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Abstract

An exact experiment, established in a system of randomized blocks, was aimed at determining the effect of crop rotation and
29-year cereal monoculture on the yield and quality of winter wheat grain as well as on straw yield, crop infestation with
weeds, contents of organic C and total N in the soil, and the number of earthworms in the soil. Winter wheat was sown in
two systems of crop succession: (1) in crop rotation (CR), and (2) in a cereal monoculture (CM). Winter wheat cultivation
in the CM system resulted in a decrease of grain yield by 32%, compared to the CR system. Its grain yield reduction in the
CM system was due to a lower number of spikes m~2, lower 1000 grain weight, shorter spikes, and lower grain weight per
spike, than in the CR system. Wheat grain from the CM system was characterized by a lower content of wet gluten, lesser
grain uniformity and grain volume weight, and contained more total ash than the grain from the CR system. The number
and air-dry weight of weeds were higher in the CM than in the CR system by 57.1% and 75%, respectively. Differences were
also demonstrated in the species composition of weeds. The soil samples collected from the CM plot contained less organic
C and total N than the samples derived from the CR system. Soil samples from the CM system had also a lower number of

earthworms compared to the CR soil samples.
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Introduction

The yield and quality of wheat grain are determined by co-
effects of habitat, agrotechnical measures as well as plant
species and cultivar (Rachon et al. 2015; Schlegel et al.
2018; Wozniak and Soroka 2018). Contemporary agricul-
tural systems usually tend to minimize expenditures incurred
on tillage and make use of specialist crop rotations includ-
ing 2-3 plant species requiring the same or similar culti-
vation technology (Soane et al. 2012; Roche et al. 2017).
Sometimes, however, such solutions fail, which leads to
crop productivity decrease (Haliniarz et al. 2018). Frequent
cultivation of cereals one after another causes an increasing
number of agrophages (weeds, pests, and fungal pathogens),
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which results in the necessity of using high amounts of pes-
ticides and this, in turn, generates a significant increase in
production costs (Bai and Shaner 2004; Mal et al. 2015;
Mehmeti et al. 2018). Further consequences involve adverse
changes in the soil including particularly decreasing con-
tents of organic matter, organic carbon, and total nitrogen
(Emmerling 2007; Cattaneo et al. 2014; Lal 2016; WoZniak
and Soroka 2018). Such conditions cause also the biologi-
cal and enzymatic activity of soil to diminish (Balota et al.
2004; Wozniak and Kawecka-Radomska 2016). According
to Olsson and Alstrom (2000) and to Balota et al. (2004),
this is due to little diversity of the post-harvest residues of
cereals, which leads to reducing counts of saprophytic soil
microorganisms. Another consequence of cereal mono-
culture is a decreasing number of earthworms in the soil
(Wozniak and Kawecka-Radomska 2016). As reported by
Laossi et al. (2004), earthworms take part in the formation
of organic-mineral colloids, regulate the water—air balance
in the soil, and even reduce the severity of soil-borne plant
diseases (Clapperton et al. 2001).
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Wheat is a cereal species with high habitat and agro-
technical demands (Ranjbar et al. 2015). It produces higher
yields after leguminous, fodder, and roots plants, whereas
significantly lower ones when grown after cereals (Debaeke
et al. 1996). As proved in experiments conducted by Beres
et al. (2010) and by WozZniak and Soroka (2018), this is due
to increased weed infestation and even to the predominance
of a few weed species. According to Rasmussen et al. (2006)
and Nikolich et al. (2012), weed compensation may be pre-
vented by rotations of crops having diverse agrotechnical and
biological demands. Weeds presence in wheat stand leads
to undesirable changes in crop structure and, especially, to
a decreased spike number and grain weight per spike, to
shorter stems and spikes, and ultimately to low yields (Lund
1993). Under unfavorable agrotechnical conditions, it also
contributes to a lower milling and baking value of the grain
(Wozniak and Makarski 2013; Rachon et al. 2015).

This study aimed to evaluate the yield and quality of win-
ter wheat grain, winter wheat crop infestation with weeds,
and soil properties in the multi-year cereal monoculture and
crop rotation systems.

Materials and Methods
Experiment Location and Design

A field experiment was established in 1988 at the Experi-
mental Station in Uhrusk belonging to the University of
Life Sciences in Lublin, south-eastern Poland (51°18'N,
23°36'E). Results presented in this manuscript were gath-
ered in the year 2017 from the 29-year cereal monocul-
ture and crop rotation. The experiment was established in
3 replications in the system of randomized blocks having
6 mx 25 m in size. Winter wheat of Skagen cultivar was
sown in two systems of crop succession: (1) in crop rotation
(CR): pea—winter wheat—winter triticale, and (2) in a cereal
monoculture (CM): winter triticale—spring wheat—winter
wheat.

Soil and Weather Conditions

The experiment was established on Rendzic Phaeozem
(IUSS Working Group WRB 2015), which contains 24% of
silty fraction and 13% of dust fraction. The soil has slightly
alkaline pH (pHgc; =7.2), high contents of phosphorus
(132 mg kg~! dm) and potassium (221 mg kg™"), and a mod-
erate content of magnesium (75 mg kg™).

The study area is characterized by a relatively long grow-
ing period (i.e. the number of days with a daily air tempera-
ture over + 35 °C), spanning for 200-210 days. The sum of
atmospheric precipitation in the years 1988/1989-2015/2016
ranged from 108 mm to 319 mm in the autumn—winter
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period (since November till April), and from 269 mm to
566 mm in the spring—summer period (since May till Octo-
ber). The coldest months in the year were January (—2.2 °C
on average) and February (— 1.4 °C), and the warmest ones
were July (19.4 °C) and August (18.4 °C). In the 2016/2017
season, the sum of precipitation reached 172 mm since
November till April, and 454 mm since May till October. In
this season, the greatest precipitation was recorded in May
(72 mm) and in July (99 mm).

Soil Tillage, Fertilization, and Plant Protection

Ploughing tillage was applied under winter wheat grown in
the CR and CM systems. It included shallow ploughing (at
a depth of 10-12 cm) performed immediately after harvest
of the previous crop, i.e. in the first decade of August, fol-
lowed by pre-winter ploughing (at a depth of 22-25 cm)
performed at the beginning of September. The following
fertilizers were applied before ploughing: 20 kg N ha™!,
30 kg Pha~!, and 85 kg K ha~!. Fertilization was calculated
according soil chemical analysis. Winter wheat was sown
on the 30th of September in the amount of 450 seeds m~2.
In the springtime, nitrogen was administered on all plots
in three terms: (1) 70 kg N ha™! at the 22-33 stage in the
BBCH scale, (2) 40 kg N ha~! at the 32-33 BBCH stage,
and (3) 20 kg N ha~! at the 52 BBCH stage (BBCH Work-
ing Group 2001). Winter wheat was protected against fun-
gal diseases with flusilazole 4 carbendazim (1 L ha™') at the
33-34 BBCH stage and with propiconazole + fenpropidin (1
L ha™') at the 43-44 BBCH stage. Weed control was ensured
by using MCPA + mecoprop + dicamba (1.5 L ha™") at the
23-24 BBCH stage.

Yield Components and Statistical Analysis

The following yield components were analyzed in the exper-
iment: (1) grain and straw yield; (2) spike number, grain
weight per spike, 1000 grain weight, spike length, and plant
height; (3) contents of total protein and wet gluten in the
grain, grain volume weight, grain uniformity, and total ash
content; (4) number of weeds m2, air-dry weight of weeds,
species composition of weeds; (5) contents of organic C and
total N in the soil; and (6) number of earthworms m™2.
Grain was harvested using a Wintersteiger plot harvester.
Grain weight per spike, spike length, and plant height were
evaluated at each plot based on 40 randomly collected
plants, whereas spike number per m? and 1000 grain weight
were determined by measuring out 2 x 500 grains. Con-
tents of total protein and wet gluten were determined with
the near infrared reflectance spectroscopy (NIRS) method
using an Inframatic apparatus. The grain volume weight
was determined using a 1-L densitometer, and grain uni-
formity was established using a sorter with mesh size of



International Journal of Plant Production (2019) 13:177-182

2.5 mm X 25 mm. Contents of mineral components in the
grain were determined after wet mineralization of the sam-
ples at a temperature of 600 °C.

Weed infestation was evaluated with the botanical-gravi-
metric method at the waxy maturity stage of winter wheat
(82-83 BBCH). This method consisted in determining spe-
cies composition of weeds, number and air-dry weight of
weeds collected from m? of each plot. This area was marked
at random (twice) using a frame 0.5 % 1.0 m in size. The
air-dry weight of weeds was determined by collecting all
weeds from the frame area, removing their root system, and
keeping them in a well-ventilated room until their constant
weight has been achieved (WoZniak and Soroka 2017).

Soil samples collected from all plots were determined for
the content of organic C with the Tiurin method and for the
content of total N with the Kjeldahl method.

The number of earthworms (Lumbricus) per m? was
determined in the second decade of June, at the optimal soil
moisture content and temperature, by manual picking of the
earthworms and calculating their number in 2 soil samples
collected from the surface area of 0.25x 1.0 m and depth of
0.30 m from each plot (WozZniak and Kawecka-Radomska
2016).

Study results were developed statistically with the method
of the analysis of variance (ANOVA) using Statistica PL
software. The significance of differences between mean val-
ues was determined with the HSD Tukey’s test at P < 0.05.

Results

Winter Wheat Grain Yield and Straw Yield and Grain
Quality

Grain and straw yield of winter wheat cultivated in the CM
system was lower by 32% than of winter wheat grown in the
CR system (Table 1). This decrease was due to a lower num-
ber of spikes m~2 (by 11%), lower grain weight per spike (by
28%), lower 1000 grain weight (by 10%), and shorter spikes
(by 13.7%) and stems (by 6.9%) than in the CR system
(Table 2). Components of the analysis of variance (F-value
and P) point to significant differences between the biometric
traits of wheat sown in the CM and CR systems. In addition,

Table 1 Yield of grain and straw of winter wheat

Specification Cropping system Value

CR CM F P
Grain yield (t ha™!) 7.76 5.26 275.4 Hok
Straw yield (t ha™") 6.88 4.68 56.1 ok

CR crop rotation, CM cereal monoculture
** P<0.01
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Table 2 Biometric traits of winter wheat
Specification Cropping system Value

CR CM F P
Spike number m~2 529 472 323 *
Grain weight per spike (g) 1.48 1.06 1268.7 woE
1000 grain weight (g) 523 46.6 349 oK
Spike length (cm) 9.30 8.02 31.1 o
Plant height (cm) 93.5 87.0 21.9 *

CR crop rotation, CM cereal monoculture
* P<0.05, ** P<0.01

the grain yield was significantly correlated with spike num-
ber m™2, grain weight per spike, 1000 grain weight, and
spike length (Table 3). Significant correlations were also
demonstrated between spike length and grain weight per
spike and between spike length and 1000 grain weight.

Winter wheat cultivation in the CM system resulted also
in the lower content of wet gluten (by 4.7% points), lower
grain volume weight (by 8.8%), lesser grain uniformity (by
16% points), and a higher content of total ash in the grain
(by 13.9%) compared to the grain of winter wheat culti-
vated in the CR system (Table 4). Total protein content was
positively correlated with wet gluten content, grain volume
weight and grain uniformity, and negatively correlated with
total ash content (Table 5). Significant correlations were also
demonstrated between wet gluten content of the grain and
grain volume weight as well as between wet gluten content
in the grain and grain uniformity. In turn, the grain volume
weight was positively correlated with grain uniformity and
negatively correlated with total ash content.

Indices of Crop Infestations with Weeds

The number of weeds in the crop of winter wheat cultivated
in the CM system was higher by 57.1% than in the CR sys-
tem (Table 6). Also the air-dry weight of weeds produced
in the CM system was higher by 75% than that produced on
CR plots.

The most abundant weed species identified in the 29-year
cereal monoculture (CM) included: Consolida regalis,
Galium aparine, Apera spica-venti, and Papaver rhoeas,
whereas these identified in the CR system included: Stel-
laria media, Polygonum aviculare, Consolida regalis, Apera
spica-venti, and Veronica persica (Fig. 1).

Chemical Properties of Soil and Earthworm Number
Soil samples collected from CM plots contained less organic

carbon (by 33.1%) and total nitrogen (by 16.5%) than the
soil samples collected from the CR plots (Table 7). They
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Table 3 Coefficient of Pearson

. Y Traits Yield Spike number  Grain weight per 1000 grain Spike length
Corr§1atlon between grain yield m=2 spike weight
and its components
Spike number m~2 0.73
Grain weight per spike 0.89 0.44
1000 grain weight 0.64 0.59 0.66
Spike length 0.68 0.23 0.77 0.71
Plant height 0.23 0.19 0.20 0.12 0.58
Table 4 Quality parameters of winter wheat grain and Makarski 2013). As claimed by many authors (Beres
Specification Cropping system _ Value et al. 2010; Nikolich et al. 2012; Mehmeti et al. 2018), the
low grain yield is a consequence of crop infestation by weeds
CR M F P and strong infestation of stems, leaves, and spikes by fungal
Total protein (g kg™' dm) 144.0 1431 024 ns pathogens (Clapperton et al. 2001; Bai and Shaner 2004).
Wet gluten (%) 32.0 273 403 #* In the reported study, winter wheat sown in the 29-year crop
Grain volume weight (kg h L) 81.6 744 1054 @ ** monoculture (CM) produced lower by 32% grain yield than
Grain uniformity (%) 94.0 780  153.6  ** the wheat grown in the crop rotation (CR) system. Its grain
Total ash (g kg~! dm) 185 215 177 #* yield reduction was due to a lower number of spikes m~2,

CR crop rotation, CM cereal monoculture, ns not significant
##* P<0.01

had also a lower number of earthworms compared to the CR
soil samples (by 31%).

Discussion

The commonly applied system of crop rotation one after
another for a few years has negative effects on both crop
production, economy, and habitats (Haliniarz et al. 2018).
These negative outcomes include mainly low grain yields
and moderate grain quality (Rachon et al. 2015; WoZniak

Table 6 Number and air-dry weight of weeds in winter wheat crop

Specification Cropping system  Value

CR CM F P
Number of weeds m™> 11.7 27.3 14.3 *
Air-dry weight of weeds (g m™2) 129 317 270

CR crop rotation, CM cereal monoculture
* P<0.05, ** P<0.01

shorter spikes, lower grain weight per spike, and lower 1000
grain weight. In this system, plants were also shorter than
in the CR system. This indicates explicitly that the condi-
tions for wheat growth were less favorable in the CM than
in the CR system. Similar observations were reported by
Lund (1993), Debacke et al. (1996), Soane et al. (2012),
Ranjbar et al. (2015), and by Schlegel et al. (2018). Winter
wheat grown in the CM system was also characterized by
poorer grain quality, compared to the winter grains from
the CR system, which was indicated by lower wet gluten
content of the grain, lower grain volume weight and lesser
grain uniformity, and by increased total ash content of the
grain, compared to the CR system. According to WoZniak
and Makarski (2013), a decrease in grain quality is due to the
increased contribution of fine and wrinkled grain, which is
produced under unfavorable cultivation conditions.

The multi-year cereal monoculture had also an adverse
effect on the soil environment. The soil samples collected
from the CM plots had lower contents of organic C (by
33.1%), total N (by 16.5%), and a lower number of earth-
worms (by 31%) than these from the CR plots. Also WozZniak
and Kawecka-Radomska (2016) showed that soil collected
from the monoculture contained less organic C and less
earthworms than the soil from the crop rotation. As reported
by Bruyn and Kingston (1997), soil rich in diversified dry

Table 5 Coefficient of Pearson

. . Traits Total protein Wet gluten Grain volume Grain uniformity
corr«;latlon between grain weight
quality parameters
Wet gluten 0.81
Grain volume weight 0.90 0.73
Grain uniformity 0.83 0.81 0.90
Total ash -0.35 —-0.49 —0.60 -0.41
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Fig. 1 Species composition
and number of weeds per m
winter wheat crop
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Table 7 Chemical properties of soil and number of earthworms (in
0-30 cm soil layer)

Specification Cropping system Value

CR CM F P
Organic C (g kg™! dm) 16.3 10.9 58.3 o
Total N (g kg™! dm) 0.89 0.74 31.2 *
Number of earthworms m™> 29.0 20.0 41.4 *

CR crop rotation, CM cereal monoculture
* P<0.05, ** P<0.01

matter facilitates earthworm number, whereas according to
Crow et al. (2009) the presence of earthworms increases
organic C content in the soil and its bioactivity (Kretzschmar
and Monestiez 1992).

Cereals sown in the monoculture are inseparably accom-
panied by weeds having a similar developmental cycle
(Wozniak and Soroka 2015). Their eradication requires
using herbicides with a different mechanism of action and
belonging to various chemical groups (Mal et al. 2015;
Mehmeti et al. 2018). Alternate cultivation of winter and
spring cereals is recommended under such conditions, as it
may prevent or even eliminate the prevalence of many weed
species (WoZniak and Soroka 2015).

Conclusions

The yield of winter wheat cultivated in the CM system was
significantly lower compared to the winter wheat grown in
the CR system. Its grain yield reduction was due to a lower
number of spikes m~2, lower 1000 grain weight, and lower

[ Cereal monoculture

T T T

4 5 6 7 8 9 10
Number of weeds m?2

[any
N A
w A

M Crop rotation

grain weight per spike, than in the CR system. Wheat grain
harvested from the CM system was characterized by a lower
content of wet gluten, lesser grain volume weight and grain
uniformity, and contained more total ash than the grain har-
vested from the CR system. The number and air-dry weight
of weeds were higher in the CM than in the CR system.
Differences were also demonstrated between both systems
in the species composition of weeds. Soil samples collected
from the CM plots contained less organic C and total N than
these from the CR system. This soil had also a lower number
of earthworms compared to the CR soil.
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