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Human activity, particularly agricultural activity, 
has a strong influence on soil properties. During 
the last decades, changes in land use in Estonia 
have been characterised by an increase in the forest 
area and a decrease in the area of the grasslands 
(Antso and Hermet 2012). According to the Eurostat 
yearbook (2011), the total agricultural area in the 
27 EU member states covered 172 Mha in 2007, 
of which 61% is arable land and 33% is permanent 
grassland. The strong demand for high quality 
fodder requires a more intensive use of grasslands. 
However, intensive use requires a high level of traf-
fic. Over time, the power and weight of machines 
increased (Alakukku 1999, Batey 2009). In 1970, 
the mean wheel loads were 1 to 2 t, and in 2000, 
they ranged from 2 to 3 t (Sommer et al. 2003). 
Schrama et al. (2012) compared different cutting 
regimes, traditional versus mechanical mowing, on 

grasslands and showed that long-term (38 years) 
machine mowing causes compaction, particularly 
on organic soils. Krebstein et al. (2013) showed on 
sandy loam Calcaric Cambisol under lucerne that 
soil compaction is also a problem on farm-used 
grasslands. Because of soil compaction, the soil 
properties are altered, and a reduction in soil water 
and roots can occur (Baty 2009).

The grassland plant used in this study is smooth 
brome (Bromus inermis Leyss.). It is an invasive, 
cool-season perennial Eurasian grass that is strong-
ly rhizomatous. We used a cool-season grass in 
this study because it is more winter resistant. 
Compared with cool season grasses, warm season 
grasses have better root growth in compacted soil 
(Matthieu et al. 2011); therefore, we expected less 
adaptation of the smooth brome. The smooth 
brome cultivar in our trial was Lehis. 
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ABSTRACT

The objective of this work was to evaluate the effect of tractor wheeling with a light tractor on the root growth and 
soil properties of smooth brome in South Estonia. Field experiment was conducted on sandy loam Haplic Luvisol 
in 2007. Data were collected during September 2008 in both an uncompacted and compacted area. Because of the 
compaction, the precompression stress increased in the upper soil layer (0−10 cm) by 12.6% and 15.2% at a depth 
of 10−20 cm. Compaction had only a minor effect on the bulk density, values increased 4.7% in the upper soil layer 
and 1.8% in the deeper layer. Differences in the saturated hydraulic conductivity (ks) were not significant; however, 
the decrease in the ks was 26.6% in the upper level and 12.5% in the deeper (10−20 cm) layer. At a depth of 0 to 
30 cm compaction decreased the root length by 44.7% and the root mass by 60.5% compared with the uncompacted 
soil. Altogether, this study confirms the unfavourable effect of wheeling on grasslands even when the wheeling is 
performed with a light tractor on dry soil.
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There are insufficient data on the effect of com-
paction with a light tractor on the soil properties of 
grasslands. Therefore, in this study, our objective 
was to investigate the effect of tractor wheeling on 
the soil used to cultivate smooth brome, even when 
soil compaction does not occur under extreme 
conditions. Wheeling was performed with a light 
tractor and small soil contact pressure of 118 kPa 
on dry soil (pF = 3). The hypothesis tested was that 
although the roots significantly contribute to soil 
stability, this stability can be destroyed by tractor 
wheeling in the grasslands. Here, the wheeling ef-
fects after a first year of compaction on the bulk 
density (BD), precompression stress (Pc), saturated 
hydraulic conductivity (ks), root length and root 
mass on the grasslands are reported.

MATERIAL AND METHODS

Field site. A field experiment was performed at 
the Experimental Station in Rõhu, Estonia (latitude 
58°21'N, longitude 26°31'E). The research field 
was established in 2007. The climate in Estonia is 
humid-temperate, the mean annual precipitation 
was 805 mm and the average temperature was 
6.5°C during 2008.

Soil and sampling. The soil in the experimental 
area was Haplic Luvisol (IUSS Working Group 
WRB 2007). The average soil characteristics were 
measured prior to the beginning of the experiment 
in 2006. The texture of the soil was sandy loam 
containing 51.5% sand (0.063–2 mm equivalent 
particle diameter), 37.4% silt (0.002–0.063 mm) 
and 11.1% clay (< 0.002 mm). The average soil 
chemical characteristics of the experimental field 
were pHKCl 5.6, Corg 13 g/kg, Norg 14 g/kg, avail-
able P 292 mg/kg, K 108 mg/kg, Ca 730 mg/kg 
and Mg 335 mg/kg.

The data were collected from the field after the 
third silage cut of smooth brome in September 
2008. The sowing (38 kg/ha) was performed on 
6 June 2007. The size of each experimental plot 
was 10.5 m2 (1.5 × 7 m). There were two differ-
ent levels of soil compaction, uncompacted and 
compacted. Soil compaction was generated tyre-
to-tyre (tyres 8.3–20'' and 13.6–38'') two times 
using a tractor T-40 (2.3 Mg) with a water tank (3 t 
and tyres 7.50–20''). Trükmann (2011) calculated 
a soil contact pressure of 118 kPa for the water 
tank according to O’Sullivan et al. (1999a). The 
soil water content at a depth of 0−30 cm during 

the soil compaction in May was pF = 2.7, and at 
the end of July, the pF = 3 (these values do not 
promote the compaction). The undisturbed soil 
samples were taken with steel cylinders for BD, 
precompression stress and saturated hydraulic 
conductivity from depths of 10, 20 and 30 cm 
and for the root length and mass from depths of 
5, 10, 15, 20, 25 and 30 cm on the 23rd and 24th 
September 2008. For the BD and ks, we used 88.2 cm3 
cylinders (diameter 5.3 cm, height 4 cm), and we 
evaluated 96 samples for each measurement. There 
were 48 samples for the uncompacted area and 48 
samples for the compacted area for each depth of 
10, 20 and 30 cm, with 16 replications. We used a 
235.5 cm3 cylinder (10-cm diameter, 3 cm height) 
for the root length and mass measurements. For 
each measurement, there were 36 samples, of which 
18 samples were from the uncompacted area and 
18 samples were from the compacted area for each 
depth of 5, 10, 15, 20, 25 and 30 cm, with three 
replications. We used the same cylinders for meas-
uring the Pc. We evaluated 16 samples, of which 
9 samples were from the uncompacted areas at 
depths of 10, 20 and 30 cm with three replicates, 
and 7 samples were from the compacted area at a 
depth 10 cm with three replicates and from depths 
of 20 cm and 30 cm with two replicates.

L aborator y methods .  Soi l  samples  were 
measured in Germany at the Christian-Albrecht 
University of Kiel in 2009. The samples were dried 
in an oven at 105°C for 24 h to determine the BD. 
The Pc was measured on the undisturbed soil sam-
ples, which were predrained to a matric potential 
of −6 kPa. A confined multi-step compression 
device (odometer) was used to determine the Pc. 
The defined pressures of 10, 20, 30, 50, 70, 100, 
150, 300 and 400 kPa were applied stepwise for 
10 min to each soil sample, and after 400 kPa was 
applied for 10 min, no pressure was exerted. The 
ks was measured using the falling-head method 
with a hood water permeameter device. The roots 
were washed out of the fresh soil on sieves with a 
0.25 mm mesh size. A scanner and the WinRhizo 
software (Version 2004a, Regent Instruments Inc., 
Quebec, Canada) were used for the root analysis. 
The washed roots were spread out in approx. 15 mm 
of water in a scanner ray (Epson 1680, Regent 
Instruments Inc., Quebec, Canada). The scanner 
was used for creating a digital image of the roots 
that was then analysed with WinRhizo. 

Statistical analysis. For statistical analysis, we 
used the ANCOVA to account for the combined 
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effects of the depth and compactions (compacted 
and uncompacted). The P-values were evaluated 
at a 5% significance level. The estimated values 
are reported in Table 1. Fisher’s LSD post-hoc test 
was used to compare the differences between the 
values (arithmetic mean). The different letters 
on the BD, Pc and ks graphs indicate significant 
differences between the soil compaction treat-
ments at one depth. The statistical analyses were 
performed with the R software version 2.15.1 
(R Core team, www.r-project.org, 2013).

RESULTS AND DISCUSSION

The effect of compaction varied based on the 
different parameters evaluated. The soil compac-
tion had a statistically significant effect on the BD, 
root length and mass. The parameters evaluated 
are described in Table 1.

Soil precompression stress (kPa). Soil com-
paction had no statistically significant effect on 
the Pc because of the large variability in the field 

soil (Figure 1). However, the results showed that 
compaction had a negative effect on the Pc values. 
The median Pc values increased in the 0−10 cm 
upper soil layer by approximately 12.6% and at a 
depth of 10−20 cm by 15.2%. However, at a depth 
of 30 cm, the result was the opposite, the median 
Pc value in the uncompacted area was 19% higher 
than in the compacted area.

Bulk density (g/cm3). Soil compaction and soil 
depth significantly increased the BD (Table 1). 
There was also a statistically significant difference 
between the uncompacted and compacted areas 
of the upper soil layer (0–10 cm) (Figure 2). The 
difference of the median BD values between the 
compacted and uncompacted areas was higher 
in the upper layer (0–10 cm), approx. 4.7%, and 
in the deeper layer (10–20 cm), approx. 1.8%. In 
the deepest layer (20–30 cm), compaction had no 
effect on the BD.

Saturated hydraulic conductivity (log, cm/day). 
The changes in ks were not obvious (Figure 3). 
Between the two treatments (uncompacted and 
compacted), a statistically significant difference 

Table 1. P-values of different factors on investigated parameters

The compaction 
effect was modified 

by depth 

Soil 
depth Compaction

Interaction between 
the soil depth 

and compaction

Precompression stress (kPa) P = 0.58 P = 0.6 P = 0.35 P = 0.36
Bulk density (g/cm3) P = 0.004 P < 0.001 P = 0.005 P = 0.01
Saturated hydraulic conductivity (log, cm/day) P = 0.3 P = 0.2 P = 0.3 P = 0.002
Root length (cm/cm3) P < 0.001 P < 0.001 P < 0.001 P = 0.04
Root mass (g/m2) P = 0.02 P < 0.001 P = 0.01 P = 0.06

The results were statistically significant when P < 0.05 (indicated in bold)
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Figure 1. Soil precompression stress (measured at pF = 1.8) depending on soil compaction and soil depth. Error 
bars denote standard error of the mean
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was observed at depths of 10 cm and 30 cm. In the 
upper layer (0−10 cm), the median ks value was 
approx. 26.6% higher between the traffic lanes 
compared with no traffic lane, and in the deeper 
layer (10−20 cm), the median ks value increased 
by 12.5%.

Because of compaction, the Pc values in the upper 
soil layer (0−20 cm) increased compared with the 
uncompacted area. Krebstein et al. (2013) found 
that due to soil compaction, the Pc increased in 
the upper soil layer to 60 kPa and to 30 kPa at a 
soil depth of 10 cm. According to our results, we 
can assume that the binding substances are not 
really changed, hence, the number of contact points 
must be increased (verified by BD). During soil 
deformation, the soil particles are pushed more 
closely towards each other, which leads to a higher 

BD with a greater number of contact points be-
tween the soil particles (Lebert and Horn 1991). 

Wheeling with a light tractor increased the BD; 
however, the increase was small and better ob-
served in the upper soil layer (0−10 cm). Based 
on our results, wheeling does not change the BD 
values in the deeper soil layer (20−30 cm). This is 
because soil compaction changes the soil structure, 
but this does not change the BD results as the BD 
does not reflect the soil structure. O’Sullivan et al. 
(1999b) demonstrated the influence of decreased 
pore continuity by shearing on the air conductiv-
ity at the same BD. 

When the bulk soil is compacted, the ks values are 
lowered. This is also consistent with the literature. 
Zhang et al. (2006) showed that soil compaction 
affected the hydraulic properties on loess soils. 
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They showed that the ks values decreased when 
the soil compaction increased. However, the in-
crease in ks values below 10 cm in our study may 
have occurred because the roots may block the 
pores (more roots in uncompacted soil), thereby 
reducing the ks values, although they may have 
more large pores.

Root length (cm/cm3) and root mass (g/m2). 
Our results showed that after first year of compac-
tion, the root length and mass changed because of 
compaction. The longest roots were in the upper 
soil layer (Figure 4a). The average root length in 
uncompacted area at all depths increased approx. 
44.7% compared with the compacted area. In the 
upper uncompacted layer (0−15 cm), the roots were 
47.6% longer than in the compacted area, and in 
the deeper soil layer (20−30 cm), the difference 
was 36.6%. The root mass in the compacted soil 
was less than in the uncompacted soil (Figure 4b). 
The average root mass in the compacted area at all 
depths was 60.5% less than the uncompacted area. 
The root mass of the smooth brome was greater 
in the upper soil layer (0−15 cm) compared with 
the deeper soil layer (20−30 cm), and for the com-
pacted and the uncompacted areas, the difference 
in the root mass of the upper layer was 64.4%. In 
the deeper layer, the soil compaction decreased 
the root mass by 29.6%.

The alterations in the root length and mass are 
more pronounced in the upper soil layer (0−15 cm). 
This is because the light tractor had more influence 
on the soil surface than the subsoil. Tolón-Becerra 
et al. (2012) showed that the subsoil compaction 

is related to the tractor weight, with lightweight 
tractors exerting less pressure on the soil contact 
area. According to Lipiec et al. (2003), the root 
size of oats was more affected in the ploughed 
layer compared with the deeper soil. Because of 
compaction, the roots cannot penetrate the deeper 
layers and therefore stay at the top. This is also 
confirmed by literature. Lipiec et al. (1991, 2003) 
showed that soil compaction led to higher con-
centration of roots in the upper layer and reduced 
the roots in the deeper layer. In a greenhouse 
study, Matthieu et al. (2011) found that subsurface 
compaction impeded turf grass root growth in 
the deep layers. In a five-year trial on non-grazed 
temporary grassland (loamy sand) with different 
loads (0, 4.5, 8.5 and 14.5 t), Bouwman and Arts 
(2000) showed that when wheeling was performed 
with maximum load (14.5 t), the majority of the 
root mass was above 20 cm. Głąb (2008) showed 
that wheeling affected the root length on a silty 
loam Mollic Fluvisols, and the root length was 
shorter in all soil layers (0−30 cm) after wheeling.

Altogether, this study confirmed the unfavourable 
effect of tractor traffic even when soil compaction 
does not occur under extreme conditions on the 
grassland, such that the soil is dry and the tractor 
contact pressure is low. Our experiment shows 
that the precompression stress, soil bulk den-
sity, saturated hydraulic conductivity, root length 
and mass is significantly affected by wheeling. In 
response to the tractor traffic, the soil stability 
parameters, such as Pc increased. After the first 
year of compaction event, the effect of compaction 

Figure 4. The average root length (a) in the soil and the average root mass (b) in the soil depend on the soil 
compaction (uncompacted and compacted) and depth. The horizontal bars denote the standard errors
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was visible because the soil physical properties, 
such as BD, were increased on the compacted soil. 
As a result, the root systems adjusted to the new 
state and formed less roots in total, particularly in 
the topsoil. Soil compaction also decreased the ks 
values in the upper soil layer, when the bulk soil 
is compacted, it lowers the ks values. In conclu-
sion, our results confirmed the negative effect of 
wheeling even when the wheeling does not occur 
under extreme conditions, on the root growth and 
soil properties of smooth brome.

REFERENCES

Alakukku L. (1999): Subsoil compaction due to wheel traffic. 
Agricultural and Food Science in Finland, 8: 333–351.

Antso K., Hermet I. (2012): Estonian Environmental Indica-
tors . Available at http://www.envir.ee/orb.aw/class=file/
action=preview/ id=1190570/Eesti±keskkonnan%E4itajad±2012.
pdf [accessed 16.07.2013] (In Estonian)

Batey T. (2009): Soil compaction and soil management – a review. 
Soil Use and Management, 25: 335–345.

Bouwman L.A., Arts W.B.M. (2000): Effects of soil compaction 
on the relationships between nematodes, grass production and 
soil physical properties. Applied Soil Ecology, 14: 213–222.

Eurostat yearbook (2011): Available at http://epp.eurostat.
ec.europa.eu/portal/page/portal/publications/eurostat_year-
book_2011 [accessed 20.03.2012]

Głąb T. (2008): Effects of tractor wheeling on root morphology 
and yield of lucerne (Medicago sativa L.). Grass and Forage 
Science, 63: 398–406.

IUSS Working Group WRB. World Reference Base for Soil Re-
sources 2006, first update 2007. World Soil Resources Reports 
No. 103, FAO, Rome.

Krebstein K., von Janowsky K., Reintam E., Horn R., Leeduks J., 
Kuht J. (2013): Soil compaction in a Cambisol under grassland 
in Estonia. Zemdirbyste-Agriculture, 100: 33–38.

Lebert M., Horn R. (1991): A method to predict the mechanical 
strength of agricultural soils. Soil and Tillage Research, 19: 
275–286.

Lipiec J., Hakansson I., Tarkiewicz S., Kossowski J. (1991): Soil 
physical properties and growth of spring barley related to the 

Corresponding author:

MSc. Kadri Krebstein, Estonian University of Life Sciences, Department of Soil Science and Agrochemistry, 
Institute of Agricultural and Environmental Sciences, Kreutzwaldi 1a, 51014 Tartu, Estonia
e-mail: Kadri.Krebstein@emu.ee

degree of compactness of two soils. Soil and Tillage Research, 
19: 307–317.

Lipiec J., Medvedev V.V., Birkas M., Dumitru E., Lyndina T.E., 
Rousseva S., Fulajtar E. (2003): Effect of soil compaction on 
root growth and crop yield in Central and Eastern Europe. 
International Agrophysics, 17: 61–69.

Matthieu D.E., Bowman D.C., Thapa B.B., Cassel D.K., Rufty 
T.W. (2011): Turfgrass root response to subsurface soil com-
paction. Communications in Soil Science and Plant Analysis, 
42: 2813–2823.

O’Sullivan M.F., Henshall J.K., Dickson J.W. (1999a): A simpli-
fied method for estimating soil compaction. Soil and Tillage 
Research, 49: 325–335.

O’Sullivan M.F., Robertson E.A.G., Henshall J.K. (1999b): Shear 
effects on gas transport in soil. Soil and Tillage Research, 50: 
73–83.

R Core Team (2013): R: A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Computing, 
Vienna. Available at http://www.R-project.org 

Schrama M.J.J., Cordlandwehr V., Visser E.J.W., Elzenga T.M., de 
Vries Y., Bakker J.P. (2012): Grassland cutting regimes affect 
soil properties, and consequently vegetation composition and 
belowground plant traits. Plant and Soil, 336: 401–413.

Sommer C., Lebert M., Brunotte J. (2003): Indikatoren zum physi-
kalischen Bodenschutz – warum, wofür, wie? In: Dachverband 
Agrarforschung: Umweltindikatoren – Schlüssel für eine um-
weltverträgliche Land- und Forstwirtschaft. DAF-Schriftenreihe 
agrarspectrum, 36: 175–186. (In German)

Tolón-Becerra A., Botta G.F., Lastra-Bravo X., Tourn M., Rivero 
D. (2012): Subsoil compaction from tractor traffic in an olive 
(Olea europea L.) grove in Almería, Spain. Soil Use and Man-
agement, 28: 606–613.

Trükmann K. (2011): Quantifizierung der Stabilisierungseffekte 
von Pflanzenwurzeln als Möglichkeit zur Reduzierung der 
mechanischen Bodendeformationen in Grünland. [PhD. thesis] 
Available at CAU. http://eldiss.uni-kiel.de/macau/receive/dis-
sertation_diss_00006942 [accessed 15 03 2012] (In German)

Zhang S., Grip H., Lövdahl L. (2006): Effect of soil compaction 
on hydraulic properties of two loess soils in China. Soil and 
Tillage Research, 90: 117–125.

Received on November 12, 2013
Accepted on January 17, 2014

Plant Soil Environ. Vol. 60, 2014, No. 2: 74–79


