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Abstract
An increase in the area under soybean and other legume crops in Europe is one of the assumptions of the European Soya 
Declaration. A study was undertaken to evaluate the influence of cropping system and tillage system on yield, some quality 
characteristics of soybean seeds and economic evaluation. Therefore, this paper is of interdisciplinary nature. On average 
over a four-year study period, the soybean seed yield was significantly higher in monoculture compared to the yield obtained 
in crop rotation. A decreasing trend in yield of monocultured soybean was only observed in the 4th year of the experiment. 
Seeds grown in monoculture were characterized by a significantly higher percentage protein content and a lower fat content 
compared to obtained in crop rotation. Plough tillage affected more beneficially soybean yield. Under no-tillage conditions, 
soybean seeds were shown to have a higher percentage protein content and a lower fat content. The average income per ha 
of soybean grown under plough tillage system was higher by EUR 64.6 than that under no-tillage. In comparing production 
profitability depending on the cropping system, it can be noted that it was more beneficial to grow soybean in monoculture. 
In monoculture, both plough tillage and no-tillage generated a higher income per ha than in the case of soybean grown in 
crop rotation.
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Introduction

An increase in the area under soybean and other legume 
crops in Europe, among others for animal feed purposes, is 
one of the assumptions of the European Soya Declaration 
signed by 13 Member States in Brussels on 17 July 2017 at 
a meeting of the Council of Ministers of Agriculture of the 
European Union. Since the time of the CAP reform in 2013, 
the area under soybean in the EU has doubled, reaching 
almost million hectares. In 2018 the EU’s soybean produc-
tion was 2.93 million tonnes. The main soybean produc-
ers are Italy, France, and Romania (European Commission 
2018). In Poland soybean seed production still remains at 
a low level, but an increased interest in growing this leg-
ume crop has been observed in recent years. This results, 

among others, from breeding new cultivars well-adapted 
to our climatic conditions and soybean’s lower susceptibil-
ity to lodging compared to other legume crops. The high 
nutritional value of soybean seeds, which contain about 40% 
of protein with a good amino acid composition, 20% of fat 
with a high content of essential unsaturated fatty acids, and 
other valuable components, makes a good argument for the 
cultivation of soybean (Zeller 1999; Rogalska-Niedźwiedź 
2000; Boros 2002; Abbasi Surki et al. 2010; Nowak 2011). 
Due to consumers’ large interest in healthy food, soybean is 
grown more and more frequently under the organic system, 
in which it produces satisfactory yields (Cox et al. 2018; 
Vincent-Caboud et al. 2019).

Climatic conditions, primarily temperature and rainfall, 
are factors that limit soybean yields (Vollmann et al. 2000; 
Ohnishi et al. 2010). The adaptation of crop agronomy to 
climate change is of special significance for legumes which 
exhibit low yield stability (Vadez et al. 2011; Reckling et al. 
2018). In areas with low rainfall levels, it is very important 
to prepare the soil in a way that will ensure retention of the 
highest possible amount of rainwater. Agronomic practices 
involving the replacement of the plough with implements 
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that do not turn the soil over offer this possibility to agri-
cultural producers. This is confirmed by a study described 
in an article written by Pittelkow et al. (2015) which proves 
that no-tillage (NT) performs best in a dry climate and crop 
yields are often equal to or higher than those obtained under 
conventional tillage conditions. Existing research reveals 
that NT beneficially affects the quality of soil by improving 
its structure and increasing biological activity, soil water 
retention capacity, water infiltration, and water consump-
tion efficiency (Hobbs et al. 2008; Verhulst et al. 2010). 
Another aspect is also that NT can reduce production costs 
and increase profitability due to lower energy and labor con-
sumption compared to the conventional system (Erenstein 
et al. 2012). Its economic benefits, coupled with lower soil 
erosion, are important aspects speaking for the use of no-till 
(Derpsch et al. 2010). Therefore, the decision to introduce 
no-till must be dictated by both economic and environmental 
considerations.

Numerous studies dealing with growing crops in crop 
rotation prove that it prevents soil depletion, the spread of 
diseases and pests, and hence enhances crop yields (Plourde 
et al. 2013; Kelley et al. 2003; Bellaloui et al. 2010). Symp-
toms of many diseases caused by fungi can be observed on 
soybean, but currently they are not economically important 
in Poland and usually do not require the use of chemical 
fungicides. Also, it is rarely necessary to apply direct pest 
control (Praczyk et al. 2012). The above considerations jus-
tify undertaking research regarding the response of this valu-
able leguminous plant to short-term monoculture cropping.

The study presented in this paper was undertaken due to 
a limited number of literature reports regarding the response 
of soybean to monoculture cropping and no-tillage. The 
study evaluated the influence of cropping system and tillage 
system on yield and some quality characteristics of soybean 
seeds. It also evaluated the economic effects of the investi-
gated soybean production technologies under soil and cli-
matic conditions of the Lublin Upland.

Materials and Methods

Location of the Experiment and Soil and Climatic 
Conditions

A field experiment was conducted at the Uhrusk Experi-
mental Farm (51°18′11′′ N, 23°36′50" E) over the period 
2014–2017 on Rendzic Phaeozem (IUSS Working Group 
WRB 2015), with grain-size distribution of sandy loam. 
The soil showed alkaline pH (in 1 M KCl = 7.7) (PN-ISO 
10390:1997P). It was characterized by very high availability 
of phosphorus (229.8 mg P kg–1 soil) (PN-R-04023:1996P), 
high potassium availability (150.2 mg K kg–1 soil) (PN-
R-04022:1996/Az1:2002P), and very low magnesium 

availability (16  mg  Mg  kg–1 soil) (PN-R-04020:1994/
Az1:2004P). The humus content was at a level of 1.5% (KQ/
PB-34), whereas the content of fine particles (< 0.02 mm) in 
the 0–30 cm layer was 20.7%.

During the growing season of soybean, from April to 
September (IV-IX), the average air temperature in all study 
years was higher than the long-term average (Figs. 1 and 
2). Throughout the duration of the experiment, favora-
ble temperatures for soybean growth were recorded 
from July to September – during the generative growth 
period (Fig. 1). The years 2015 and 2017 proved to be 
unfavorable for soybean development and yield. In 2015 
during the month of sowing and initial growth of soy-
bean (May) when the thermal requirements of this crop 
are very high, a lower temperature was recorded than the 
long-term average. The second growing season of soybean 
(2015) was also characterized by lower rainfall relative to 
the other years of the experiment and the long-term aver-
age. In 2015 the highest rainfall deficits were observed 
in the months June–August, during the generative growth 
period, whereas in September excessive rainfall delayed 

Fig. 1  Mean monthly air temperature (°C) at the Bezek Meteorologi-
cal Station in 2014–2017

Fig. 2  Total rainfall and rainfall distribution (mm) at the Bezek Mete-
orological Station in 2014–2017
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the maturation of soybean and hindered its harvest. The 
year 2017 was unfavorable for soybean growth, particu-
larly in terms of precipitation distribution. In June (flow-
ering stage) a rainfall deficit was recorded, whereas in 
July (flowering/seed filling) and in September there was 
excessive rainfall. Abundant rainfall in September nega-
tively affected even ripening of soybean and delayed its 
harvest. In the last year of the experiment (2017), a lower 
temperature than in the other years and compared to the 
long-term average was recorded in April; due to this, and 
also because of torrential rains, soybean was sown in the 
first 10 days of May.

Experimental Design and Agronomic Practices

The experiment was set up as a split-block design in three 
replicates. Soybean was grown in an area of 768 m2, while 
the single plot area was 32 m2. This research evaluated the 
response of soybean (cultivar ‘Merlin’) to two study factors:

CS Cropping system CR: soybean after the previous win-
ter wheat crop (crop rotation: soybean—winter wheat—win-
ter oilseed rape—winter wheat), CM: soybean monoculture 
cropping.

TS Tillage system CT: plough tillage (skimming + har-
rowing, harrowing, autumn ploughing; spring: harrowing, 
NPK application, cultivating with harrowing, seeding, har-
rowing), NT: no-tillage (stubble cultivator: grubber + cage 
roller instead of skimming and cultivating instead of autumn 
ploughing); in the spring, the same agronomic operations 
were carried out as under plough tillage system.

Mineral fertilization was applied in full before seed-
ing at the following rates: N—30 kg ha–1, P—40 kg ha–1, 
K—80 kg ha–1. Fertilizer rates were determined based on 
the nutritional requirements of the crop plant and soil nutri-
ent availability.

Before seeding, soybean seeds were inoculated with 
Bradyrhizobium japonicum bacteria and the seed dressing 
Vitavax 200 FS (a.i. carboxin, thiuram) was applied at a 
rate of 400 ml/100 kg seed. In the years 2014 and 2016, 
soybean was sown in the last 10 days of April, whereas in 
2015 and 2017 in the first 10 days of May, at a depth of 
3 cm, a plant density of 100 plants per 1 m2

, and a row spac-
ing of 20 cm. Immediately after seeding, a mixture of the 
herbicides Afalon Dyspersyjny 450 SC (a.i. linuron) + Dual 
Gold 960 EC (a.i. S-metolachlor) was applied at a rate of 
1 l + 1.8 l ha–1.

Mechanical weed control treatments were the same under 
both tillage systems; they involved crop harrowing 3–4 days 
after seeding and double harrowing after emergence of soy-
bean (at first trifoliate leaf stage—BBCH-scale 12, and at 
third trifoliate leaf stage—BBCH-scale 13) (BBCH Working 
Group 2001).

In 2014 and 2016, soybean was harvested in the second 
10 days of September, whereas in 2015 and 2017 in the 
third 10 days of September—at full maturity (BBCH-scale 
89).

Scope of Study and Statistical Analysis

The crop and yield characteristics [thousand seed weight 
(TSW), plant height, first pod height, number of pods 
per plant, number of seeds per pod, number and weight 
of seeds per plant] were determined based on a sample 
consisting of 30 randomly selected plants from each plot. 
Plant density after emergence and before harvest was esti-
mated in two rows along a length of 2.5 m.

The seed yield was weighed separately for each plot and 
the obtained results were expressed on a per hectare basis.

The protein and fat content in soybean seeds was deter-
mined on an OmegAnalyzer G spectrophotometer.

The results regarding soybean yield as well as protein 
and fat content in soybean seeds collected over the period 
2014–2017 were subjected to analysis of variance, whereas 
the significance of differences was estimated by Tukey’s 
test at a level of significance of p = 0.05. ANALWAR-
5.3.FR software was used for calculations. Moreover, 
to establish correlations and relationships between the 
selected characteristics (yield and its components), Pear-
son’s linear correlation coefficient was determined, a linear 
regression analysis was performed, and the coefficient of 
determination  (R2) was derived. Statistica 13.1 software 
was used for the above-mentioned calculations.

To perform an economic evaluation of the investigated 
soybean production technologies, the following economic 
categories, consistent with the profit and loss account 
applicable in the European Farm Accountancy Data Net-
work, were used: gross margin and operating income. 
According to the EU methodology, gross margin is the 
annual output per crop hectare less direct costs incurred 
to produce this output (Goraj and Mańko 2009). The direct 
costs of crop production include: the cost of seeds, fer-
tilizers, plant protection products and growth regulators 
as well as specific costs, that is of direct relevance to a 
specific activity and improving the quality and value of the 
final product (Skarżyńska et al. 2016). In turn, operating 
income is the excess left after total cost items (direct and 
indirect costs) have been deducted from the value of out-
put. Two income categories were calculated in this study—
operating income without direct payments and operating 
income with direct payments. The latter type of income 
was increased in relation to the former one by including in 
it direct payments, i.e. single area payment (SAP), green-
ing payment, seed payment, and protein crop payment.
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Results and Discussion

Yield and Protein and Fat content in Soybean Seeds

Soybean is a plant very sensitive to environmental stresses, 
such as low and high temperature or drought. In particu-
lar, low temperatures are a factor that strongly determines 
the production of this crop (Vollmann et al. 2000; Ohni-
shi et al. 2010). The critical periods in terms of water 
requirements and thermal conditions occur from sowing 
to full emergence as well as during flowering and seed 
maturation stages (Bieniaszewski et al. 2000; Kołodziej 
and Pisulewska 2000; Thuzar et al. 2010). In the present 
study, the year 2016, which was characterized by high tem-
perature during the growing season and moderate rainfall 
during seed maturation, proved to be the most favorable 
for soybean yield. The yield harvested in this year was 

significantly higher than in the other years of soybean 
cropping, especially compared to the yields obtained in 
the years 2015 and 2017 that were characterized by unfa-
vorable weather conditions for soybean growth (Figs. 1 
and 2, Table 1).

On average over the four-year study period, the soybean 
seed yield was significantly higher in monocultural stands 
compared to the yield obtained in crop rotation (by 5.0%). 
The important fact is that a decreasing trend in monocul-
tured soybean was only observed in the 4th year of the 
experiment (Table 1). Under crop rotation in the stand 
after winter wheat, thousand seed weight, number of pods 
per plant, number and weight of seeds per plant, and plant 
height were found to be significantly lower, whereas the 
density of soybean plants after emergence and before har-
vest was insignificantly higher. The pod height in soybean 
plants grown in crop rotation was lower, which resulted in 
a higher seed yield loss during harvest than in the case of 

Table 1  Soybean seed yield 
depending on cropping system 
and tillage system throughout 
the study period (t ha–1)

ns not significant at p ≤ 0.05, CT plough tillage, NT no-tillage

Year Crop rotation Monoculture Mean Mean

CT NT Mean CT NT Mean CT NT

2014 2.48 2.61 2.55 2.73 2.65 2.69 2.61 2.63 2.62
2015 2.10 1.82 1.96 2.23 1.86 2.05 2.17 1.84 2.01
2016 3.06 2.81 2.94 3.59 3.23 3.41 3.33 3.02 3.18
2017 2.40 1.75 2.08 1.87 1.79 1.83 2.14 1.77 1.96
Mean 2.51 2.25 2.38 2.61 2.38 2.50 2.56 2.32 –
LSD0.05 Cropping system—0.115, tillage system—0.115, years—0.217, cropping system × till-

age system—ns, cropping system × years—0.367, tillage system × years—ns, cropping 
system × tillage system × years—ns

Table 2  Soybean crop and 
yield components on average 
for cropping system and tillage 
system (average for 2014–2017)

ns not significant at p ≤ 0.05, CS cropping system, CR crop rotation, CM monoculture, TS tillage system, 
CT plough tillage, NT no-tillage, TSW thousand seed weight

Specification Cropping system Tillage system LSD0.05

CR CM CT NT

Plant density after emergence (plants  m−2) 63.2 60.7 64.0 60.0 CS—ns
TS—3.56

Plant density before harvest (plants  m−2) 56.3 54.6 58.1 52.9 CS—ns
TS—3.22

Plant height (cm) 45.6 56.2 49.8 52.0 CS—1.93
TS—1.93

First pod height (cm) 6.7 7.4 6.5 7.6 CS—0.37
TS—0.37

Number of pods per plant (pcs) 17.2 19.6 19.6 17.2 CS—0.55
TS—0.55

Number of seeds per plant (pcs) 35.8 37.2 38.2 34.7 CS—0.87
TS—0.87

Seed weight per plant (g) 4.56 4.92 4.90 4.59 CS—0.127
TS—0.127

TSW (g) 124.6 129.4 127.8 126.2 CS—1.24
TS—1.24
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soybean grown in monoculture (Table 2). Similarly to other 
legume crops, soybean is most frequently grown after cereals 
and can be a crop that interrupts monoculture cropping of 
cereals. According to Praczyk et al. (2012), soybean can be 
successfully grown after itself for a period of two years in 
areas where it is cultivated for the first time. There are few 
literature reports on soybean yield in soil and climatic con-
ditions of Poland under long-term monoculture. The study 
results presented in this paper prove that in the conditions of 
our country monoculture cropping of soybean for a period 
of 3 years does not cause a decrease in yield of this valuable 
legume crop. In turn, a study by Bujak et al. (2004), in which 
soybean was grown after itself for a period of five years, 
showed that seed yield was more determined by weather 
conditions than by the duration of monoculture cultivation 
of this crop. The possibility of growing soybean in the same 
stand is largely associated with its resistance to diseases and 
pests. In the conditions of our country, agricultural pests do 
not currently pose a big threat to soybean (Praczyk et al. 
2012). However, research on monoculture cropping of soy-
bean conducted under different soil and climatic conditions 
reveals that this cropping system causes a decrease in yield 
quality and quantity compared to conventional cultivation 
in crop rotation (Kelley et al. 2003; Bellaloui et al. 2010). 
In a study by Santos et al. (2014), a lower seed yield and 
weight per plant was obtained in soybean monoculture than 
in three comparable crop rotations Plourde et al. (2013). 
argue that crop rotation brings measurable environmental 
effects expressed in reduced occurrence of diseases, patho-
gens, and invasive plant species. This promotes obtaining 
higher seed yields compared to those found in monoculture 

cropping of soybean. In the opinion of Chen et al. (2008) and 
Leandro and Asmus (2015), lower yields in soybean mono-
culture can be attributed, among others, to damage caused 
by the soybean cyst nematode (SCN) (Heterodera glycines) 
and the reniform nematode (Rotylenchulus reniformis). 
Hamid et al. (2017), in turn, think that long-term soybean 
monoculture may contribute to suppression of SCN cysts 
through the assembly of bacterial and fungal communities 
in the rhizosphere. According to a study by Zhu et al. (2013), 
the number of Heterodera glycines eggs increased with the 
increasing number of years of soybean monoculture from 2 
to 5, whereas after 8 years of monoculture cropping a large 
decrease in the population of this pathogen was observed.

The seed yield of soybean grown after winter wheat 
was significantly positively correlated with plant density 
after emergence and before harvest, plant height and first 
pod height, seed weight per plant, and 1000 seed weight 
(Table 3). The regression correlation model shows that an 
increase by 1 g of seed weight per plant caused an average 
increase in seed yield by as much as about 0.2 t ha−1. An 
increase in the other characteristics by one unit contributed 
to an increase in yield from 0.02 to 0.1 t ha−1. All the yield 
components evaluated had a significantly positive effect on 
yield of monoculture-grown soybean. An increase in seed 
weight per plant by one unit resulted in an increase in yield 
by as much as 0.5 t ha−1. The value of the coefficient of 
determination  (R2) indicates that about 51% of the variance 
in yield was explained by the presented model.

Seeds of soybean grown in the stand after itself were 
characterized by a significantly higher percentage protein 
content and a lower fat content compared to these contents 

Table 3  Straight correlation 
coefficients and simple 
regressions for the relationship 
between yield and soybean 
crop and yield components 
depending on cropping system

remp Pearson’s correlation coefficient, R2 coefficient of determination, TSW thousand seed weight
*Significance level at p ≤ 0.05, **significance level at p ≤ 0.01, ***significance level at p ≤ 0.001

Quality parametr remp Significance R2 Regression equation

Crop rotation
 Plant density after emergence + 0.76 *** 0.58 y = 0.6568 + 0.0272x
 Plant density before harvest + 0.51 * 0.26 y = 1.2397 + 0.0202x
 Plant height + 0.78 *** 0.60 y = 0.6094 + 0.0388x
 First pod height + 0.59 ** 0.35 y = 1.577 + 0.1199x
 Seed weight per plant + 0.50 * 0.30 y = 1.3637 + 0.2221x
 TSW + 0.83 *** 0.70 y = − 2.4452 + 0.0387x

Monoculture
 Plant density after emergence + 0.70 *** 0.45 y = 0.1662 + 0.0383x
 Plant density before harvest + 0.63 *** 0.40 y = − 0.8479 + 0.0612x
 Plant height + 0.60 ** 0.36 y = 0.8506 + 0.0292x
 First pod height + 0.57 ** 0.33 y = 1.4758 + 0.1366x
 Number of pods per plant + 0.48 * 0.23 y = 0.6779 + 0.0929x
 Number of seeds per plant + 0.57 ** 0.33 y = − 0.0608 + 0.0687x
 Seed weight per plant + 0.72 *** 0.51 y = 0.004 + 0.506x
 TSW + 0.80 *** 0.64 y = − 4.913 + 0.0572x
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found after the previous winter wheat crop, respectively by 
2.2 and 1.0% (Tables 4 and 5).

Tillage system significantly modified soybean yield as 
well as percentage protein and fat content in seeds. Under 
plough tillage conditions (CT), the seed yield was higher 
by 10.3% compared to that obtained under no-tillage (NT) 
(Table 1). In the plough tillage treatment, plant density after 
emergence and before harvest, number of pods per plant, 
number and weight of seeds per plant, and thousand seed 
weight were also found to be significantly higher (Table 2). 
However, plough tillage adversely affected first pod height 
and soybean plant height (Table 2). Similar results were 
obtained in studies by Amini (2005), Barrios et al. (2006) 
and Monsefi et al. (2014) who found a significant decrease 
in yield under no-tillage conditions compared to conven-
tional tillage. And conversely, Di Ciocco et al. (2008), Hos-
seini et al. (2016), and Moraru and Rusu (2012) recorded an 
increase in soybean yield under no-till conditions compared 
to conventional agronomy, whereas according to Karuna-
karan and Behera (2016) soybean under no-tillage showed 
similar productivity as conventional cropping. According 
to De Vita et al. (2007), the benefits arising from the use of 
no-till can be observed in warm years at lower rainfall. This 
was most probably associated with higher water accumula-
tion in the soil caused by lower evaporation and changes in 

soil water permeability under no-tillage conditions (Mar-
tinez et al. 2008). More stable thermal conditions in the 
0–15 cm soil layer and an average increase in its temperature 
by 0.5–2.2 °C may also contribute to higher soybean yields 
under NT relative to CT (Moraru and Rusu 2012).

The 4-year study revealed that no-tillage increases first 
pod height and soybean plant height (Table 2). Bujak et al. 
(2001) also proved a tendency towards lengthening of soy-
bean stems and increased first pod height under reduced 
tillage conditions. Nevertheless, the study by Monsefi et al. 
(2014) showed tillage system to have a significant impact on 
soybean plant height only during the initial period of growth, 
whereas the plant height before harvest was similar in the 
case of both no-tillage and conventional tillage.

Plough tillage was proven to have a positive effect on 
plant density after emergence in the case of soybean crop-
ping in crop rotation. The statistical analysis did not show 
the interaction of the experimental factors to affect the other 
soybean yield and crop characteristics (Table 6).

The dependence of soybean seed yield on yield compo-
nents varied for the tillage systems studied (Table 7). Under 
plough tillage system, it was shown that with an increase in 
plant height, number of pods per plant, number and weight 
of seeds per plant, and 1000 seed weight by one unit, the 
yield increased on average from 0.03 to 0.08 t ha−1. Under 

Table 4  Protein content in 
soybean seeds (%) depending 
on cropping system and tillage 
system throughout the study 
period

ns not significant at p ≤ 0.05, CT plough tillage, NT no-tillage

Year Crop rotation Monoculture Mean Mean

CT NT Mean CT NT Mean CT NT

2014 32.6 33.3 33.0 36.0 37.5 36.8 34.3 35.4 34.9
2015 31.1 32.0 31.6 37.3 37.9 37.6 34.2 34.9 34.6
2016 35.1 34.8 35.0 35.1 35.3 35.2 35.1 35.1 35.1
2017 33.1 33.1 33.1 32.0 32.1 32.0 32.6 32.6 32.6
Mean 33.0 33.3 33.2 35.1 35.7 35.4 34.0 34.5 –
LSD0.05 Cropping system—0.40, tillage system—0.40, years—0.75, cropping system × tillage 

system—ns, cropping system × years—1.26, tillage system × years—ns, cropping sys-
tem × tillage system × years—ns

Table 5  Fat content in soybean 
seeds (%) depending on 
cropping system and tillage 
system throughout the study 
period

ns not significant at p ≤ 0.05, CT plough tillage, NT no-tillage

Year Crop rotation Monoculture Mean Mean

CT NT Mean CT NT Mean CT NT

2014 19.6 19.3 19.4 17.7 16.8 17.2 18.6 18.0 18.3
2015 21.0 20.6 20.8 17.9 17.2 17.6 19.4 18.9 19.2
2016 18.7 18.8 18.8 18.0 18.0 18.0 18.4 18.4 18.4
2017 18.0 17.1 17.6 20.4 20.1 20.2 19.2 18.6 18.9
Mean 19.3 19.0 19.2 18.5 18.0 18.2 18.9 18.5 –
LSD0.05 Cropping system—0.18, tillage system—0.18, years—0.33, cropping system × tillage 

system—ns, cropping system × years—0.56, tillage system × years—0.56, cropping sys-
tem × tillage system × years—ns
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no-tillage system, soybean yield was significantly influ-
enced by plant density, both after emergence and before 
harvest, plant height, seed weight per plant, and TSW. The 
linear regression correlation model reveals that an increase 
by 1 g m−2 of seed weight per plant resulted in an average 
increase in seed yield by about 0.3 t ha−1. Nonetheless, the 
coefficient of determination  (R2) indicates that only 31% of 
the variance in yield was explained by the presented model.

Soil nutrient distribution is affected by soil tillage, that 
is, soil tilling operations carried out at different depths, 
overturning the soil or mixing it, or the abandonment of 
tillage (no-tillage) (Angers et al. 2008; Du et al. 2017; 
Woźniak 2019). A study by Lüder et al. (2019) confirmed 
that already three-year no-tillage in a field results in a dis-
tinct stratification of elements in the soil profile. More N 
was recorded in the 0–15 cm layer under NT than under 
CT. Opposite relationships were found in the deeper soil 
layer—15–30 cm. The distribution of nutrients in soil 
affects their uptake and plant chemical composition (Lüder 
et al. 2019; Virk et al. 2019). In the present study, under 

no-tillage conditions a higher seed protein content and 
a lower fat content were found compared to plough till-
age, respectively by 0.5 and 0.4% (Tables 4 and 5). The 
results of other authors’ research are not unequivocal. 
Lüder et al. (2019) showed winter wheat grain to be less 
protein-rich under NT in comparison to CT, while accord-
ing to Woźniak and Soroka (2014) triticale grain contained 
more protein under NT conditions than under CT. Gao 
et al. (2009), however, obtained an increase in fat yield 
per hectare for non-tilled soybean.

The interaction of the experimental factors was not 
proven to affect soybean yields and the studied seed qual-
ity characteristics (Tables 1, 4 and 5). On the other hand, 
a study by Morrison et al. (2018) demonstrates that soy-
bean seed yield did not differ between crop rotation and 
monoculture, regardless whether CT or NT was used. 
Nonetheless, under conventional tillage conditions wheat 
and maize produced higher yields by 22% and 8%, respec-
tively, than in monoculture.

Table 6  Effect of interaction 
relationships between cropping 
system and tillage system 
on soybean crop and yield 
components (on average for 
2014–2017)

ns not significant at p ≤ 0.05, CS cropping system, CR crop rotation, CM monoculture, TS tillage system, 
CT plough tillage, NT no-tillage, TSW thousand seed weight

Specification Crop rotation Monoculture LSD0.05

CR CM CT NT

Plant density after emergence (plants  m−2) 67.2 59.2 60.7 60.8 CS × TS—6.71
Plant density before harvest (plants  m−2) 60.3 52.3 55.8 53.4 CS × TS—ns
Plant height (cm) 44.8 46.5 54.9 57.6 CS × TS—ns
First pod height (cm) 6.2 7.2 6.8 8.1 CS × TS—ns
Number of pods per plant (pcs.) 18.2 16.3 20.9 18.2 CS × TS—ns
Number of seeds per plant (pcs.) 37.1 34.4 39.4 35.0 CS × TS—ns
Seed weight per plant (g) 4.71 4.42 5.09 4.75 CS × TS—ns
TSW (g) 125.5 123.7 130.2 128.7 CS × TS—ns

Table 7  Straight correlation 
coefficients and simple 
regressions for the relationship 
between yield and soybean crop 
and yield components under 
different tillage systems

remp Pearson’s correlation coefficient, R2 coefficient of determination, TSW thousand seed weight
*Significance level at p ≤ 0.05, **significance level at p ≤ 0.01, ***significance level at p ≤ 0.001

Quality parametr remp Significance R2 Regression equation

Plough tillage
 TSW + 0.84 *** 0.71 y = − 3.1608 + 0.0447x
 Plant height + 0.61 ** 0.37 y = 0.9089 + 0.0331x
 Number of pods + 0.55 * 0.30 y = 0.922 + 0.0838x
 Number of seeds per plant + 0.53 * 0.29 y = 0.8744 + 0.044x
 Seed weight per plant + 0.63 * 0.40 y = 1.0413 + 0.3094x

No-tillage
 Plant density after emergence + 0.87 *** 0.75 y = 0.0374 + 0.038x
 Plant density before harvest + 0.78 *** 0.60 y = − 0.3217 + 0.0499x
 Plant height + 0.78 *** 0.60 y = − 0.3217 + 0.0499x
 Seed weight per plant + 0.56 * 0.31 y = 0.6006 + 0.3736x
 TSW + 0.75 ** 0.57 y = − 3.3495 + 0.0449x
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Economic Evaluation of Soybean Cropping

An important aspect of this study was to perform an eco-
nomic evaluation of soybean production effects depend-
ing on cropping system and the type of previous crop. The 
amount of income earned by farmers depends on the level of 
yield and selling price (Boczar 2016). The data collated in 
Table 8 show that the highest value of output per hectare of 
soybean on average for the period 2014–2017 was obtained 
in the case of tillage system combined with monoculture 
(EUR 909.9). The fluctuations in yield and market prices of 
soybeans caused the value of output to vary between years. 
In all cultivation treatments, the highest output was recorded 
in 2016, which was an effect of both high yields and rela-
tively high selling prices of soybeans.

The gross margin value indicated that soybean cropping 
using plough tillage system is justified (Table 9). On average 
over the study period, it was higher by EUR 82.9 per ha and 

EUR 76.6 per ha than soybean cropping under no-tillage 
system for, respectively, crop rotation and monoculture. In 
analyzing both tillage systems, regardless of the previous 
crop, it can be stated that the average difference in gross 
margin between these two systems for the period 2014–2017 
was EUR 79.8 per ha in favor of plough tillage system.

Operating income, which is calculated as the difference 
between output and total costs, is an important economic 
category in evaluation of production profitability. Due to 
the fact that farmers can obtain direct payments to produc-
tion, this category was calculated including direct payments 
and without them (Table 9). Where direct payments were 
not included in income, in the 2 years studied (2015 and 
2017) income was negative in each cultivation treatment. 
In the other two years, a predominance of plough tillage 
over no-tillage could be seen in terms of profitability. After 
including direct payments to production, operating income 
reached a positive value in each cultivation system analyzed. 

Table 8  Output per ha of 
soybean (EUR per ha)

CT plough tillage, NT no-tillage

Year Crop rotation Monoculture Mean

CT NT Mean CT NT Mean CT NT Mean

2014 956.1 1006.3 981.2 1052.5 1021.7 1037.1 1004.3 1014.0 1009.2
2015 703.9 610.1 657.0 747.5 623.5 685.5 725.7 616.8 671.3
2016 1077.5 989.4 1033.5 1264.1 1137.3 1200.7 1170.8 1063.4 1117.1
2017 738.5 538.5 638.5 575.4 550.8 563.1 656.9 544.6 600.8
Mean 869.0 786.1 – 909.9 833.3 – 833.3 833.3 –

Table 9  Gross margin and 
operating income per ha of 
soybean in 2014–2017 (in EUR)

CT plough tillage, NT no-tillage

Year Crop rotation Monoculture Mean

CT NT Mean CT NT Mean CT NT Mean

Gross margin (EUR per ha)
 2014 420.0 470.1 445.1 516.4 485.5 501.0 468.2 477.8 473.0
 2015 181.6 87.8 134.7 225.2 101.2 163.2 203.4 94.5 149.0
 2016 555.2 467.1 511.2 741.8 615.0 678.4 648.5 541.1 594.8
 2017 235.1 35.1 135.1 72.0 47.4 59.7 153.5 41.2 97.4
 Mean 348.0 265.0 – 388.8 312.3 – 368.4 288.7 –

Operating income without direct payments (EUR per ha)
 2014 153.4 219.2 186.3 249.8 234.6 242.2 201.6 226.9 214.3
 2015 − 78.0 − 156.7 − 117.4 − 34.5 − 143.3 − 88.9 − 56.3 − 150.0 − 103.1
 2016 295.5 222.7 259.1 482.1 370.6 426.3 388.8 296.6 342.7
 2017 − 15.2 − 200.5 − 107.9 − 178.3 − 188.2 − 183.3 − 96.8 − 194.4 − 145.6
 Mean 88.9 21.2 – 129.8 68.4 – 109.3 44.8 –

Operating income with direct payments (EUR per ha)
 2014 511.5 577.3 544.4 607.9 592.7 600.3 559.7 585.0 572.3
 2015 229.5 150.8 190.2 273.0 164.2 218.6 251.3 157.5 204.4
 2016 603.8 531.0 567.4 790.5 678.9 734.7 697.1 605.0 651.1
 2017 330.0 144.6 237.3 166.9 157.0 161.9 248.4 150.8 199.6
 Mean 418.7 350.9 – 459.6 398.2 – 439.1 374.6 –
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Over the period studied, the average income per hectare of 
soybean under plough tillage system was EUR 439.1 per ha 
and it was higher by EUR 64.6 than that under no-tillage. It 
can also be noticed that from the economic point of view it 
was beneficial to grow soybean in monoculture. In mono-
culture, both plough tillage and no-tillage generated a higher 
income per ha of soybean than where soybean was grown in 
crop rotation (except for the year 2017). Apart from income 
derived directly from grain production, the profitability of 
soybean cultivation is also impacted by additional economic 
benefits in the form of nitrogen fixed by nodule bacteria, 
improved soil structure, and increased yields of succeeding 
crops. However, these benefits relate to each of the treat-
ments analyzed.

Information on production costs can help farmers in mak-
ing efficient and effective decisions (Artuzo et al. 2018). 
When analyzing production costs per 1 tonne of soybeans, 
it can be noted that they differed both between years and 
depending on cultivation system (Table 10). The average 
level of costs per one tonne of soybeans during the period 
2014–2017 was EUR 317 in the case of plough tillage, 
whereas for no-tillage it was EUR 355.3. A study conducted 
by Boczar (2016) based on the Cash Crop (2015) demon-
strates that farms from Argentina had the lowest soybean 
production costs (EUR 120–140 per tonne) among the 
countries analyzed in this report, followed by Brazil (EUR 
220–240 per tonne). In the case of Polish farms, the aver-
age soybean production cost over the period 2012–2014 was 
EUR 324 per tonne.

Conclusions

The present study investigated the effect of cropping sys-
tem and tillage system on yield and some quality char-
acteristics of soybeans. It also evaluated the economic 
effects of the soybean production technologies studied. 
Therefore, this paper, which covers technological, quality, 
and economic aspects, is of interdisciplinary nature. Most 
of the available studies are focused only on the produc-
tion of high soybean yields and neglect the importance 
of economic effectiveness. But under market economy 

conditions, decisions related to the selection of the pro-
duction structures and cultivation method are made not 
only based on the production and quality characteristics, 
but also on the basis of economic results. On average over 
the four-year study period, the soybean seed yield was sig-
nificantly higher in monocultural stands compared to the 
yield obtained under crop rotation (by 5.0%). A decreasing 
trend in monocultured soybean was only observed in the 
4th year of the experiment. The correlation analysis proved 
that all the yield components evaluated had a significant 
positive effect on yield of monoculture-grown soybean, 
while an increase in seed weight per plant by one unit 
caused an increase in yield by as much as 0.5 t ha−1. Seeds 
of soybean grown in the stand after itself were also charac-
terized by a significantly higher percentage protein content 
and a lower fat content compared to those obtained in crop 
rotation. In the plough tillage treatment, the seed yield 
was higher by 10.3% compared to that obtained under no-
tillage. The correlation analysis showed that under plough 
tillage system with an increase in plant height, number of 
pods per plant, number and weight of seeds per plant, and 
1000 seed weight by one unit, the yield increased on aver-
age from 0.03 to 0.08 t ha−1. Under no-tillage conditions, 
a higher seed protein content and a lower fat content were 
found. The highest average output per ha during the period 
2014–2017 was obtained for soybean grown in monocul-
ture under plough tillage. The average income per ha of 
soybean grown under plough tillage system was higher by 
EUR 64.6 than that under no-tillage. From the economic 
point of view, it was more beneficial to grow soybean in 
monoculture. In monoculture, both plough tillage and no-
tillage generated a higher income per ha than where soy-
bean was grown in crop rotation (except for the year 2017).

The current climate change obliges scientists to con-
duct continuous research on the optimization of soybean 
cultivation. Experiments should focus on the development 
of technologies that are both environmentally friendly and 
economically profitable. Especially great attention should 
be devoted to no-tillage which promotes soil water accu-
mulation and allows satisfactory soybean yields to be 
obtained in a growing season characterized by a rainfall 
deficit.

Table 10  Total costs per tonne 
of soybeans depending on 
cultivation system (EUR per 
tonne)

CT plough tillage, NT no-tillage

Year Crop rotation Monoculture Mean

CT NT Mean CT NT Mean CT NT Mean

2014 314.6 298.9 306.7 285.8 294.4 290.1 300.2 296.7 298.4
2015 371.5 428.7 400.1 349.8 419.4 384.6 360.7 424.1 392.4
2016 255.0 277.6 266.3 217.3 241.5 229.4 236.1 259.6 247.9
2017 325.1 445.8 385.4 417.2 435.8 426.5 371.1 440.8 406.0
Mean 316.5 362.8 – 317.5 347.8 – 317.0 355.3 –
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