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INTRODUCTION

In the agricultural sciences, already in 1930 it 
was accepted that soil erosion is understood pri-
marily as a process of destruction of soil by wa-
ter and wind. In the course of the study different 
destructive natural forces affecting the soil were 
considered (gravity, glaciers, snow, temperature) 
[Józefaciuk and Józefaciuk 1995]. Many of them 
have marginal importance from the viewpoint of 
the economic impact on a global scale. A com-
mon process of degradation (with very significant 
impacts) that for several decades was on the mar-
gins of research of erosion is tillage erosion. This 
term describes the displacement of soil under the 
effect of agricultural implements [Rejman and 
Paluszek 2005]

First trials of experimental tillage erosion 
research (caused by moldboard plowing) were 
began in the 1940’s. A supporter of this trend of 
research in Poland was Professor Bac [1950]. 
Researches were already broken at the beginning 
of the sixties. Investigations conducted during 

this period in Poland, mainly focused on selec-
tion of moldboard for plowing in mountainous 
areas and determining movement of soil due to 
different direction of cultivation. Investigations 
were conducted one-bladed horse-drawn and 
tractor-drawn ploughs, using different method-
ology [Bac 1950; Czyżyk 1955, Martini 1955]. 
After discontinuation of direct studies, in Polish 
literature (up to 21st century), only a mention or 
very approximate estimations of intensity of till-
age erosion were appeared, resulting from tests of 
soil cover or changes in the high boundary strips 
[Mazur 1972; Józefaciuk and Józefaciuk 1995; 
Twardy 1998]. 

After several decades of pause the problem 
of soil movement by tillage (mainly moldboard 
plowing) has gained widespread attention in for-
eign literature in the 1990’s again [Stach 2006]. 
The methodical regards had important role in 
the quick progress of investigations over tillage 
erosion. Within a few years, many methods en-
abling comparatively simple and cheap way for 
management of controlled field experiments were 
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worked. These include using of various types of 
markers placed in the soil before plowing and re-
covered after carrying out [Lobb et al. 2001]. For 
this purpose radioactive marking of soils with ce-
sium 134 was also used [Quine et al. 1999].

For the first time, based on field experiments 
correlation between the size of tillage erosion 
and decrease of slope was found [Lindstrom et 
al. 1990]. In a short time were created a series 
of research work carried out in different agro-
environmental conditions, using different ma-
terials as indicators to measure the distance of 
soil displacement. These studies indicated that 
the amount of soil displaced under the influence 
of tillage tools (including mouldboard ploughs, 
deep-tillers, disc harrows, light spring-tooth-
harrows, seeders and hand tools) in some cases 
is at least equal to water erosion or repeatedly 
surpasses it [Lindstrom et al. 1992; Govers et al. 
1994; Lobb et al. 1999; Van Oost et al. 2005; 
Zhang et al. 2004]. Similar conclusions have 
also been confirmed in the Polish study [Rejman 
and Paluszek 2005; Rejman 2006]. 

Moreover, Van Muysen et al. [1999] clearly 
shows that an additional relevant factor in de-
termining of tillage erosion was the initial soil 
conditions. It was found that tillage erosion was 
about 3.6 times more important when tillage is 
done on a freshly tilled (loose) soil than on a soil 
under a few years grass followed. Whilst exam-
ining the impact of crop cultivation parameters 
such as depth, speed and direction on the size of 
the erosion Van Muysen et al. [2002] were dem-
onstrated that the along slope tillage is about 22% 
more erosive than the contour tillage carried out 
with a similar depth and speed. In Poland, the 
contributory study of quantitative assessment of 
tillage erosion, after almost 50 years break, was 
conducted by Rejman and Paluszek [2005] and 
Rejman [2006]. Experiments were conducted for 
up-downslope direction, on sections of constant 
slope inclination. It was found that tillage is an 
important factor that modifies the sculpture of 
surface and soil in eroded areas.

The constant progress in agriculture, com-
prising initially to replace the horse by tractors 
and now the use of machines with ever-increas-
ing power and performance means that the speed 
of cultivation treatments increases. The amount 
of energy supplied to the system which is the 
soil increases too. By this soil can be displaced 
to the greater distance. At the same time prog-
ress in equipment of farms with modern ma-

chinery does not always mean equip a revers-
ible ploughs, which always allows overturning 
of soil only in one (the same) direction. Still 
mouldboard ploughs are used forcing to perform 
furrows plowing. It means that for there and 
back tillage the ridge is overturned in different 
directions.

For the agronomic recommendations of 
eroded areas a common of the principle of limit-
ing the erosion is to perform cultivation treat-
ments across the slope. For most tools used for 
cultivation, crossing there and back made no dif-
ference in the movement of soil in relation to the 
slope. However specific in this respect is plough. 
Because is not always possible to use the revers-
ible ploughs (to put the ridges up the slope) for 
contour plowing are used mouldboard ploughs. 
It means that even in case of antierosion cultiva-
tion half of the field is plowed with the over-
turning ridges down the slope. This causes ad-
ditional (next to water erosion) displacement of 
soil down the slope.

The aim of the study is to determine the 
size of displacement of soil (tillage erosion) on 
the loess slope due to mouldboard plowing per-
formed crosswise to decrease using a typical set 
of cultivation for an average farm.

MATERIAL AND METHODS

The study was conducted on lessive soil de-
veloped from loess in West Roztocze (in the Por 
river basin) in the municipality of Turobin. This 
area due to the typical upland areas sculpture is 
threatened with erosion. Before tillage a detailed 
topographical survey of the area was made using 
an automatic theodolite. Sowing plow to a depth 
of less than 20 cm (for the buckwheat cultivation) 
was carried out across the slope with an inclina-
tion of about 7% to 13% (30.04.2013). Treatments 
were conducted using 3-bladed plough U023/1 
with a working width 0.8 m pulled by a 38 kW 
tractor. Plowing speed in both directions was 1.5 
m∙s-1 (measurement performed in real time using 
a GPS). Before and after the cultivation samples 
of the soil were taken to determine bulk density 
and soil moisture. Before plowing the soil bulk 
density was 1480 kg∙m-3, after plowing 1120 
kg∙m-3. Soil moisture was 18 and 17.8%.

Measurement of tillage erosion was carried 
out according to the methodology taken from 
work carried out at the University of Leuven 
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(Belgium) [Govers et al. 1994; Van Muysen et 
al. 1999; 2002]. This method involves the as-
sessment of soil translocation on the basis of 
changes in the position of introduced into the 
soil numbered aluminum cubes with an edge-
lenght of 15 mm (as tracers). Tracers were 
placed at depths of 0, 5, 10, 15 and 20 cm in a 
drilled with a 0.10 m spacing holes. Exact posi-
tion of each of them was registered by using an 
automatic theodolite. Tracers were inserted at 6 
strip plots of ca. 1 m wide (3 strip plots for over-
turning soil upslope and 3 strip plots for over-
turning soil downslope). A total of 300 tracers 
were inserted – 50 in each strip. As can be seen 
in Figure 1, this procedure resulted in a good 
vertical distribution of the tracers throughout the 
plough layer. Immediately after cultivation, the 
soil on the area of potential movement of tracers 
was carefully revealed and the exact position of 
each of the found re-registered. A recovery rate 
of tracers in excess of 90% for all strips was ob-
tained. From the data, individual horizontal dis-
placement distances of the tracers as well as the 
mean displacement distance perpendicular to the 
direction of tillage (dlat) and in the direction of 
tillage (dlong) were calculated for each strip (Ta-
ble 1). In these calculations, only those tracers 
that were effectively displaced were used. Trac-
ers that were situated below the plough layer, 
were excluded from the analysis. No corrections 
were made for lost tracers. Needed for further 
analysis average slope gradients perpendicular 
to the direction of tillage (Slat) as well as in the 
direction of tillage (Slong) were calculated based 
on the detailed digital elevation model. Using 

the convention proposed by Lindstrom at al. 
[1992] and Van Muysen at al. [2002] negative 
values were taken for Slat for tillage with over-
turning of soil in the downslope direction and 
positive for overturning in the upslope direction. 
Similarly Slong was taken negative for tillage 
conducted with the decline and positive for till-
age conducted opposite the decline. 

RESULTS AND DISCUSION

For the plowing performed across the slope, 
the most important in aspect of soil degradation 
is displacement perpendicular to the direction of 
cultivation – along the slope (dlat). Distances of 
displacement of soil for tillage with overturn-
ing of ridges in the downslope direction were 
greater than overturning in the upslope direc-
tion (Table 1, Figure 2, Figure 4a). These dis-
tances are characterized by the large variability 

 
Figure 1. Vertical cross-section of a tracer strip 

(▪ aluminum tracer)

Table 1. Summary of tillage translocation experiment data

Treatment

Slope gradient
m∙m-1

Tillage 
depth

[m]

Tillage 
speed
[m∙s-1]

Displacement of tracers across 
tillage direction

Displacement of tracers 
in tillage direction

Across 
tillage 

direction
Slat

In tillage 
direction

Slong

Average
[m]

Standard 
deviation

[m]

Variation 
coefficient

[%]

Average
[m]

Standard 
deviation 

[m]

Variation 
coefficient

[%]
Soil overturn-
ing in the 
downslope 
direction

1
2
3

-0,135
-0,101
-0,075

-0,023
-0,020
-0,019

0,14
0,17
0,17

0,16

1,5
1,5
1,5

1,5

0,31
0,36
0,39

0,35

0,17
0,19
0,22

52
65
57

0,36
0,34
0,31

0,34

0,23
0,18
0,18

62
46
57

Average
Soil overturn-
ing in the 
upslope direc-
tion

1
2
3

0,095
0,084
0,074

0,020
0,017
0,013

0,16
0,16
0,14

0,15

1,5
1,5
1,5

1,5

0,29
0,25
0,31

0,28

0,16
0,20
0,20

66
99
80

0,29
0,28
0,36

0,31

0,10
0,24
0,20

42
75
48

Average
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with variation coefficient in the range of 52 to 
99%. A similar spread of variability also indi-
cated Van Muysen et al [1999] and Rejman and 
Paluszek [2005] study. They point out that for 
this state is mainly responsible the construction 
of plough. The maximum displacement distance 
reached respectively 1.12 m for soil overturning 
in the downslope direction and 0.69 m for soil 
overturning in the upslope direction. Generally 
markers primary located closer to the surface 

were moved the greater distances. Similar con-
clusions were reached in Rejman and Paluszek 
[2005] studies. Mean displasement distance 
of the soil across to the direction of plowing 
amounted to 0.35 m for downslope overturning 
and 0.28 m for upslope overturning, and were 
primarily affected by the slope gradient.

The relationship between soil translocation 
data and slope gradient is often analyzed by plot-
ting the mean tracer displacement distance versus 

 

Figure 3. Translocation of tracers placed at various depth in the tillage direction: a) soil overturning in the 
downslope direction; b) soil overturning in the upslope direction

 

Figure 2. Translocation of tracers placed at various depth across tillage direction: a) soil overturning in the 
downslope direction; b) soil overturning in the upslope direction

 

Figure 4. Profile of soil translocation: a) across tillage direction; b) along tillage direction
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the slope gradient and calculating linear regres-
sion statistics for this relationship. An estimate 
of the tillage transport coefficient k can then be 
calculated as [Van Muysen et al. 2002]:

k = −0,5D∙ρb∙B (1)
where:  k is the tillage transport coefficient 

(kg∙m−1 per tillage operation), 
 D is the tillage depth (m); 
 B is the slope of the regression equation 

of the relationship between soil displace-
ment and slope gradient, obtained from 
up- and downslope tillage experiments, 

 ρb is the bulk density of the soil (kg∙m−3).

The relationship between mean tracer dis-
placement distance and slope gradient for each of 
the tillage treatments is presented in Figure 5.

Coefficient k finally allows to relate the net 
unit soil transport rate (tillage erosion) Qs,net 
(Mg∙ha−1 per tillage operation) due to a specific 
tillage operation to the slope gradient S [Van 
Muysen et al. 2002].

Qs,net=k∙S (2)
The experimental results show that the mean 

displacement of soil after both tillage operation 
increases with decreasing slope gradient (Figure 
5a). These relationships can be described by lin-
ear regression equations:

dlat = 0,31 – 0,31 Slat (n = 6, r2 = 0,96, p < 0,001) (3)
where: dlat is the mean horizontal tracer displace-

ment distance across the tillage direction 
(m) and Slat the slope gradient (m∙m−1).

Reduction of average displacement dis-
tance of the soil concurrently with the increase 
of slope gradient for upslope overturning of 
ridges is obvious and due to the force of grav-

ity. Soil is harder moved uphill. Moreover part 
of the soil (the ridge) rolls down the slope, 
thereby reducing displacement distance. This 
is confirmed by the study Van Muysen et al. 
[2002]. However, in the case of downslope 
overturning the soil, it would seem that with 
the increase of the slope gradient it will grow 
also displacement of distance of the soil. The 
results of this study indicate that this relation-
ship is opposite. It seems that this is caused by 
factors related to the parameters of the tillage. 
At such shallow plowing (0.16 m – Table 1) 
and low speed operation (1.5 m∙s-1) soil can 
slide from the plow immediately after cutting 
by the blade of the plow. Therefore, soil does 
not get the moldboard, which could cause fur-
ther displacement distance. In this arrangement 
the soil slipping from the plough moldboard is 
further compounded by the tilt of the plough 
blade corresponding to a slope gradient.

The experimental results allow to calculate 
the tillage transport coefficient k. For contour 
tillage with downslope and upslope overturning 
of the soil k = 32.1 kg∙m−1 per tillage operation. 
The average net displacement distance of the soil 
down the slope was 0.07 m. Assuming the aver-
age inclination of field (0.09 m∙m−1) the average 
size of tillage erosion under the test conditions 
amounts to Qs,net = 2.89 Mg of soil per hectare. 
According to Van Muysen et al. [2002] it is im-
portant that the estimation of the tillage transport 
coefficient using Eq. 1 and tillage erosion using 
Eq. 2 it will only be valid if tillage at a given loca-
tion occurs on average with the same frequency in 
the up- and downslope direction. If, for some rea-
son, part of a field is always tilled in the upslope 
direction, there will be none or very little tillage 
erosion in this area, except near field borders, 

Figure 5. Mean displacement vs. slope gradient for mouldboard tillage: (a) displacement perpendicular to the 
tillage direction (dlat vs. Slat); b) displacement in the direction of tillage (dlong vs. Slong) 
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where erosion occurs at the downslope end of 
the field and deposition at the upslope end of the 
field. If tillage occurs always in the downslope 
direction, erosion rates will be double of those 
estimated when Eq. 1 is used.

For comparison, the results of Rejman and 
Paluszek [2005] show that for deep plowing 
performed along the slope at a similar slope 
gradient and similar soil to tested in this 
work, the resulting net tillage erosion was 3.4 
Mg∙ha-1. Therefore, contour cultivation in the 
case of the use of mouldboard plough, can 
cause a little less tillage erosion than the culti-
vation along the slope.

Unlike analyzed above the displacement of 
soil along the contour tillage seems to be less 
important. Nevertheless, this displacement can 
also take part in the modification of the surface of 
the sculpture and soil of eroded areas. Dlong mean 
values are similar to dlat values for tillage with 
overturning of soil in the downslope direction 
and slightly higher than values for overturning 
in the upslope direction (Figure 3). Displacement 
distance along the tillage direction characterized 
by lower variability than across the tillage direc-
tion (coefficients of variation in the range of 42 to 
75%) – Table 1. 

The maximum distance of displacement of 
tracers along tillage direction by the tillage over-
turning the ridges upslope reaching up to 0.84 
m, with an average of 0.28 to 0.36 m. For tillage 
overturning the ridges downslope the maximum 
distance of displacement of tracers along tillage 
direction reaching up to 0.67 m, with an average 
of 0.31 to 0.36 m. For the whole profile medium-
distance of tracers translocation along tillage were 
respectively 0.31 and 0.34 m. It means that net 
soil displacement equal 0.03 m per tillage opera-
tion. Slope gradient of the considered displace-
ment direction were small and medium amounted 
Slong = 0.018 m∙m-1.

These relationships for this results can be de-
scribed by linear regression equations (Figure 5 b):

dlong = 0,32 – 0,91 Slong (n = 6, r2 = 0,56, p = 0,03)  (4)

Tillage transport coefficient along tillage 
direction for contour plowing equals k = 104 
kg∙m−1 per tillage operation. Assuming aver-
age decline in the direction of displacement 
(Slong = 0.018 m∙m−1), the average size of till-
age erosion under the test conditions amounts to 
Qs, net = 1.8 Mg of soil per hectare and was about 
60% lower than in Slat.

CONCLUSIONS

Assessed on the basis of conducted research, 
following conclusions can be formulated.
1. Under the test conditions (average slope gradi-

ent Slat = 0,09 m∙m−1, average depth of tillage 
D = 0,155 m, average speed V = 1,5 m∙s−1, bulk 
density of the soil ρb = 1480 kg∙m−3) average 
size of tillage erosion in downslope direction 
amounts to Qs,net = 2.89 Mg soil per hectare.

2. Common considered as anti-erosion cultiva-
tion across the slope, in the case of tillage per-
formed by mouldboard plough causes net soil 
displacement down the slope, but it is smaller 
than in the case of mouldboard tillage on the 
same field along the slope.

3. The studies demonstrate that the contour 
mouldboard tillage is also an important albeit 
slow modifying factor the surface of the sculp-
ture and the soil in eroded areas.
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