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Abstract: Through field experiments and empirical analysis methods, this study determined the
dependence of plant residue removal on the row cleaner’s settings in strip-tillage. The main research
object of this study is row cleaners. By changing the slip angles (10, 15, and 22.5◦), the gap between
row cleaner discs in parallel (165, 180, and 195 mm), and the driving speed (1.3, 1.9, 2.5, and 3.1 m s−1),
we determined what percentage of wheat residue was removed from the strip on the surface of the
soil and what distance it was moved. The percentage of removed plant residue was determined by
evaluating the differences between the masses of the plant residue taken from non-removed and
removed strips. Empirical analysis of the results of the field experiments showed that both the
amount of the removed plant residue and the distance it is moved to were the best when the slip
angle was 15◦, the gap between the discs of row cleaner was 180 mm, and the driving speed was
2.5 m s−1. With these parameters, up to three-quarters of the plant residue was removed from the soil
surface of the strip, which was relocated 308 mm from the middle of the strip. If the slip angle and
the driving speed are increased further, even more plant residue can be removed; however, if the
plant residue is relocated too far away, it may fall into the zone of the adjacent strip.

Keywords: strip-tillage; plant residue; row cleaner; multiple regression; slip angle; speed

1. Introduction

Tillage is a very important and expensive technological process involved in crop production [1,2].
During soil cultivation, important processes of change are controlled in terms of the physical/mechanical
and other characteristics of soil [3,4]. Recent trends are very clear: Traditional soil cultivation using
deep ploughing is becoming less popular, while areas of conservation soil are increasing, on average
by seven million hectares (ha) worldwide each year [5]. Lithuania and the other Baltic States are
no exception, and climate change, soil degradation, preservation of moisture, and labour time and
energy savings are very important motivations for improving tillage [6–9]. The soil’s favourable
physical and hydraulic conditions in no-till systems depend on the inclusion of additional practices,
such as cover crops, rotational cropping and organic amendments [10–12]. Conservation tillage
processes reduce the negative effect of tillage machines on soil properties including the erosion and
compaction of soil layers, which results in the preservation of more natural water infiltration and
better conditions for the penetration of crop roots [13–15]. By introducing conservation soil cultivation
technologies, plant residue can be utilised as fertilizers and to protect soil from erosion, and fuel and
crop management costs will decrease [16–18].

Conservation soil cultivation technologies have their advantages, but they also have some
drawbacks. Most of the problems, especially in the use of conservation technology, arise from plant
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residue on the soil surface. When working on a soil that is abundant in plant residue, coulters of
cultivation and seeding machines will often clog, the quality of seedbed preparation will decline,
and working time and energy consumption will increase [9,19].

Strip-tillage is a technology that combines conservation tillage, when the entire surface of the soil
is cultivated, with the positive aspects of direct sowing technology. Experiments by Al-Kaisi et al. [20]
show that the use of strip-tillage over three years increased the organic matter in the soil by
approximately 11.4% compared to soil that was ploughed. The same authors also found similar results
in determining the amount of organic nitrogen in the soil. Moreover, soil temperature and humidity
are significantly influenced by strip-tillage. Scientists from different countries have published similar
conclusions: That strip-tillage allows for a faster increase in soil temperature and an acceleration of
seed germination, and ensures more favourable plant growth conditions [21–25]. Celik et al. [26]
analysed the influence of the strip width on soil moisture, seed germination and yield. They found
that soil moisture increased as the strip width decreased. A strip width of 22.5 cm preserved more
moisture at 0–10 cm depth in comparison with 30 and 37.5 cm strip widths. Plant residue between the
strips reduced water evaporation from the soil.

Strip-tillage enables more fuel savings when compared with conventional and minimum tillage
technologies, because only a certain part of the soil surface is cultivated, not the entire surface [22,27].
In evaluating the influence of strip-tillage on yield, the results of different researchers show that the
yield in maize and sugar beet is similar to that of other cultivation technologies [27–29].

Soil strips can be cultivated for either active or passive parts of soil tillage machines [30]. Cutting
blades, row cleaners, disc coulters, disc plates and rollers are examples of passive parts that rotate due
to contact with the soil surface [31]. The intensity of tillage depends on the type, geometry, layout and
technological parameters (working width, depth, slip angle) of the working parts of the strip-tillage
machines, as well as their driving speed [32–34].

In the technological process of strip-tillage, row cleaners perform one of the most important
functions, i.e., removing plant residue from the strip. Their purpose is to remove plant residue from
the surface of the strips, in which the soil is prepared by other working parts of the machine, for plant
sowing. Row cleaners in the form of discs are most commonly used because the discs work without
becoming clogged with plant residue, and are better at cleaning residue off the strips. The settings
of the row cleaners determine the width of the strip and the distance of the plant residue relocation,
as well as the fuel consumption and the CO2 emissions from the agricultural machinery [8,9]. On tillage
machines, row cleaners can be mounted both in front of and behind the disc coulters that disturb the
soil [9,35]. However, approximately 4% more plant residue can be incorporated into the soil when the
row cleaners are mounted behind the disc coulters [36]. Our experiments allowed us to determine
which row cleaner parameters of the strip-tillage machine were the most suitable, depending on both
the driving speed, and which were the best for the seedbed preparation. One of the most important
agrotechnical requirements is that plant residue should not be relocated too far away, i.e., no further
than the centre of the non-tilled soil surface between the strips. Sometimes plant residue can be
relocated too far away, i.e., onto an adjacent tilled strip. In such a case, excess energy would be used,
and the quality of the seedbed preparation would decrease.

In the course of research into soil tillage technological processes, it is necessary to carry out
multiple field experiments that require considerable time and effort. Field experiments are often
dependent on many factors that influence the optimal values in technological processes. Therefore,
in addition to field experiments, empirical analysis methods can be applied, which allow for the
determination of various indicators more quickly, depending on the parameters chosen. Researchers in
different countries have carried out three-factor experimental studies and conducted empirical analyses
for the determination of optimal parameters for different technological processes. Ozereljev (2007) [37]
substantiated disc cutters for cutting stems of raspberries, Pozdeev (2007) [38] determined the optimal
parameters for potato sorting, and Kharchenko (2008) [39] determined the optimal parameters for
sunflower oil purification. Požėlienė and Lynikienė (2003) [40] determined the influence of sorting on
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seed germination. There is a lack of field experiments and empirical analyses that explore the working
parts of the strip-tillage machines. In particular, there is a lack of studies on the interaction of row
cleaners with plant residue that would allow assessment of the effect of the settings of row cleaners on
the amount of residue that is removed [41].

During the technological process of strip-tillage, row cleaners remove plant residue from the strip
area with their teeth. From evaluating the experiments done by other scientists, it is known that the
disc-shaped working parts, when rotating, throw soil fragments different distances depending on
the driving speed [35,42]. By taking this into account, our main objective is to determine the effect
of the settings of the row cleaners on the relocation of plant residue by taking advantage of field
experiments and empirical analysis methods. This manuscript is a continuation of our previously
published article [9] and completes the research results. We performed a comprehensive study of the
theoretical substantiation of the design of disc row cleaners for strip-tillage and strip width through
experiments on the amount of plant residue removed from the strip and the distance plant residue is
moved from the centre of the strip, the compilation of multiple regression models, and a comparative
analysis of the empirical and experimental results. Our study was divided into two parts. The first
part was presented in our previous article, which described the theoretical substantiation of strip
width and the interaction of disc row cleaner with the soil. The theoretical and experimental research
results on the influence of row cleaners’ technological parameters (slip angle, gap and diameter of row
cleaner discs) on the cleaned strip width were presented. In addition, the influence of the row cleaner
technological parameters on the distance of plant residue removal was investigated and experimental
results were presented. For the second part of the research, presented in this paper, we describe new
experimental results that show the influence of row cleaner parameters on plant residue removal from
the strip. According to the new experimental data on the amount of removed plant residue, and the
experimental data from the previous paper (the distance the plant residue is moved from the strip
centre), we constructed multiple regression models, which show the change in removed plant residue
from the strip and the distance the plant residue is moved from the centre of the strip, depending on
the more technological parameters.

Hypothesis: When setting agrotechnical requirements that will apply to different work conditions,
the plant residue cleaning process can be managed by changing the technological parameters of the
row cleaners (slip angle, gap between discs and driving speed) in strip-tillage.

2. Materials and Methods

2.1. Description of the Experimental Site

Field experiments were performed in 2013–2014 at the Experimental Station of Vytautas Magnus
University, which is located in the middle of Lithuania (54◦52′ N, 23◦49′ E). According to the
Köppen-Geiger climate classification, the location of the field experiment has a humid continental
climate (Dfb) [43]. Meteorological indices of the experimental years are presented in Figure 1. Data were
obtained from the Kaunas Meteorological Station, which is situated next to the Experimental Station.

The research was carried out in soil in which uncultivated stubble was left after the harvesting of
spring wheat (Triticum aestivum L.). The experiment was conducted with naturally existing field plant
residue after harvest. Plant residue was chopped and spread with the rotating spreader mechanism of
a combine harvester during the harvesting process. For the experiment the plot combine Wintersteiger
Delta (Wintersteiger AG, Ried, Austria) was used with a working width of 2 m. The length of the
spring wheat residue was approximately 10 cm, moisture content −25 ± 3%, and the amount on the
soil surface was 3700 ± 402 kg ha−1. Measurements of plant residue length were taken at five different
random areas, with five replications, using a precise measuring tape. The soil at the experimental
site, according to the World Reference Base for Soil Resources (WRB) 2014, was Eutric Endogleyic
Planosol (Drainic). Soil moisture at a depth of 20 cm was approximately 17%, and the hardness was
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approximately 1.0 MPa. It was measured by an electronic penetrologger manufactured by Eijkelkamp
(Giesbeek, The Netherlands). All measurements were performed in five replications.Agronomy 2019, 9, x FOR PEER REVIEW 4 of 14 
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2.2. Experimental Settings

The main object of the research, the row cleaners (Figure 2), consisted of two serrated discs
placed at an angle to the direction of driving and with a diameter of 340 mm. Both row cleaners
were identical, with 14 teeth each. To prevent the plant residue from clogging up between the discs
space, they were kept 130 mm apart in the direction of driving. Disc row cleaners had a working
depth of 20 mm. A Ford (Basildon, England) 8340 SLE tractor of 82.3 kW power was used for this
study. During the study, driving speeds were controlled to correspond to the chosen constant actuators.
Data recorder-accumulator SKRT-21 Lite with an electronic clock and the software SKRT-MANAGER
recorded the driving speed every 15 s. SKRT-21 Lite and SKRT-MANAGER was manufactured by JV
Technoton (Minsk, Belarus).Agronomy 2019, 9, x FOR PEER REVIEW 5 of 14 
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Field experiments were performed by adjusting the various technical parameters of the row
cleaners. First of all, the row cleaner discs were parallel to each other; afterwards, they were rotated
and the slip angle measured with a goniometer manufactured by ADA Instruments (Liverpool, UK)
(Figure 3). Gaps between the row cleaner discs were set to 165, 180, and 195 mm, and the slip angles to
10, 15, and 22.5◦. Driving speed is another very important technical parameter that also affects the
work quality of the machine parts. Experiments were carried out at four different driving speeds: 1.3,
1.9, 2.5, and 3.1 m s−1.
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between discs; α—slip angle.

Research were performed in plots of 50 m2 with five replications. Treatment levels were justified
according to other scientists’ recommendations [35,42,44] and according to the strip width of corn,
sugar beet, soya, and other plants grown in wide strips. Before experimental research was carried
out, theoretical research was performed to determine the dependence of strip width on row cleaners’
technological parameters [9].

2.3. Removed Portion and Distance of Plant Residue

Field experiments were carried out in an area where the soil was undisturbed after harvesting
and covered by plant residue, maintaining natural conditions so that the results of the research would
have not only scientific but also practical significance. The course of the research was as follows:
First the technological parameters of the row cleaners were set, such as the gap between the discs and
the slip angles of the discs. Moreover, plant residue was taken from non-removed plots by selecting
0.1 m2 areas at random, with five replications. Then, plant residue was removed with a row cleaner at
different speeds. Afterwards, the plant residue was taken from the removed strip in the same way
as previously, and we evaluated the difference in mass of plant residue. Using a precise measuring
tape, the distance the plant residue was moved was measured from the centre of the strip (Figure 4).
Measurements were made over a 10 m pass for every combination of factors [9]. Subsequently, the slip
angles of the discs or the gaps between the discs were changed and the experiments repeated in the
same sequence at different speeds.
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2.4. Multiple Regression Models

According to the results of experimental studies, a multiple regression model was developed for
analysing the interaction of the technological parameters of the process of plant residue removal from
the strip and the background for their rational values.

Using the three-factor experiment modelling method [5], we made regression equations for
estimating the proportion removed from the strip plant residue (M) and the distance the plant residue
was moved from the middle of the strip (La), which is influenced by the gap between the discs (Blc),
the slip angle (α), and the speed of driving (v) (Figure 5).
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Figure 5. Diagram of multiple regression model of the process of removing plant residue from the
strip: Blc—gap between discs, in mm; α—slip angle of row cleaner discs, in degrees; v—driving speed,
in m s−1; M—part of plant residue removed from the strip, in %; La—distance plant residue was moved
from the middle of the strip, in mm.

The effect of different parameters of the row cleaner discs on the percentage of plant residue
removed from the strip and their distance from the middle of the strip is described by the following
equations: M = f (Blc), M = f (α), and M = f (v); and La = f (Blc), La = f (α), and La = f (v), respectively.
The parameters varied within limits that coincided with the parameters used in experiments, as follows:
165 ≤ l1 ≤ 190 mm; 10 ≤ α ≤ 22.5; 1.3 ≤ v ≤ 3.1 m s−1.

A multiple regression model was constructed with three variables, as follows:

Y = b0 + b1v + b2Blc + b3α+ b4vBlc + b5vα+ b6Blcα+ b7v2 + b8B2
lc + b9α

2 + εA, (1)
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where Y is M or La; M—part of plant residue removed from the strip, in %; La—distance plant
residue was moved from the centre of the strip, in mm; b0—free coefficient of regression; b1, b2,
. . . b9—coefficients; Blc—gap between discs, in mm; α—slip angle of row cleaner discs, in degrees;
v—driving speed, in m s−1; εA—error.

2.5. Statistical Analysis

The significance of model parameters was tested at a confidence interval of p < 0.01. R-squared
indicated the relationship between experimental and empirical results. The differences among the
treatments analysed were assessed by calculating the least significant difference (LSD) at 0.05 probability
by using the Tukey HSD (honest significant difference) method.

3. Results and Discussion

3.1. Removal of Plant Residue

After checking the significance of the coefficients of the multiple regression model of the amount
of removed plant residue (M), four coefficients were found to be insignificant. Then, the M regression
equation was obtained using six coefficients as follows:

M = 43.1− 0.0124vBlc + 0.618vα+ 0.0201Blcα− 0.000832B2
lc − 0.0792α2. (2)

According to the obtained multiple regression model data, it was determined that increasing
the driving speed from 1.3 to 3.1 m s−1 at an interval of 0.3 m s−1, when the slip angle is constant,
resulted in the amount of strip plant residue removed increasing slightly, on average approximately
3% (Figure 6a). When analysing the experimental data, we did not notice any significant differences
due to increased driving speed when the slip angle was not changed. According to experiments and
the multiple regression model, we can affirm that the driving speed does not affect the amount of plant
residue removed, because by increasing the driving speed the soil surface area is affected. Similar
trends have been noted by scientists from other countries performing similar experiments, who found
that a driving speed of up to 2.8 m s−1 does not have a significant effect on the amount of plant residue
removed [36,45]. In addition, experiments and multiple regression models showed a similar tendency
when the gap Blc increased from 165 mm to 195 mm at an interval of 5 mm (Figure 4b). Increasing the
slip angle from 10 to 22.5◦ at an interval of 2.5◦ and keeping the driving speed constant (at 2.5 m s−1),
we predicted that the amount of strip plant residue removed would increase. An increased slip angle
meant that a larger soil surface area was affected. In this case, the effect of slip angle was greater than
the driving speed or the gap between the discs Blc. The difference between experimental and empirical
values was, on average, approximately 12%.
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among the treatments at p < 0.05.

3.2. The Distance Plant Residue Is Removed Depends on the Row Cleaner Parameters

After checking the significance of the coefficients of the multiple regression model of distance
from the strip centre removed plant residue (L), three coefficients were found to be insignificant. Then,
the La regression equation was obtained using seven coefficients as follows:
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La = −289.33 + 0.175vBlc + 3.91vα+ 0.164Blcα− 4.82v2 + 0.00525B2
lc − 0.667α2. (3)

Experimental studies and multiple regression models showed that the distance the plant residue
is moved increases when the gap between the discs Blc and the driving speed increases (Figure 7).
According to experimental studies, when the gap Blc was 165 mm, plant residue was removed up to
370 mm from the centre of the strip; when the gap Blc was 180 mm it was up to 538 mm; and if the gap
was 195 mm it was up to 712 mm. These results were the highest and determined at a driving speed of
3.1 m s−1 and a 22.5◦ slip angle. Analysis of the experimental results showed that reducing the angle
decreases the distance of plant residue removal. The minimum distances of removal were obtained at
a slip angle of 10◦. Comparing the results for the slip angles of 10◦ and 22.5◦ of the row cleaner discs,
we found a significant impact for all driving speeds and gaps. In addition, multiple regression models
have shown that the distance the plant residue is moved from the middle of the strip increases by an
average of approximately 20 mm when the driving speed changes from 1.3 to 3.1 m s−1 at an interval
of 0.3 m s−1 and the slip angle is constant. The increase in the driving speed increased the inertia force,
and the distance plant residue was moved increased. According to the data obtained from the multiple
regression model, as well as the data obtained from the experiments, it was found that a reasonable
driving speed would be up to 2.5 m s−1 and the slip angle from 10 to 15◦. For such row cleaner
parameters, plant residue will not be translocated onto the adjacent row; therefore, this creates suitable
conditions for the cultivation of plants with broad spacing between rows. The estimated difference
between the experimental and empirical values was, on average, approximately 10%. Other authors,
who studied the effect of row cleaners’ speed on the removal of plant residue, obtained similar results.
Raoufat and Matbooei (2007) [44] found that the most suitable driving speed when using row cleaners
is 1.94 m s−1, and Yang et al. (2015) [46] found that it was 2.2 m s−1.
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Experimental studies showed that at a driving speed of 2.5 m s−1, when increasing the gap Blc,
the increase in the distance plant residue is moved is not significant, except for gap Blc of 195 mm
(Figure 8). It was found that when the maximum slip angle of 22.5◦ was compared to smaller slip
angles (15◦ and 10◦), a significant reduction in the removal distance was noticed only for the gaps of
180 and 195 mm. In addition, multiple regression models have also shown that the distance plant
residue is moved from the middle of the strip increases (approximately 20 mm on average) when gap
Blc is increased from 165 to 195 mm at an interval of 5 mm, if the slip angle is unchanged. According to
the data obtained from the multiple regression model, as well as the experimental data, a reasonable
gap Blc is from 165 to 180 mm and a good slip angle of discs is from 10◦ to 15◦. With these technological
parameters for the row cleaners, plant residue will be removed from the strip, but will not be placed
on the adjacent strip that is being prepared. The difference between the experimental and empirical
values was, on average, approximately 11%.
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By summarizing the results of these studies, we can conclude that the settings of the row cleaner
and driving speed have a major impact on the distance plant residue is moved from the centre of the
strip. However, a larger portion of removed plant residue can be obtained by adjusting the slip angle of
the discs. Other scientists have also investigated the impact of cultivating machinery with disc working
parts on removed plant residue. Ulickas (1969) [42] investigated the technological processes of the disc
harrows and determined that when the diameter of the discs and the slip angle increased, the straw
was moved further away. Raoufat and Matbooei (2007) [44] investigated the effect of row cleaner
wheels on wheat straw removal, and the depth of incorporation of corn seeds and their emergence,
and found that row cleaners can remove 45–70% of plant residue before sowing. The best results were
obtained when the driving speed of the row cleaners was 1.94 m s−1.

According to the agrotechnical requirements, plant residue should be moved no further than
the middle of two adjacent strips. The results of this experiment are important for choosing the best
row cleaner operational settings of crop residue translocation for crops grown in wide inter-rows.
For example, for corn grown in inter-rows of 700–750 mm, the translocation of the plant residue should



Agronomy 2019, 9, 247 12 of 14

be up to 350–375 mm; for sugar beet grown with inter-rows of 500 mm it is up to 250 mm; and for fava
beans grown with inter-rows of 450–600 mm it is up to 225–300 mm.

4. Conclusions

Well-selected and well-adjusted row cleaner parameters are essential components for ensuring
the success of a strip-tillage system. An analysis that included empirical and field experiments for
investigating the interaction of two serrated 340-mm diameter discs with removed plant residue
showed that increasing the gap between the discs and the driving speed resulted in an increase in the
distance the plant residue was moved from the strip centre. The slip angle of the discs had a greater
effect on the amount of removed plant residue when compared to the gap and the driving speed.
The parameters of the disc row cleaner are suitable and meet the agrotechnical requirements when the
plant residue moved up to half the distance between the two adjacent strips.

Field experiments and empirical analysis show that most of the plant residue, i.e., 83%, is removed
from the strip when row cleaners have a slip angle of 22.5◦ and the driving speed is 3.1 m s−1. However,
it has been shown that this speed is too fast for strip-tillage machines with row cleaners, because with
the aforementioned parameters for the row cleaners, the plant residue is thrown too far and ends up
on the adjacent strip that is being prepared.

By evaluating the amount of removed plant residue and the distance it is moved, we can see that
the best results were obtained when the slip angle was 15◦ (in the range of 12.5 to 15◦ according to
the empirical analysis), the gap between the discs was 180 mm and the driving speed was 2.5 m s−1.
With such row cleaner parameters, 75% of plant residue was removed from the strip, and the distance
from the middle of the strip was 308 mm.

Many unanswered questions remain on this topic; thus, future research should examine the
soil-residue-row cleaner interaction and determine the influence of different soil properties and different
plant residue types and amounts on the process of row cleaning with row cleaners. It is also necessary
to substantiate the effect of row cleaner settings on the soil properties and the traction forces of the
strip-tillage machine.
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