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Abstract

A small-plot field experiment was performed to evaluate the effect of the three-field system of crop
rotation and cereal monoculture on grain yield and quality and the economic effectiveness of durum
wheat production. The experimental factors were tillage systems (TS): 1) conventional tillage (CT), 2)
reduced tillage (RT) and 3) no tillage (NT); crop sequence (CS): 1) crop rotation A: pea — durum wheat
— spring barley; 2) crop rotation B: pea — spring wheat — durum wheat; 3) cereal monoculture (CM):
spring barley — spring wheat — durum wheat. The highest yield of durum wheat (Triticum durum Desf)
was recorded for crop rotation A, a significantly lower one for crop rotation B, and the lowest for cereal
monoculture. The grain yield in CT was also higher than in NT (by 17.3%). The wet gluten content in
grain, sedimentation index and the grain weight per volume were to a larger extent dependent on CS
than TS, while the content of protein in grain — on TS rather than on CS. From the economic point of
view, the best results were recorded for CT of wheat and for crop rotation A: pea — durum wheat —
spring wheat. The study also showed that monoculture was not profitable, even with an NT system.
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Introduction yield obtained from such systems is only slightly lower

than that obtained from cost-consuming conventional

Reduced tillage and no-tillage systems are a tillage [4-7]. Hernanz et al. [§8] demonstrated that the
domain of present-day agriculture [1-3]. This is due energy efficiency of wheat cultivation is higher under
to production and economic respects, while the grain no-tillage than under reduced and conventional tillage

systems. Unfortunately, such solutions also have many
drawbacks. These include: larger weed cover and
compensation of a few species of weeds, and, as a
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consequence, the necessity to apply numerous herbicide
treatments [9-11]. The yield and quality of grain are
also affected by pathogenic fungi that cause the root
rot disease and fusariosis usually accompanying
cereal crop rotation [12-15]. The largest exposure to
such pathogens is observed in fields where wheat or
barley is sown alternately on a continuous basis [16].
A result may be a decreased grain yield, and further,
deteriorated technological quality of grain mainly a
reduction in grain weight per volume, a high share of
small and poorly filled grains, low grain plumpness
and uniformity and a higher content of ash in grain
[3, 17]. These changes are only partly prevented by a
high dosage of fertilizers and an increased number
of plant protection procedures, which, in a long-
term perspective, leads to an increase in the costs of
production [2-6].

Apart from the yield level and quality of grain,
an important aspect of cereal production is economic
efficiency [18-20]. However, most of the available
studies focus only on high yield production of wheat
grain and do not take into account the significance of
economic efficiency [21]. Meanwhile, as emphasized
by Jat et al. [22] and Falcone et al. [23], the application
of various tillage technologies can affect the level of
profitability due to the differentiation of crops and costs
of production. In the market economy setting, decisions
related to the selection of the production structure and
tillage method are not made based on yield and quality
only but they also take economic results into account
[24]. The costs of production are a fundamental factor
determining the economic efficiency of production;
hence their level should be subject to review, as well
as to detailed planning and control [25]. This justifies
the need for undertaking comprehensive studies on the
effect of crop rotation and tillage systems on grain yield
and quality, taking the economic aspects of production
into account.

The studies aimed at evaluating the yield level and
technological quality of grain as well as the economic
efficiency of durum wheat cultivation in three-field crop
rotation and long-term cereal monoculture. Agriculture
is a sector of economy that is particularly exposed to
risk. Farmers, making decisions related to production,
do not know the consequences of such decisions. The
studies constitute an attempt at filling the information
gap regarding knowledge of possible economic effects
of durum wheat production using different soil tillage

Table 1. Soil tillage scheme.

systems and different crop sequences. Producers of
durum wheat are now under pressure of maintaining
economic  efficiency given the environmental
limitations, high costs of production and increasing
quality requirements in the pasta industry. Therefore,
the development of a cropping strategy ensuring
maximum profitability is of key importance. In spite of
a its relatively small low production area, of production,
durum wheat is an economically important crop due to
its unique characteristics and end products [26].

Materials and Methods

Location, Experiment Design
and Habitat Conditions

As part of a long-term field experiment, carried out
from 1988, in 2019 the effect of long-term varied crop
rotation and different tillage systems on grain yield and
quality and on the economic efficiency of durum wheat
(Triticum durum Desf.) production was evaluated. The
experiment was performed using the split plot method in
three replications. For each crop rotation, 75 x 6 m plots
were split into three sub-plots on which conventional
tillage (CT), reduced tillage (RT) and no-tillage (NT)
systems were applied. For crop rotation A the planned
cropping sequence was: pea — durum wheat — spring
barley; for crop rotation B: pea — spring wheat — durum
wheat; and for cereal monoculture (CM): spring barley
— spring wheat — durum wheat. The soil tillage model
for all sites is presented in Table 1.

The experiment was founded on Rendzic Phacozem
[27] soil containing 24.7% loamy intrusions and 13.2%
dusty intrusions. The soil is characterized by an alkaline
reaction and a high content of assimilable phosphorus,
potassium and an average content of magnesium.

The vegetation period, expressed as a number of
days with average daily temperatures exceeding +5°C,
starts at the end of March and the beginning of April
and continues for approximately 210-215 days. In the
warm season (May till October), the precipitation
total is on average 430 mm, while in the cold season
(November till April) it is 210 mm. The average ambient
temperature from May to October was +15.1°C, whereas
from November to April it was +1.5°C. The highest
precipitation totals are recorded in June (on average
71 mm) and in July (83 mm), whereas the highest

Soil tillage

Tillage programme
CT

RT NT

Post-harvest .
2 x harrowing

Shallow ploughing, depth 10-15 cm,

Cultivator + harrow glyphosate 360 g L', 4 L ha'!

Pre-winter

Deep pre-winter ploughing, 25 cm

Cultivator

Spring Tillage unit composed of a cultivator, a string roller and a harrow
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ambient temperatures in July (+17.4°C) and in August
(+16.6°C).

Durum wheat ‘Duromax’ was sown in the first
decade of April with the sowing density of 500 seeds
per m? A dose of 120 kg ha' N, 39 kg ha! P and
99 kg ha'! K was used for this cereal. Nitrogen was
used in three split doses: 60 kg ha'! prior to sowing,
40 kg ha' at the tillering stage and 20 kg ha'at the
shooting stage. On the other hand, phosphorus and
potassium fertilizers were used in a single dose
before wheat sowing. The following weed control
herbicide mix was used: iodosulfuron-methyl-sodium
+ amidosulfuron (0.1 L ha') and fenoxaprop-P-ethyl
(1 L ha') at the tillering stage (22-23 in the BBCH
scale) [28]. A propiconazole + fenpropidin mixture
(0.8 L ha') protected the wheat against fungal diseases
at the shooting stage (BBCH 31-32).

The following characteristics were evaluated in the
experiment: grain yield (t ha'), quality characteristics,
i.e. total protein content (%), wet gluten content (%),
and the Zeleny sedimentation index (mL). The content
of starch in grain (%) was assessed by means of NIRS
(near infrared reflectance spectroscopy), whereas grain
weight per volume (kg hL™') was measured using
a density meter with the volume equivalent to 1 L
cylinder.

The results were calculated using the statistical
analysis of variance (ANOVA), whereas the significance
of differences between the mean values for the cropping
system (CS) and tillage systems (TS) and the interaction
effects (CS x TS) were estimated by means of Tukey’s
HSD test, p<0.05.

Economic Efficiency

For the economic assessment of durum wheat
production involving various soil tillage systems and
different crop sequences, economic categories were
used in compliance with the income statement adopted
by the European Farm Accountancy Data Network
(FADN). To this end, the gross margin and income from
the activity were used. The gross margin was calculated
as an annual value of production per 1 hectare of crops
less direct costs of such crop production [29]. The value
of production is determined according to market selling
prices. The rule regulating the inclusion of certain
components of cost components in direct costs are
meeting the following three conditions concurrently: 1)
these costs can be clearly assigned to a specific activity,
2) their size is proportional to the scale of production, 3)
they have a direct impact on the size (volume and value)
of production.

The direct costs of crop production include: the
cost of seeds, fertilizers, plant protection products and
growth regulators and specific costs that are of direct
relevance to a specific activity and to improving the
quality and value of the final product [30]. On the other
hand, income from the activity is the margin after
deducting all the components of overall costs (direct

and indirect costs) from the value of production. The
calculation method for of these categories is presented
below:

Gross Margin = production value — direct costs (1)

Income from the activity = production value
— total costs (direct and indirect) )

Indirect costs include actual indirect costs (such as
fuel, services, insurance and cost of external factors)
and estimated indirect costs (depreciation). Support
for agricultural producers’ incomes includes subsidies
[31].

This study calculates income from the activity
including payments, i.e. including single areca payment
(SAP), the payments to seed material and the refund of
excise tax on fuel used for agricultural purposes. The
analysis is supplemented by the production profitability
ratio. The ratio was calculated as a relation of the value
of production (including the payments) to total cost
incurred and it was expressed in %. If its value is lower
than 100, the production is unprofitable, while if it is
higher than 100, the profitability is higher (the higher
the result, the better the profitability is) [32].

Results and Discussion

Grain yield and quality. The highest yield of
durum wheat was recorded for crop rotation A. It was
significantly lower for crop rotation B (by 18.2%), while
the lowest yield was observed for cereal monoculture
(by 33.6%). Also, the studies by Smagacz et al. [33]
demonstrate that the grain yield of wheat grown after
cereals was lower than that obtained for wheat grown
otherwise than in cereal monoculture. The studies by
Morrison et al. [34] show that the yield of wheat under
conventional tillage was 22% higher for crop rotation
than for cereal monoculture.

The grain yield in CT was also higher (by 17.3%)
than in NT — Table 2.

Numerous studies [3, 13, 16, 35] indicate that
crop rotation, and in particular cereal monoculture,
is connected with a considerable increase in the
weed cover and exposure to take-all root rot disease.
As a result, this leads to an increased competitive
advantage of weeds over cereals, which is manifested
in a deteriorated growth of plants, lower spike density,
lower weight of grain per spike, and as a result a
reduced yield. Further consequences include worse
technological quality of grain, and in particular a
decrease in grain weight per volume, worse grain
plumpness and uniformity, as well as a higher content
of ash in grain [7, 21, 36]. In our studies, crop sequence
(CS) and tillage systems (TS) also differentiated the
content of protein in grain (Table 3).

The protein content was higher in grain from cereal
monoculture than from crop rotation A and B and was
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Table 2. The yield of durum wheat grain in t ha™.

Tillage systems (TS)
Crop sequence (CS) Mean
CT RT NT

Crop rotation A 3.94 3.56 3.02 3.51

Crop rotation B 3.13 2.87 2.67 2.87
Cereal monoculture 2.43 2.34 2.23 2.33

Mean 3.17 2.92 2.62 -
HSD,, ,, for CS =0.38; TS = 0.38; CS x TS = ns

Crop rotation A: pea — durum wheat — spring wheat; crop rotation B: pea — spring wheat — durum wheat; cereal monoculture: spring
barley — spring wheat — durum wheat; CT — conventional tillage; RT — reduced tillage; NT — no-tillage; ns — not significant; p<0.05

Table 3. % content of total protein in durum wheat grain.

Tillage systems (TS)
Crop sequence (CS) Mean
CT RT NT
Crop rotation A 15.5 15.5 15.6 15.5
Crop rotation B 154 15.3 15.6 154
Cereal monoculture 15.7 15.5 15.5 15.6
Mean 15.5 15.4 15.6 -
HSD, , for CS =0.07, TS = 0.07; CS x TS = 0.16

Explanations under Table 2; ns — not significant, p<0.05

higher in NT than CT and RT. A higher protein content
was also characteristic of grain for crop rotation B under
NT than under CT and RT, as well as for monoculture
under CT than under RT and NT. The content of wet
gluten was higher in wheat grain harvested from crop
rotation A and from cereal monoculture than from crop
rotation B and was higher under NT than under CT
(Table 4).

The value of sedimentation index was higher in
grain harvested from cereal monoculture than from crop
rotation A and B (Table 5). In addition, the value of this
characteristic was further increased by the NT system
for crop rotation B, as compared to RT, as well as CT
system for cereal monoculture with reference to RT.

Table 4. The % content of wet gluten in durum wheat grain.

On the other hand, the content of starch in grain
was independent of CS and TS (Table 6). The highest
grain weight per volume was recorded for crop rotation
A. Tt was significantly lower for crop rotation B, while
the lowest was for cereal monoculture. The value of this
characteristic also differed depending on the soil tillage
system, with it being higher under CT than under RT
and NT (Table 7). Despite a high content of protein and
gluten and a high sedimentation index, the grain from
cereal monoculture was characterized by low weight
per volume, and hence by poor uniformity and, as a
consequence, worse technological quality than the grain
from crop rotation. Also under the CT system the grain
had a higher weight per volume than under NT and RT

Tillage systems (TS)
Crop sequence (CS) Mean
CT RT NT
Crop rotation A 30.4 30.4 31.5 30.8
Crop rotation B 28.3 29.0 28.2 28.5
Cereal monoculture 30.4 30.6 31.6 30.9
Mean 29.7 30.0 30.4 -
HSD, ,, for CS = 0.54, TS = 0.54; CS ' TS = ns

Explanations under Table 2; ns — not significant, p<0.05
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Table 5. Zeleny sedimentation index of durum wheat grain in mL.

Tillage systems (TS)
Crop sequence (CS) Mean
CT RT NT

Crop rotation A® 61.7 62.1 61.6 61.8

Crop rotation B 61.7 61.6 63.0 62.1
Cereal monoculture 64.1 62.7 63.4 63.4

Mean 62.5 62.1 62.7 -
HSD,, ,, for CS=0.59, TS = ns; CS x TS = 1.37

Explanations under Table 2; ns — not significant, p<0.05

and showed a similar content of protein and gluten,
which may testify to its better suitability for semolina
production [7].

The assessment of the variance components indicates
that grain yield, gluten content, sedimentation value and
grain weight per volume were to a larger extent affected
by CS than by TS, whereas the protein content was to a
larger extent affected by TS than by CS (Table 8).

Economic assessment. A significant aspect of the
studies was an assessment of the economic effects of
durum wheat production depending on the soil tillage
system and on the crop sequence. The profitability
of cereal production depends on the crop yield and on
the level of grain prices and costs of production [37].

Table 6. % content of starch in durum wheat grain.

In a market economy costs are an important criterion
for making decisions related to governance. However,
their level is also determined by external (exogenous)
factors, e.g., prices of the means of production [19,
24-25].

The first of the analyzed economic categories was
the gross margin per 1 ha of crops (Table 9). This is
the difference between the value of production and the
direct costs of production, hence the cost of fuel was
not included in this calculation.

The presented data indicates that the highest gross
margin (393.7 EUR ha') was achieved for conventional
tillage with crop rotation A (pea — durum wheat —
spring wheat). Irrespective of the soil tillage system,

Tillage systems (TS)
Crop sequence (CS) Mean
CT RT NT
Crop rotation A 471 49.3 49.6 48.6
Crop rotation B 49.3 50.0 49.3 49.5
Cereal monoculture 48.6 494 49.2 49.0
Mean 48.3 49.6 49.3 -
HSD, for CS =ns, TS =ns; CS x TS =ns
Explanations under Table 2; ns — not significant, p<0.05
Table 7. Durum wheat grain weight per volume in kg hL™'.
Tillage systems (TS)
Crop sequence (CS) Mean
CT RT NT
Crop rotation A 77.3 75.8 74.6 75.9
Crop rotation B 76.0 74.4 73.3 74.6
Cereal monoculture 73.9 713 72.4 72.5
Mean 75.7 73.8 73.5 -
HSD,,, for CS=1.00, TS = 1.00; CS x TS = ns
Explanations under Table 2; ns — not significant, p<0.05
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Table 8. Analysis of variance for durum wheat grain yield and
quality.

Specification Value CS TS CS x TS
F 31.94 6.83 1.05
Grain yield
p e ok ns
F 14.23 19.61 9.33
Total protein
p ok kK sk
F 82.96 5.49 4.03
Wet gluten
p e * ns
Sedimenta- F 25.73 3.03 5.60
tion index » . s N
Starch con- F 0.37 0.88 0.29
tent p ns ns ns
Grain weight F 37.09 18.84 1.74
per volume » *k . ns

CS — crop sequence; TS — tillage systems; ns — not signifi-
cant; * — p<0.05, ** — p<0.01

such crop rotation provided a relatively good gross
margin averaging at 308.1 EUR ha'. Crop rotation
B (pea — spring wheat — durum wheat) was most
favourable when conventional tillage was used. On the
other hand, durum wheat monoculture resulted in the
lowest gross margin, ranging from 108.9 EUR ha™ for
conventional tillage to 59.7 EUR ha™ for the NT system.

Table 9. Gross margin per 1 ha of durum wheat crops (EUR ha').

An important economic category used in the
evaluation of production profitability in agriculture is
the income from activity constituting the difference
between the value of production and overall costs. With
regard to the possibility that the farmer can receive
direct payments, this category was calculated taking
the payments into account. In addition, the report
of the European Commission [38] indicates that the
production of durum wheat without direct payments
would not be profitable. This is due to a relatively high
production cost and low crop yield. The studies by
Kleinhanss et al. [39] indicate that the costs for durum
wheat per tonne in Italy are almost double those of soft
wheat.

The study results presented in Table 10 lead to a
conclusion that the most profitable cropping system
was conventional tillage with crop rotation A. In that
case, income per 1 ha of the crops reached 363.4 EUR,
whereas in the least profitable variant it was only
57.3 EUR ha! (NT and cereal monoculture). Income
exceeding 200 EUR ha! was achieved for all soil tillage
systems with crop rotation A and for conventional
tillage using crop rotation B.

Cereal monoculture generated low income due to
relatively low yield. Also Berzsenyi et al. [40], in their
studies, found that wheat yield was in every case lower
for monoculture than for crop rotation. Even the NT
system, despite lower indirect costs did not contribute to
increasing the income due to the low yield level. NT is
a better system for warm regions with low precipitation
sums (up to 300 mm). In Central and Northern Europe,
CT is more effective than NT.

Tillage systems (TS)
Crop sequence (CS) Mean
CT RT NT
Crop rotation A 393.7 322.0 208.7 308.1
Crop rotation B 240.9 191.9 142.7 191.8
Cereal monoculture 108.9 91.9 59.7 86.8
Mean 247.8 201.9 137.0 -
Explanations under Table 2
Table 10. Income including payments per 1 ha of durum wheat crops (EUR ha™).
Tillage systems (TS)
Crop sequence (CS) Mean
CT RT NT
Crop rotation A 363.4 312.5 206.3 294.1
Crop rotation B 210.6 182.3 140.3 177.7
Cereal monoculture 78.6 82.4 57.3 72.7
Mean 217.5 192.4 134.6 -

Explanations under Table 2
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Table 11. Production profitability ratio — including the payments (%).

Tillage systems (TS)
Crop sequence (CS) Mean
CT RT NT
Crop rotation A 169.8 163.2 141.6 158.2
Crop rotation B 140.5 136.9 128.3 135.2
Cereal monoculture 115.1 116.7 111.5 114.4
Mean 141.8 138.9 127.1 -

Explanations under Table 2

The above observations are supported by the level
of the profitability ratio (Table 11). However, taking
the direct payments into account, each of the analyzed
cropping patterns was profitable, monoculture was the
least profitable, i.e. from 111.5% (under NT) to 115.1%
(under CT).

The production profitability ratio without direct
payments for monoculture under all the analysed soil
tillage systems was lower than 90%, which means
that production without the payments would be
unprofitable. The mean level of profitability of durum
wheat production for crop rotation A was 158.2%, for
crop rotation B - 135.2% and for monoculture — 114.5%.
Higher grain buying prices enhance the profitability of
durum wheat production. As recounted by Sall et al. [41],
the prices of this cereal range from 20 to 40% higher
than the prices of ordinary wheat. However, according
to the studies, were it not for direct payments, even a
higher price would not compensate for a lower yield of
durum wheat. Their relevance to decisions related to
production and to achieving adequate profitability of
durum wheat production is also recognized by Siad et
al. [19].

Conclusions

Studies show that conventional tillage with crop
sequence: pea - durum wheat — spring barley resulted
in the highest crop yield. In the case of a conventional
tillage system, the yield was on average 17.3% higher
than in the case of no tillage. In addition, it was found
that the content of protein and wet gluten in the grain
changed depending on the crop sequence and soil tillage
system. Studies have shown that, from an economic
point of view, wheat should be preferably grown using
the conventional tillage system (CT) and crop rotation:
pea — durum wheat — spring wheat. The studies also
revealed that monoculture was not profitable, even
with the no-tillage system. However, taking the direct
payments into account, each of the analyzed cropping
patterns was profitable, monoculture was the least
profitable. The studies do not touch upon all the aspects
of durum wheat production. Further research should
aim at minimizing the negative effect of the cultivation

on the environment, maintaining high yield and proper
quality of grain. At the same time, a preferred solution is
the rotation of crops involving structure-forming plants
and the optimization of soil tillage. Thus, it can be
concluded that especially farms featuring a diversified
production structure are predisposed to growing durum
wheat. Such a management strategy is characteristic,
in particular, of countries with fragmented agrarian
structure, including Poland and most member states
that joined the European Union in 2004 and later. This
is due to the facilitated selection of crops for rotation
in specialised farm more often relying on monoculture
production. Such a direction of production is also
consistent with the strategy of sustainable agriculture
aiming, inter alia, to promote crop rotation.
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