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Abstract

The influence of a type of crop rotation, the predecessor and various doses of mineral fertilizers on the yield of winter wheat was exam-
ined. The studies were conducted at the North Kuban Agricultural Experimental Station in two 10-field rotations — grain tillage and
grain-grass tillage — in the course of a prolonged stationary experiment. The soil was ordinary chernozem, low in humus, deep, with the
humus content in the arable (0-30 cm) soil layer equaling to 3.95-4.00% depending on the nutrient status, the content of mineral nitrogen
equaling to 5.9-8.3 mg/kg of soil, and the content of exchangeable potassium equaling to 330-360 mg/kg of soil.

It has been established that from the point of view of bioenergetic and economic efficiency, the most favorable predecessors for cultiva-
tion of winter wheat should be considered sainfoin and winter wheat, and for the rotation of sainfoin — peas. Maize harvested for grain
and sugar beet are more time-consuming and energy-consuming tillage predecessors. Among the applied fertilizer systems, the best eco-
nomic and bioenergetic indicators were obtained by using medium and higher doses of complete mineral fertilizer.

Keywords: Bioenergetic assessment; Correlation coefficient; Crop rotation; Economic efficiency, Fertilizer dose; Predecessor; Variety;, Winter wheat;

Yield.

1. Introduction

When cultivating any crop, including winter wheat, the yield, as
well as the efficiency of production, are the determinative factors
[1]. The economic feasibility of growing winter wheat is the de-
termining factor for sustainable development for most regions [2,
3,4].

The costs of cultivation consist of many factors: the costs of creat-
ing a variety and seed production [5, 6], development of new
technologies [7, 8, 9], the use of new agricultural machinery and
chemical plant protection [10, 11, 12, 13]. Soil and favorable
weather conditions are also important [14; 15; 16].

One of the most important properties of winter wheat, which de-
termines its place in crop rotation, is the reaction to a change in
the agricultural background. Given the fact that among grain crops,
winter wheat is the most demanding for soil fertility, low agricul-
tural background is the cause of decline, and the optimal one con-
tributes to an increase in the grain yield [8; 15].

In this connection, the use of fertilizers in agriculture should be
economically profitable and energetically expedient. The share of
fertilizers in the yield increase considerably varies. According to
the data of many researchers, in the structure of energy expenses
of crop production, the most cost-intensive items are fertilizers —
44.5-56.5%, combustive and lubricating materials — 17-22%, op-
erating costs of the machine and tractor fleet, buildings and con-
structions — 11-22%, as well as seed grain [17].

To solve this problem, both economic and bioenergetic assessment
of crop cultivation technologies is proposed, which allows deter-
mining the most rational methods of using natural resources on the

basis of the received and expended energy [18]. Economic and
bioenergetic assessment of technological methods of agricultural
production permits to choose resource-saving technologies, reduc-
ing material and technical costs.

2. Methods

The studies were conducted in the northern zone of Krasnodar
Krai. Soils of this region are formed under the conditions of warm
summer, dry autumn and often warm winter. These factors con-
tribute to the active decomposition of organic matter of plant resi-
dues in the soil, the formation of humic substances and their dis-
tribution in the soil profile.

At the same time, ordinary chernozems are characterized by low
content of humus (4.5-5.5%) and a considerable thickness of the
humus horizon. The content of total nitrogen is in the range of
0.22-0.33%, and the content of phosphorus is 0.16-0.19%. The
content of potassium in ordinary chernozem is 8-10 times higher
than the stock of nitrogen and phosphorus.

The research program included studying the effect of the crop
rotation pattern, the predecessor and fertilizer systems on the yield
of winter wheat and the technological quality of commercial prod-
ucts, as well as on the economic efficiency.

The research was conducted at the North Kuban Agricultural Ex-
perimental Station in two 10-field rotations: grain tillage (GT) and
grain-grass tillage (GGT) ones. Crop rotation in GT was as fol-
lows: winter wheat — winter wheat — sugar beet — winter wheat —
maize for grain — peas — winter wheat — sunflower — spring barley
— maize for grain; in GGT: winter wheat — sugar beet — winter
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wheat — maize for grain — peas — winter wheat — sunflower —
spring barley with complementary seeding under the cover of
sainfoin — sainfoin (for seeds) — winter wheat.

The fertilizer was introduced according to the following scheme: 1
— without fertilizers (control); 2 — average dose of PK (P¢Kj); 3 —
average dose of NK (N4Ky); 4 — average dose of NP (N4Kgp); 5 —
minimal dose of NPK (NyP30K,); 6 — average dose of NPK
(N4oPsoKy); 7 — elevated dose of NPK (NgoP;50Kg). The total area
of the land plot was 190 m?%; the accounting area was 108 m> The
repetition of the experiment was 4-fold.

3. Results and Discussion

The obtained yield data showed great importance of all the basic
elements of mineral nutrition in the formation of the winter wheat
yield. In some years, the difference in yield from a unit area, with
the exclusion of these nutrients from the fertilizer composition,
reached 2.59 ton/ha (Table 1).

Table 1: Yield of winter wheat, depending on the crop rotation, the predecessor and fertilizer systems, balanced by nutrient elements, ton/ha

Fertilizer system Bredostsouy Average in the fertilizer system iercinentitolcontrol
4 maize, sainfoin | winter wheat | peas | sugar beet S Y ton/ha | %
grain tillage rotation
Without fertilizers (control) 2.85 3.58 4.41 3.05 347
Minimal dose of NPK 4.07 5.02 5.38 4.32 4.70 1.23 354
Average dose of NPK 5.56 6.52 6.31 5.52 5.88 241 69.4
Elevated dose of NPK 6.20 6.16 6.30 6.24 6.22 2.75 79.2
High dose of NPK 6.16 5.94 6.22 6.12 6.11 1.76 16.1
Average for the predecessor 4.97 5.36 5.72 5.05 5.28
MSDys 0.42 0.47 0.52 0.43
grain-grass tillage rotation
Without fertilizers (control) 5.41 4.11 4.65 3.34 4.38
Minimal dose of NPK 6.17 5.11 5.42 443 5.28 0.90 20.5
Average dose of NPK 6.36 5.55 6.13 5.67 5.93 1.55 35.4
Elevated dose of NPK 6.41 5.81 6.46 6.12 6.20 1.82 41.5
High dose of NPK 6.43 5.82 6.37 6.06 6.17 1.79 40.9
Average for the predecessor 6.16 5.28 5.81 5.12 5.59
MSDys 0.50 0.52 0.55 0.39

Despite the fact that ordinary chernozem has a high rate of ex-
change potassium, systematic exclusion of this nutrition element
from the composition of fertilizers leads to a decrease in the yield
of winter wheat, in some years reaching values of 1.08-1.29 ton/ha.
Improving the conditions of mineral nutrition by introducing bal-
anced doses of fertilizers for all elements contributed to a suffi-
ciently high yield. When applying the minimal doses of complete
mineral fertilizer, the amount of winter wheat grain yield from 1
ha increased in grain tillage rotation to 4.70 ton/ha, including for
predecessors from 4.07 to 5.38 ton/ha. In grain-grass tillage rota-
tion, according to the placement in the crop rotation, it was from
4.43 to 6.17 ton/ha, with an average indicator of 5.28 ton/ha. Dur-
ing the years of the study, the increase in yields with the use of

Table 2: The payback of fertilizers b

this fertilizer system on average amounted to 0.90-1.23 ton/ha or
to 20.5-35.4% in comparison with control options.

Increasing doses of fertilizer two times from the minimal one pro-
vided for the yield of winter wheat in the range of 5.52-6.31 and
5.55-6.36 ton/ha with the average indicator in this fertilizer system
of 5.88-5.93 ton/ha. In comparison with the control option, the
increase according to the crop rotation was 2.41-1.85 ton/ha or
69.4-35.4%, and with a minimal dose, the growth of yield was at
the level of 1.18-0.65 ton/ha. In our experiments, the payment for
1 kg of fertilizer in the current matter of the produced grain varied
within wide limits and depended on the studied technological
methods. It was distributed in the following sequence of predeces-
sors: peas, sugar beet, maize, sainfoin and winter wheat (Table 2).

grain of winter wheat, depending on the predecessor and the fertilizer system in various crop rotations, kg/kg

o Predecessor . -
Fertilizer system T, | winter wheat I 5 T oo Average in fertilizer system
grain tillage rotation
Without fertilizers (control)
Average dose of PK 6.42 9.83 34.0 5.83 14.02
Average dose of NK 11.58 9.58 34.0 11.00 16.54
Average dose of NP 19.75 17.17 23.50 19.60 20.00
Minimal dose of NPK 13.67 16.00 36.67 15.87 20.55
Average dose of NPK 13.89 13.05 26.67 13.62 16.81
Elevated dose of NPK 13.75 10.75 21.75 15.25 15.37
High dose of NPK 8.92 6.55 13.83 9.16 9.61
Average for the predecessor 12.57 11.85 27.20 12.90
grain-grass tillage rotation
Without fertilizers (control)
Average dose of PK 17.00 8.08 28.00 5.75 14.71
Average dose of NK 10.0 4.67 26.00 9.00 12.42
Average dose of NP 9.67 10.33 17.67 17.60 13.82
Minimal dose of NPK 10.33 10.11 28.67 13.50 15.65
Average dose of NPK 14.00 7.83 21.33 12.69 13.96
Elevated dose of NPK 9.25 7.04 21.37 12.80 12.61
High dose of NPK 6.17 4.61 12.67 7.97 7.85
Average for the predecessor 10.92 7.52 22.24 19.83

With identical fertilizer systems for sainfoin and peas as predeces-
sors, a higher increase in primary production per 1 kg of fertilizers
was obtained by placing winter wheat on peas: 13.83-36.67 kg and
12.67-28.67 kg.

Mineral fertilizers, introduced in different quantities and combina-
tions, affected the payback in different ways by an increase in

grain. As fertilizer doses increased, the yield of winter wheat was
also higher, and the payback by additional grain harvest decreased.
The lowest payback of fertilizers with an additional yield was
obtained at elevated and high doses of complete mineral fertilizer.
On average, for 7 years of research it was 9.61-15.37 and 7.85-
12.61 kg/kg. In options with a pair combination of fertilizers by
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nutrient elements, the combinations of NK and NP equaling to
16.54-20.0 kg/kg were the most effective for this economic indica-
tor in grain tillage rotation, and in grain-grass tillage rotation the
combinations of PK and NP were equaling to 14.71-13.82 kg/kg.
One of the criteria that make it possible to identify the effective-
ness of various agricultural and technical methods that ensure an
increase in yield is the economic efficiency in monetary terms.

If for the cost of the gross output on an unfertilized option one
takes a spiked predecessor of 20.55-17.90 thousand rubles/ha as
the standard, then this economic indicator would be 2.65-5.70
thousand rubles/ha higher in comparison with such predecessors
as maize and sugar beet and 2.25-6.50 thousand rubles/ha lower in
reference to sainfoin and peas (Table 3).

Table 3: Gross value of winter wheat grain in various crop rotations depending on the predecessor and a fertilizer system, thousand rubles/ha

Fertilizer system - —— - Predecessor
U maize, sainfoin | winter wheat | peas | sugar beet
grain tillage rotation
Without fertilizers (control) 12.20 17.90 21.40 15.25
Average dose of PK 15.70 23.80 28.20 18.75
Average dose of NK 19.15 23.65 24.80 20.75
Average dose of NP 24.05 28.20 28.45 25.05
Minimal dose of NPK 18.35 25.10 26.90 21.60
Average dose of NPK 24.70 29.65 29.40 26.15
Elevated dose of NPK 28.70 30.80 30.10 30.50
High dose of NPK 28.25 29.70 29.70 29.90
Average for the predecessor 21.39 26.10 27.37 23.49
grain-grass tillage rotation
Without fertilizers (control) 27.05 20.55 22.80 16.75
Average dose of PK 30.42 25.40 28.40 20.20
Average dose of NK 27.15 23.35 25.40 21.25
Average dose of NP 29.95 26.75 28.10 25.55
Minimal dose of NPK 28.60 25.10 27.10 22.15
Average dose of NPK 31.25 27.60 29.20 26.90
Elevated dose of NPK 30.75 29.00 31.35 29.55
High dose of NPK 30.75 28.85 30.40 29.50
Average for the predecessor 29.49 25.82 27.84 23.98

The fertilizer systems studied in crop rotations in comparison with
the natural agrochemical background of nutrition increased the
yield of winter wheat; they also increased the value of gross out-
put on the average for predecessors of grain tillage rotation by 3.5-
15.25 thousand rubles/ha, and of grain-grass tillage rotation — by
3.45-12.75 thousand rubles/ha. The value of the predecessors in-
creased with the elevation in fertilizer doses, but the same depend-
ence remained as for the average indicators.

The highest value of gross output of 29.49 thousand rubles/ha was
obtained for the predecessor of sainfoin, the lowest was 21.39
thousand rubles/ha for maize. Mineral fertilizers contributed to the

growth of this economic indicator by 15.9-135.2% and 11.4-
76.4% to the crop rotations, respectively, reaching a maximum
level of 28.25-30.80 and 28.85-31.35 thousand rubles/ha for ferti-
lizer systems with elevated (N40_120P40_60K0_60) and hlgh (N40_120Pgo_
]20K0_120) fertilizer doses.

It has been established that the costs of aggregate energy were
fully repaid by the output of gross energy in all options of the
experiment, but their effectiveness was different. Thus, the prede-
cessor of sainfoin had the most significant increment in total ener-
gy equaling to 136.8-185.65 Gl/ha, while the maize predecessor
had the lowest one — 66.56-161.14 GJ/ha (Table 4).

Table 4: Bioenergetic assessment of the cultivation of winter wheat in grain tillage crop rotation, depending on the predecessor and the fertilizer system

Fertilizer system o winter Wlfl’;zgeceslsor e T o Average in fertilizer system
aggregate energy output, GJ/ha
Without fertilizers (control) 82.42 119.48 142.98 101.83 116.68
Average dose of PK 104.88 159.01 188.40 125.27 144.39
Average dose of NK 127.84 157.87 165.58 138.61 147.47
Average dose of NP 160.61 188.22 189.99 167.36 176.54
Minimal dose of NPK 133.90 167.69 179.60 144.22 156.35
Average dose of NPK 164.94 198.03 196.25 174.61 183.46
Elevated dose of NPK 191.54 205.76 200.91 209.64 200.47
High dose of NPK 188.42 198.35 198.35 199.62 196.26
increment of energy, GJ/ha
Without fertilizers (control) 66.56 102.00 125.73 85.50 94.95
Average dose of PK 87.12 139.15 168.87 106.85 128.21
Average dose of NK 105.57 134.06 144.22 117.69 125.38
Average dose of NP 136.76 163.41 167.23 144.96 153.09
Minimal dose of NPK 113.49 145.91 159.65 124.10 135.79
Average dose of NPK 140.46 171.96 173.85 151.51 159.44
Elevated dose of NPK 161.14 174.21 179.81 176.16 172.83
High dose of NPK 156.99 165.51 172.72 170.84 166.51
net efficiency ratio
Without fertilizers (control) 4.20 5.83 7.29 5.23 5.64
Average dose of PK 4.90 7.01 8.65 5.80 6.59
Average dose of NK 4.74 5.69 6.75 5.62 5.68
Average dose of NP 5.73 6.59 7.35 6.47 6.54
Minimal dose of NPK 5.56 6.69 8.00 6.17 6.60
Average dose of NPK 5.74 6.60 7.76 6.56 6.66
Elevated dose of NPK 5.29 5.52 7.34 6.41 6.14
High dose of NPK 4.95 5.06 6.62 5.94 5.64
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Despite a significant increase in aggregate energy costs by 1.13-
1.78 times compared to the unfertilized option, mineral fertilizers
contributed to a larger increment in gross energy, which elevated
as fertilizer doses were increased. This indicator of bioenergetic
efficiency was at the maximal level when introducing elevated

doses of mineral fertilizers (N4oP4o, NgoPeoKeo and Nj20PeoKeo). In
accordance with the crop rotations, it was expressed by the follow-
ing values: 161.14-179.81 Gl/ha for grain tillage rotation, and
162.46-185.38 Gl/ha for grain-grass tillage rotation (Table 5).

Table 5: Bioenergetic assessment of the cultivation of winter wheat in grain grass tillage rotation, depending on the predecessor and the fertilizer system

Fertilizer system — - Predecessor Average in fertilizer system
4 sainfoin | winter wheat | peas | sugar beet g Y
aggregate energy output, GJ/ha
Without fertilizers (control) 155.84 137.41 152.55 111.99 139.44
Average dose of PK 203.72 169.92 190.11 135.11 174.70
Average dose of NK 181.68 156.26 169.92 142.26 162.53
Average dose of NP 200.34 178.93 187.94 170.88 184.52
Minimal dose of NPK 191.32 168.00 181.36 148.20 172.22
Average dose of NPK 208.99 184.74 195.35 179.90 192.24
Elevated dose of NPK 205.83 194.07 209.66 197.77 201.83
High dose of NPK 205.77 193.11 203.39 197.46 199.93
increment of energy, GJ/ha
Without fertilizers (control) 136.80 119.21 135.88 95.40 121.82
Average dose of PK 183.10 149.49 170.44 116.71 154.93
Average dose of NK 159.40 132.17 148.55 121.27 140.35
Average dose of NP 176.19 154.02 165.23 148.40 160.96
Minimal dose of NPK 169.95 145.89 161.33 127.96 151.28
Average dose of NPK 185.65 158.63 172.94 156.64 168.46
Elevated dose of NPK 180.98 162.46 185.38 169.91 174.68
High dose of NPK 178.86 160.16 177.16 168.64 171.20
net efficiency ratio
Without fertilizers (control) 7.18 6.55 8.16 5.76 6.91
Average dose of PK 8.88 7.32 8.71 6.32 7.84
Average dose of NK 7.15 5.49 6.95 5.78 6.34
Average dose of NP 7.30 6.18 7.28 6.60 6.84
Minimal dose of NPK 7.95 6.60 8.05 6.32 7.23
Average dose of NPK 7.95 6.07 7.72 6.69 7.11
Elevated dose of NPK 7.28 5.14 7.63 6.10 6.54
High dose of NPK 6.65 4.86 6.78 5.85 6.03

When assessing the role of crop rotations in the impact on the
gross energy output and other bioenergetic indicators, it should be
noted that there is the advantage of grain-grass tillage rotation.
Accordingly, for the main bioenergetic indicators, these differ-
ences amounted to 1.7-21.1%, 1.0-28.3% and 6.5-22.5%.

The indicator of energy efficiency is considered to be the main
criterion for the energy assessment of methods for cultivating
agricultural crops, since it takes into account the energy consumed
for production and the energy contained in the final product. The
conducted research and calculations showed that almost all the
examined fertilizer systems provided a sufficiently high energy
efficiency coefficient, which was adequate to the natural agro-
chemical background. This indicator was slightly lower in both
rotations with winter wheat and peas as predecessors and with the
use of nitrogen-potassium fertilizers, elevated and high doses of
complete mineral fertilizer.

The coefficient of net energy efficiency permitted to distinguish
options with minimum fertilizer costs, where a high coefficient of
net efficiency of 6.17-8.00 and 6.32-8.05 was obtained with lower
yields and energy accumulated in the production. The increase in
fertilizer costs leads to a decrease in this indicator by 7.6-14.54%
and 1.7-16.6%.

A similar dependence can also be observed when calculating the
yield of grain by 1 GJ of expended energy. With improved nutri-
tion conditions, the yield of grain per unit of invested energy or
the energy cost in comparison with the unfertilized option in-
creased by 1.2-18.8% and 2.9-6.9%, and decreased with an aver-
age dose of 4.2-15.7% and 3.8-12.4%, while the yield of grain per
unit of expended direct labor increased accordingly to the rotation
and predecessors from 289.1-507.1 and 396.9-636.5
kg/person/hour at an unfertilized option up to 680.1-724.7 and
682.3 — 742.9 kg/person/hour with the introduction of an elevated
dose of complete mineral fertilizer.

Based on the obtained results and the performed calculations, it
follows that fertilizers influenced the energy efficiency indicators,

increasing energy costs by 12.2-78.2% compared to the control
option, and increased the accumulation by the yield by 5.8-46.7%
and 16.5-44.7%, net energy income — by 32.0-82.0% and 15.2-
43.4%, reducing the energy cost of production by 5.4-15.3% and
1.2-5.9%. At the same time, the lower energy cost of production
was in grass crop rotation.

In years with insufficient water availability and absence of epiphy-
toties of leaf and root diseases, the spiked predecessor (winter
wheat) provides a sufficiently high yield with high economic and
bioenergetic efficiency indicators.

The predecessors of sainfoin and winter wheat are more energy-
intensive in terms of the costs of combustive and lubricating mate-
rials and other energy carriers. According to the cost of liquid fuel
per ton of grain, peas as the predecessor with the values of 13.3-
17.9 kg and 12.48-17.35 kg is more economical; in the second
place there are sainfoin (15.35-18.29 kg/ton) and sugar beet (12.8-
25.9 kg/ton). Maize and winter wheat are the most expensive.

For all examined predecessors, average doses of complete mineral
fertilizer are preferred. The increase in the fertilizer rate by 2 times
from the average in terms of economic and bioenergetic assess-
ment is ineffective. With a significant increase in all costs, the
coefficient of net bioenergetic efficiency here is much lower. The
payback of 1 GJ of grain is also at a lower level.

4. Conclusion

The introduction of fertilizers, balanced for all elements, contrib-
uted to a sufficiently high yield. The increase in yield with the use
of the fertilizer systems was on average by 20.5%-70.0% over the
years of study as compared with the control options.

From the point of view of bioenergetic and economic efficiency,
such predecessors as sainfoin, winter wheat, sainfoin for the turn-
over layer and peas should be considered as the most favorable
ones for the cultivation of winter wheat. Tillage predecessors are
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more energy consuming — maize harvested for grain and sugar
beet. According to labor costs and costs of combustive and lubri-
cating materials per 1 ton of manufactured products, one should
distinguish sainfoin cropped fallow and the spiked one with the
soil, treated with clover fallow. Among the fertilizer systems used,
the best economic and bioenergetic indicators were obtained using
average and higher doses of complete mineral fertilizer.

Fertilizer systems unbalanced in nitrogen, phosphorus and potas-
sium are costlier in terms of direct labor, consumption of combus-
tive and lubricating materials, and according to the output of ag-
gregate energy per unit area, they are less effective.
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