154 MPa were 
probably too high for the root-induced full recovery of 
the WSA after compaction of clayey loam. 

At the ground contact pressures of 0.051, 0.103 
and 0.154 MPa, the dry weights of winter wheat roots 
were slightly decreasing with the increasing pressure 
and was 0.61 ± 0.21, 0.57 ± 0.16 and 0.51 ± 0.11 g, 
respectively, and, therefore, the roots did not play a key 
role in the recovery of the total amount of WSA after 
compaction of clayey loam compared to clay particles. 
The mean weight of the dry winter wheat shoots also 
decreased with the increasing ground contact pressure 
and was 1.59 ± 0.17, 1.40 ± 0.28 and 1.14 ± 0.20 g for the 
ground contact pressures of 0.051, 0.103 and 0.154 MPa, 
respectively. 

The distribution of the WSA size fractions in 
the compacted clayey loam by the three applied ground 
contact pressures in the treatments without and with 
winter wheat plants are presented in Figure 4. 

In the treatments without plants, the ground 
contact pressures resulted in a significant (p < 0.05) 
decrease of the amount of most of the WSA size fractions 
with the exception of 0.25–0.5 and 1.0–2.8 mm fractions 
at the ground contact pressure of 0.051 MPa, of 0.25–0.5 
and 2.8–5.66 mm fractions at the ground contact pressure 
of 0.103 MPa and of 1.0–2.8 mm fraction at the ground 
contact pressure of 0.154 MPa compared to the same 
WSA size fractions of the uncompacted soil. These WSA 

Note. Bars show the 95% confidence intervals for the means. 

Figure 3. The amount of the water-stable aggregates (WSA) size fractions in uncompacted soil and compacted sandy 
loam at the ground contact pressures of 0.051 (A), 0.103 (B) and 0.154 (C) MPa with and without winter wheat 
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size fractions can be considered as the most resistant to 
all the applied ground contact pressures. In relative terms, 
the amounts of all WSA size fractions at the three studied 
levels of compaction were in the ranges of 26–98, 13–92 
and 17–97 % of the amounts of corresponding WSA size 
fractions of the uncompacted soil. 

In the treatments with plants, the roots 
contributed to the full recovery of the amount of such 
WSA size fractions as 1.0–2.8, 2.8–5.66 and 5.66–9.51 
mm in the soil with the ground contact pressure of 
0.051 MPa (Figure 4A). The amount of these WSA size 
fractions even exceeded that of the uncompacted soil. 
In the soil compacted by the ground contact pressure of 
0.103 MPa, the roots contributed to full recovery of WSA 
only in 2.8–5.66 mm size fraction and contributed to a 
partial recovery of WSA in 1.0–2.8 and 5.66–9.51 mm 
the size fractions compared to the same size fractions of 
WSA in the uncompacted and compacted soils (Figure 
4B). The roots were unable to support the full recovery 
of any WSA size fraction in the treatment of the ground 
contact pressure of 0.154 MPa (Figure 4C). Nevertheless, 
at this ground contact pressure the roots contributed to a 
significant increase (p < 0.05) in the amounts of 0.5–1.0 
and 2.8–5.66 mm size fractions of WSA compared to the 
same fractions of the compacted soil without plants. 

The results of the current experiment showed 
that the roots of winter wheat could quite significantly 
contribute to recovery of WSA size fractions in the 
compacted soil. However, these positive and even 
significant root-induced changes in the amounts of 
separate size fractions of WSA were insufficient for the 
full recovery of total amount of WSA after applying the 
ground contact pressures of 0.103 and 0.154 MPa on the 
clayey loam. 

Conclusions 
1. Winter wheat roots contributed to the recovery 

of the soil bulk density in the clayey loam by 1.4, 3.8 and 
4.9 %, but caused the increase in the bulk density of the 
sandy loam by 6.2, 5.1 and 1.8 % at the ground contact 
pressures of 0.051, 0.103 and 0.154 MPa, respectively. 

2. Winter wheat roots did not significantly 
influence the recovery of penetration resistance of the 
sandy loam or the clayey loam compacted by the ground 
contact pressures of 0.051, 0.103 and 0.154 MPa. 

3. Winter wheat roots contributed to the recovery 
of the total amount of water-stable aggregates (WSA) in 
the sandy loam by 28, 35 and 17 % and in the clayey 
loam by 103, 13 and 6 % at the ground contact pressures 
of 0.051, 0.103 and 0.154 MPa, respectively. 
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Žieminių kviečių šaknų poveikis dirvožemio tankio, kietumo    
ir vandenyje patvarių trupinėlių atkūrimui smėlingo priemolio 
Eutric Cambisol ir molingo priemolio Vertic Cambisol                 
po suslėgimo 
E. Balashov1, S. Pellegrini2, P. Bazzoffi2

1Rusijos agrofizikinių tyrimų institutas 
2Italijos žemės ūkio tyrimų ir ekonomikos Žemės ūkio ir aplinkos taryba 

Santrauka 
Eksperimento tikslai: (1) įvertinti paviršiaus suslėgimo 0,051, 0,103 ir 0,154 MPa poveikį smėlingo priemolio 
Eutric Cambisol bei molingo priemolio Vertic Cambisol fizikinėms savybėms ir (2) įvertinti žieminių kviečių šaknų 
poveiką suslėgtų dirvožemių fizikinių savybių atkūrimui. Vegetaciniame eksperimente žieminiai kviečiai (Triticum 
aestivum L.) buvo auginti 49 dienas iki BBCH 10 augimo tarpsnio. Dirvožemio kontaktinis suslėgimas buvo 
atliktas rankiniu būdu valdomu hidrauliniu kompresoriumi su manometru. Eksperimento kontrolinis variantas – 
vegetaciniai indai su nesuslėgtu dirvožemiu ir be augalų. Dirvožemio tankis, kietumas, suminis vandenyje patvarių 
trupinėlių kiekis, jų dydžio frakcijos ir sausų šaknų masė eksperimento pabaigoje buvo nustatyti abiejų dirvožemių 
0–15 cm sluoksnyje. 
Nustatyta, kad paveikus visais kontaktiniais slėgiais abiejų dirvožemių be augalų 0–15 cm sluoksnyje tankio vidutinės 
vertės buvo žymiai didesnės, palyginti su kontroliniu variantu. Dirvožemio kontaktiniam suslėgimui esant 0,051, 
0,103 ir 0,154 MPa, žieminių kviečių šaknys molingame priemolyje lėmė tankio vidutinių verčių 1,4, 3,8 ir 4,9 % 
sumažėjimą, o smėlingame priemolyje šios vertės padidėjo atitinkamai 6,2, 5,1 ir 1,8 %. Dirvožemio kontaktinis 
suslėgimas sąlygojo reikšmingą viršutinio 0–5 cm sluoksnio kietumo padidėjimą molingame ir smėlingame 
priemoliuose be augalų, palyginti su kontroliniu variantu. Šaknys neturėjo įtakos reikšmingam abiejų dirvožemių 
vidutinių kietumo dydžių pokyčiui esant trims suslėgimo lygiams. Abiejų dirvožemių suminis vandenyje patvarių 
trupinėlių kiekis reikšmingai sumažėjo paviršių paveikus visais tirtais kontaktinio suslėgimo lygiais, palyginus su 
nesuslėgtu dirvožemiu. Žieminių kviečių šaknys turėjo didžiausią įtaką daliniam suminiam vandenyje patvarių 
trupinėlių kiekio atkūrimui abiejuose suslėgtuose dirvožemiuose, palyginus su kontroliniu variantu. 

Reikšminiai žodžiai: atkūrimas, dirvožemis, dirvožemio kietumas, dirvožemio tūrinis tankis, suslėgimas, vandenyje 
patvarūs trupinėliai, žieminių kviečių šaknys. 
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