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Abstract. A field experiment was conducted to evaluate the effect of crop rotation and tillage system on
the yield and weed infestation of spring wheat as well as on the chemical properties of soil and number of
earthworms. The first experimental factor was the cropping system: 1) crop rotation A: pea — spring
wheat — durum wheat, 2) crop rotation B: pea — spring barley — spring wheat, 3) cereal monoculture:
spring barley — spring wheat — durum wheat, whereas the second one was the tillage system: a)
conventional (CT), b) reduced (RT), and c) no-tillage (NT). Spring wheat produced a higher grain yield in
crop rotation A than in crop rotation B and cereal monoculture. Its higher yield was also achieved in the
CT system than in the NT and RT systems. A higher number and weight of weeds was noted in the cereal
monoculture compared to crop rotations A and B. Greater weed infestation occurred also in RT and NT
systems than in the CT system. In soil samples from crop rotations A and B, analyses demonstrated
higher contents of organic C and total N and a lower C/N ratio than in the cereal monoculture. The
increased contents of organic C and total N in the soil were also affected by NT and RT systems, then by
the CT system. Also the number of earthworms in soil m? was significantly higher in RT and NT than in
CT system.
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Introduction

Crop rotation and soil tillage exert a significant influence on crop yield, weed
infestation, and soil properties. Cereals cultivation in a monoculture contributes to
increased weed infestation of the crop (Poggio, 2005; Wozniak and Soroka, 2015),
deteriorated plant health (Hernandez-Restrepo et al., 2016), and consequently to a
decreased crop yield (Nevens and Reheul, 2001; Sieling et al., 2005). The extent of
yield decrease varies and depends on multiple factors including species and cultivar,
weather course, fertilization, plant protection, and soil tillage (Hernanz et al., 2014).
However, these factors act comprehensively, therefore have different effects on the
productivity of plants (Shahzad et al., 2016). As demonstrated by De Vita et al. (2007)
and by Montemurro and Maiorana (2014), in warm and arid areas higher yields of
cereals are achieved in the no-till than in the conventional tillage system, whereas in
moderately humid conditions better effects are obtained in the conventional than in the
no-till system (Lahmar, 2010; Wozniak and Soroka, 2014).

Other outcomes of cereals cultivation in the monoculture include adverse changes in
the soil including mainly loss of organic matter and organic carbon (Maillard et al.,
2016), as well as suppressed enzymatic and biological activity of the soil (Kretzschmar
and Monestiez, 1992; Wozniak and Kawecka-Radomska, 2016). In general, it may be
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stated that cereal monoculture leaves little diversified post-harvest residues, which leads
to a reduction in the number of soil saprophytes (Olsson and Alstrom, 2000; Balota et
al., 2004). Soil properties are also determined by its tillage systems. Many studies have
demonstrated the no-till system to increase organic carbon content (West and Marland,
2002; Tabaglio et al., 2008; Ernst and Emmerling, 2009), to stabilize soil structure
(Madari et al., 2005; Celik et al., 2012), to prevent soil erosion (Jordan et al., 2000), and
to increase the enzymatic activity of soil and the number of earthworms in the soil
(Wozniak and Kawecka-Radomska, 2016). A higher number of earthworms is
indicative of the good condition of the soil environment (Lenart and Stawinski, 2010).
Earthworms intensify organic matter decomposition in the soil, take part in the
formation of mineral-organic colloids, regulate water-air balance in the topsoil (Laossi
et al., 2010), and even indirectly alleviate the soil-borne diseases of plants induced e.g.
by Gaeumannomyces graminis var. tritici (Clapperton et al., 2001).

This study aimed to evaluate the effect of crop rotation and tillage system on the
yield and weed infestation of spring wheat as well as on soil properties and the number
of earthworms.

Material and Methods
Location and design of the experiment

An exact field experiment was established in 2007 at the Experimental Station
Uhrusk (51°18'10"N, 23°36'45"E), belonging to the University of Life Sciences in
Lublin, south-eastern Poland, whereas data presented in this manuscript was collected in
the years 2015-2017. The experiment was established with the method of complete sub-
blocks (6%25 m) in 3 replications. The first experimental factor was the cropping
system: 1) crop rotation A: pea — spring wheat — durum wheat, 2) crop rotation B: pea —
spring barley — spring wheat, 3) cereal monoculture: spring barley — spring wheat —
durum wheat, whereas the second one was the tillage system: a) conventional (CT), b)
reduced (RT), and c) no-tillage (NT). In the CT system, a shallow ploughing (at a depth
of 10-12 cm) and pre-winter ploughing (25-30 cm) were applied under all crops. In RT,
both ploughing treatments were replaced by cultivation, whereas only glyphosate (4 L
ha™) was applied in NT. A cultivator and a tillage set were used on all plots in the
spring time.

Soil and agroclimatic conditions

The soil the experiment was established on was Rendzic Phaeozem (IUSS Working
Group WRB, 2015) with the composition of sandy loam and with silty fraction content
of 24.4% and dusty fraction content of 13.3%, with a slightly alkaline pH (pHkc=7.2),
high contents of available forms of phosphorus (127 mg P kg™ d.m.) and potassium (223
mg K kg™), and a medium content of magnesium (69 mg Mg kg™).

The annual sum of atmospheric precipitation on the study area reached 620 mm,
including over 380 mm in the period since March till August (since the sowing to
harvest of spring wheat). The highest average monthly sums of precipitation accounted
for 71 mm in May, 73 mm in June, 84 mm in July, and 72 mm in August, whereas
distribution of average daily air temperatures was as follows: 14.0 °C in May, 17.1 °C
in June, 19.4 °C in July, and 18.4 °C in August.
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Fertilization and protection of plants

In all study years, spring wheat and other crops cultivated in crop rotations were
sown between the 1% and 5" of April. Spring wheat of Sonett cultivar was sown at the
density of 450 seeds m™. It was fertilized with nitrogen in a total dose of 140 kg N ha™
applied in the following terms: 50 kg N ha™ before sowing, 40 kg N ha™ at the tillering
stage, 30 kg N ha® at the shooting stage, and 20 kg N ha™ at the earing stage.
Fertilization with phosphorus and potassium was applied before wheat sowing in doses
of 35 kg P ha™ and 99 kg K ha™. Spring wheat was protected against fungi with the
following fungicides: flusilazole + carbendazim at the 32-33 stage in Zadoks scale
(Zadoks et al., 1974), and propiconazole + fenpropidin at the 53-54 stage. Weed
infestation was reduced by applying a herbicide with a.i. mecoprop + MCPA + dicamba
at the 23-24 stage.

Yield components and statistical analysis

The following traits were evaluated: 1) grain yield (t ha™), 2) 1000 grain weight (g),
3) spike number m™ before harvest, 4) grain weight per spike (g), 5) number and air-dry
weight of weeds (g m?), 6) species composition of weeds (m™), 7) organic C content in
the soil (g kg™) (with Tiurin method); 8) total N content in the soil (g kg™) (with
Kjeldahl method), 9) C/N ratio in soil samples, and 10) number of earthworms in the
soil (m?). Grain was harvested using a Wintersteiger plot harvester, 1000 grain weight
was determined by measuring out 2x500 grains, the number of spikes m? was
calculated twice from the surface area of 0.5x1.0 m of each plot, whereas grain weight
per spike was established based on 40 spikes collected at random. Weed infestation was
evaluated with the botanical-gravimetric method at the waxy maturity stage (stage 83-
84), by determining species composition of weeds and air-dry weight of weeds collected
from m? of a plot. This area was marked at random (twice) using a frame 0.5x1.0 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 constant weight has been achieved (Wozniak and Soroka, 2015). The number of
earthworms m™ was calculated in each study year at the end of May, by manual picking
of the earthworms and calculating their number in 2 soil samples collected from the
surface area of 0.25x1.0 m and depth of 0.30 m from each plot (Wozniak and Kawecka-
Radomska, 2016).

Results obtained were elaborated statistically with the method of the analysis of
variance (ANOVA) using Statistica PL software (StatSoft Poland). The significance of
differences between mean values was evaluated with the HSD Tukey’s test at P<0.05.

Results
Grain yield and its components

The highest grain yield was determined for spring wheat sown in crop rotation A,
and a significantly lower one for wheat grown in crop rotation B (by 9.1%) and cereal
monoculture (by 23%) — Table 1. Significant differences in grain yield occurred also
between crop rotation B and cereal monoculture. Grain yield was also affected by soil
tillage. Its higher value was achieved in the CT than in the NT and RT systems (by
9.8% and 19.2%, respectively). It was also demonstrated that in crop rotations A and B
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a higher yield of wheat was obtained in the CT than in the RT and NT systems, whereas
in cereal monoculture — in the NT and CT compared to the RT system. The evaluation
of variance analysis components indicated that grain yield was affected to a greater
extent by CS than by TS (Table 2).

Table 1. Effect of cropping system and tillage system on grain yield of spring wheat and its
components (mean from 2015-2017)

Cropping system Tillage system (TS) Mean
(CS) aCT RT NT
Grain yield (tha™)
'A:p—sw—dw 7.26 6.08 6.11 6.48
’B:p—sb—sw 6.74 5.26 5.65 5.89
3C: sb— sw— dw 5.23 4.17 5.56 4.99
Mean 6.41 5.17 5.78 -

HSDy s for CS =0.30; TS = 0.30; CSx TS = 0.72
1000 grain weight (g)

A:p-sw-—dw 49.3 46.0 46.2 47.2
B:p—sb—sw 48.3 44.6 45.5 46.2
C:sb—sw—dw 435 40.3 44.3 42.7
Mean 47.0 43.7 45.3 -

HSDggsfor CS=1.44; TS=1.44; CSxTS=3.43
Spike number m?

A:p—sw-—dw 551 505 528 528
B:p-sh-sw 533 478 492 501
C:sb—sw—dw 476 448 455 460
Mean 520 477 492 -
HSDg g5 for CS=12.2; TS=12.2; CSx TS=ns
Grain weight per spike (g)

A:p-sw-—dw 1.32 1.20 1.16 1.23
B:p—sb-—sw 1.27 1.10 1.15 1.17
C:sh—sw—dw 1.10 0.93 1.22 1.08
Mean 1.23 1.08 1.18 -

HSDg g5 for CR =0.06; TS=0.06; CRx TS=0.15

'Crop rotation A: p — sw — dw (pea — spring wheat — durum wheat), “Crop rotation B: p — sb — sw (pea —
spring barley - spring wheat), *Cereal monoculture: sb — sw — dw (spring barley — spring wheat — durum
wheat), °CT — conventional tillage, RT — reduced tillage, NT — no-tillage,

ns — not significant, P<0.05

Cropping and tillage systems affected the values of grain yield components. The
1000 grain weight was significantly higher in crop rotations A and B than in the cereal
monoculture. More plump grain was also produced by wheat in the CT than in NT and
RT systems. Significant differences in 1000 grain weight occurred also between NT and
RT systems. Based on variance analysis components, it may be concluded that the 1000
grain weight depended to a greater extent on CS than on TS.

The number of spikes m? was significantly higher in crop rotation A than in crop
rotation B (by 27 spikes m?) and cereal monoculture (by 68 spikes m™). Differences in
spike number m? were also observed between crop rotation B and the cereal
monoculture. A higher spike number m? was also demonstrated in the CT system than
in the NT (by 28 spikes m?) and RT (by 43 spikes m™) systems. The value of this yield
component was affect to a greater extent by CS than by TS.
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Grain weight per spike was significantly higher in crop rotations A and B than in the
cereal monoculture. A higher grain weight per spike was also produced by wheat grown
in the CT and NT systems compared to the RT system, however the evaluation of
variance analysis components indicated that CS and TS had a similar effect upon this
trait.

Table 2. Analysis of variance for grain yield and its components

Specification Value 8CS TS CSXTS
Grain vi F 79.56 54.25 9.76
rain yield P - ox ox
1000 grain weight E 3451 18.03 3.14
Spike number m? E 103;03 43‘,}4 1:;3
Grain weight per spike E 11':16 12’32 12’39

8CS — cropping system, TS — tillage system, *P<0.05, **P<0.01, ns — not significant

Number, air-dry weight, and species composition of weeds

Wheat cultivation in the cereal monoculture caused an increase in weed number m?
(by ca. 30%), compared to crop rotations A and B (Table 3). The number of weeds m™
was also higher in plots cultivated in the RT system than in the CT and NT systems.

Table 3. Effect of cropping system and tillage system on the number of weeds and air-dry
weight of weeds in spring wheat crop (mean from 2015-2017)

Cropping system Tillage system (TS) Mean
(CS) CT RT NT
Number of weeds m™
A p—sw—dw 12.4 41.1 26.2 26.6
’B:p—sh—sw 13.9 38.6 28.1 26.9
’C: sb— sw—dw 31.3 52.1 30.5 38.0
Mean 19.2 43.9 28.3 -

HSDg o5 for CS=8.8; TS=8.8; CSXxTS=ns
Air-dry weight of weeds (g m™)

A:p-sw-—dw 39.1 106.1 82.7 76.0
B:p-sb-—sw 36.1 95.2 73.1 68.2
C:sbh—sw—dw 84.6 140.8 82.4 102.6
Mean 53.3 114.0 79.4

HSDg s for CS=22.9; TS=22.9;CSXTS=ns

'Crop rotation A: p — sw — dw (pea — spring wheat — durum wheat), “Crop rotation B: p — sb — sw (pea —
spring barley - spring wheat), *Cereal monoculture: sb — sw — dw (spring barley — spring wheat — durum
wheat), °CT — conventional tillage, RT — reduced tillage, NT — no-tillage,

ns — not significant, P<0.05

Likewise, the air-dry weight of weeds was higher in the cereal monoculture than in
crop rotations A and B as well as in plots cultivated in the RT than in the CT and NT
systems. Greater weight was also produced by weeds in the NT than in the CT system.
The evaluation of variance analysis components indicated that the number and air-dry
weight of weeds were to a greater extent affected by CS than by TS (Table 4).
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Cropping and tillage systems influenced also the species composition of weeds
(Table 5).

Table 4. Analysis of variance for weed infestation parameters

Specification Value 8CS TS CSXTS
Number of weeds E 7,'3} Zif 3 16153
F 8.10 23.10 1.47

Air-dry weight of weeds P sk *oke ns

8CS — cropping system, TS — tillage system, *P<0.05, **P<0.01, ns — not significant

In crop rotation A, prevailing weed species included: Papaver rhoeas and Avena
fatua, on crop rotation B: Avena fatua and Fallopia convolvulus, whereas in the cereal
monoculture: Avena fatua and Stellaria media. In addition, a higher number of weed
species occurred in crop rotations A and B than in the cereal monoculture. A greater
diversity of weed species was also observed in RT plots, a lesser one in CT plots, and
the least one in NT plots.

Table 5. Dominant weed species in spring wheat per m?

Tillage system (TS)

Weed species

CT RT NT
Crop rotation A (Pea — spring wheat — durum wheat)
Papaver rhoeas L. 25 4.3 3.3
Avena fatua L. 14 121 4.6
Stellaria media (L.) Vill. 1.2 4.3 4.0
Fallopia convolvulus (L.) A. Love 1.2 1.8 2.2
Galium aparine L. 1.1 2.2 5.4
Other species 5.0 16.4 6.7
Number of weed species 19 24 16
Crop rotation B (Pea — spring barley - spring wheat)
Avena fatua L. 3.0 10.9 4.8
Fallopia convolvulus (L.) A. Love 2.2 5.6 2.1
Stellaria media (L.) Vill. 2.0 5.0 5.3
Galium aparine L. 0.8 4.3 7.8
Consolida regalis Gray. 0.8 3.3 2.2
Other species 5.1 9.5 5.9
Number of weed species 18 25 14
Cereal monoculture (Spring barley — spring wheat — durum wheat)

Stellaria media (L.) Vill. 4.5 7.1 4.8
Avena fatua L. 4.3 124 3.7
Galium aparine L. 3.6 4.5 8.6
Amaranthus retroflexus L. 3.0 3.3 4.3
Galeopsis tetrahit L. 1.2 4.0 3.9
Other species 14.7 20.8 5.2
Number of weed species 13 21 11

3CT — conventional tillage, RT — reduced tillage, NT — no-tillage

Chemical properties of soil and number of earthworms in soil

The content of organic C in soil sampled from crop rotations A and B was higher by
13.3-16.3% than in soil samples from the cereal monoculture (Table 6). Its content was
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also by 15.3-18.7% higher in soils from NT and RT plots, compared to soil samples
from CT plots.

Table 6. Effect of cropping system and tillage system on chemical properties of soil and
number of earthworms (0-30 cm)

Cropping system Tillage system (TS) Mean
(CS) aCT RT NT
Organic C (g kg d.m.)
A p—sw—dw 7.93 9.60 9.83 9.12
’B:p—sh-sw 7.67 8.83 9.90 8.80
C: sb—sw - dw 6.87 8.10 7.93 7.63
Mean 7.49 8.84 9.22 -

HSDg o5 for CS=0.90; TS=0.90; CSx TS =ns
Total N (g kg™ d.m.)

A:p-sw-—dw 0.74 0.87 0.90 0.84
B:p-sb-sw 0.69 0.87 0.86 0.80
C:sb—sw-dw 0.67 0.76 0.75 0.73
Mean 0.70 0.83 0.84 -
HSDg o5 for CS=0.06; TS=0.06; CSXx TS=ns
C/N ratio

A:p—sw-—dw 12.4 13.3 13.1 12.9
B:p-sh-sw 13.1 14.0 13.5 13.5
C:sb—sw-dw 16.8 17.3 19.5 17.9
Mean 14.1 14.9 15.3 -

HSDg o5 for CS=1.38; TS=ns; CSX TS =ns
Number of earthworms m?

A:p-sw-—dw 12.7 24.3 23.7 20.2
B:p-sb-sw 15.3 26.0 24.7 22.0
C:sh—sw-dw 12.0 24.0 24.3 20.1
Mean 13.3 24.8 24.2 -

HSDg s for CS=ns; TS=4.3; CSx TS =ns

'Crop rotation A: p — sw — dw (pea — spring wheat — durum wheat), “Crop rotation B: p — sb — sw (pea —
spring barley - spring wheat), *Cereal monoculture: sb — sw — dw (spring barley — spring wheat — durum
wheat), °CT — conventional tillage, RT — reduced tillage, NT — no-tillage,

ns — not significant, P<0.05

Likewise, total N content was higher in the soil sampled from crop rotation A and B
than from the cereal monoculture as well as from NT and RT plots compared to CT
plots. In crop rotations A and B, the C/N ratio was lower than in the cereal monoculture.
In turn, the C/N ratio was not affected by tillage systems, though its lower value was
determined in soil samples from CT compared to NT plots. The number of earthworms
in soil m?was significantly higher in RT and NT than in CT system. The evaluation of
variance analysis components indicated that contents of organic C and total N and
number of earthworms in the soil were affected to a greater extent by TS than by CS,
whereas the value of C/N ratio — by CS (Table 7).

Table 7. Analysis of variance for chemical properties of soil and number of earthworms

Specification Value 8CS TS CSxTS
. F 9.92 13.43 0.75
Organic C o o
P ns
Total N F 9:18 12.36 0.90
P ns
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i F 49.94 2.79 1.46
C/N ratio b o " "
Number of earthworms m F 2.12 5-35 1.03
P ns ns

#CS — cropping system, TS — tillage system, *P<0.05; **P<0.01; ns — not significant

Discussion

The reduced grain yield in the monoculture results from increased weed infestation
(Wozniak and Soroka, 2015; Shahzad et al., 2016) and from crop infestation with fungal
diseases, mainly these of stalk base and roots (Hernandez-Restrepo et al., 2016). In
addition, some adverse changes occur in the soil under cereal monoculture including
especially decreased contents of organic matter and organic C (Maillard et al., 2016),
suppressed enzymatic activity of soil (Wozniak and Kawecka-Radomska, 2016), but
also a reduced number of earthworms (Kretzschmar and Monestiez, 1992; Laossi et al.,
2010). It may be speculated that this is due to little diversified post-harvest residues left
from this type of cultivation, which leads to reduced numbers of soil saprophytes and
increased counts of soil pathogens (Olsson and Alstrom, 2000; Balota et al. 2004). In
this context, interesting findings are provided by a work of Clapperton et al. (2001) on
the role of earthworm in the indirect reduction of soil-borne diseases of plants induced
by Gaeumannomyces graminis. In our experiment, a higher number of earthworms in
soil m? was determined in RT and NT than in the CT system. Likewise research
conducted by Maillard et al. (2016) and by Nevens and Reheul (2001), our study
showed a decrease in contents of organic C and total N in the soil sampled from the
cereal monoculture, which consequently caused a less favorable C/N ratio than in crop
rotations A and B. The higher contents of organic C and total N were also found in soil
samples from NT and RT plots compared to CT plots. Similarly to findings reported by
Poggio (2005), Shahzad et al. (2016), and by Wozniak and Soroka (2015), wheat
cultivation in the monoculture resulted in increased weed infestation of the crop, i.e.
weed number increase by ca. 30% and weed weight increase by over 33%, compared to
crop rotations. As a result, grain yield of spring wheat grown in the monoculture was
lower than in crop rotations. The reduction in yield was due to a lower number of spikes
m?, a lower grain weight per spike, and a lower 1000 grain weight than in crop
rotations. Higher wheat grain yields were also obtained in the CT system than in the NT
and RT systems, which also resulted from higher values of yield components in this
system of soil tillage.

Conclusion

To recapitulate, cultivation of spring wheat in the cereal monoculture led to
unbeneficial changes in soil properties including mainly decreased contents of organic
C and total N. Spring wheat cultivation in the cereal monoculture resulted also in a
significant increase in the number and air-dry weight of weeds, compared to crop
rotations. Soil properties were also influenced by its tillage system. In soil sampled from
RT and NT plots analyses demonstrated higher contents of organic C and total N, and
the number of earthworms in soil m?, compared to CT plots. In turn, wheat cultivation
in RT and NT systems caused a significant increase in the number and weight of weeds
compared to the CT system. In a consequence, spring wheat grown in the cereal
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monoculture produced a significantly lower grain yield than in crop rotation A and B.
Yield decrease resulted from a lower number of spikes m?, lower grain weight per
spike, and a lower 1000 grain weight than in the crop rotations. The higher yield of
wheat was also demonstrated in the CT than in the NT and RT systems, which was due
to higher values of yield components in this system of soil tillage.
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