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ABSTRACT: Italian ryegrass (Lolium multiflorum Lam.) is a troublesome weed widely found in 
temperate Brazilian fields with several herbicide-resistant populations. Soil seed bank is the main 
source of future infestations and can be strongly affected by agricultural practices, such as crop 
rotation and tillage system. Therefore, this study evaluated the long-term effects of different 
crop rotation and tillage systems on the seed bank of Italian ryegrass. Data were collected in 
2012 and 2013 in a field managed since 1985 under conventional-tillage and no-tillage and 
subjected to three cropping systems (monoculture, total, and partial rotation) compared to the 
control plot. The samples were collected at three soil depths (0-5, 5-10, and 10-20 cm) using 
a cylindrical soil sampler, and infestations in the field were evaluated with a sample frame of 
1 m2. All cropping systems reduced the soil seed bank of Italian ryegrass, regardless of soil 
management and sampling depths comparing to the control plot. Total and partial rotation were 
more effective than soil tillage to reduce the seed bank. A larger number of seeds was observed 
on the surface layer (0-5 cm) for all cropping systems with more uniform distribution in the soil 
profile in conventional-tillage. Infestation of Italian ryegrass was greater for monoculture under 
no-tillage in both years, whereas in total and partial rotation, regardless of soil tillage, infestations 
remained below 40 seedlings m–2. Thus, strategies to reduce the soil seed bank and infestations 
of Italian ryegrass should focus on cropping systems with crop rotation and no-tillage. 
Keywords: Lolium multiflorum Lam., dynamic population, cultural methods, mechanical 
practices, weed control
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Introduction

Weeds are a major problem for agricultural areas 
causing yield reduction and economic losses worldwide. 
In cropping systems, weed vegetation is mainly composed 
of annual species that are highly dynamic and strongly 
affected by agricultural practices, such as crop rotation and 
tillage system (Armengot et al., 2017). Weed infestations 
have the soil seed bank as the principal source, in which 
the presence of viable seeds represents a potential target 
for management (Norris, 2007). Effective methods of weed 
management should prevent seed production and promote 
exhaustion of soil seed bank (Chauhan et al., 2006). 

In agricultural systems, non-chemical control 
involves the creation of unfavorable environments for 
weed germination and establishment in the field, reducing 
weed seed replenishment in the soil seed bank (Shaner 
and Beckie, 2014). Other practices, such as herbicide-
management on crops and weeds, tillage frequency, 
and environmental conditions also influence weed seed 
density in the soil, reflecting the cropping history and 
future conditions to manage (Blackshaw et al., 2001; 
Davis et al., 2006; Norsworthy et al., 2012). However, 
recent studies reported several changes in the weed 
community composition and increase of grass species in 
many countries, such as Australia (Owen et al., 2014), the 
United States (Karn and Jasieniuk, 2017), and Denmark 
(Scherner et al., 2016) due to weed herbicide-resistance. 

In agricultural fields in Brazil, Italian ryegrass 
is a troublesome winter annual grass in wheat and 

barley crops (Vargas and Roman, 2005), with several 
cases of herbicide-resistance. Recently, studies have 
reported more than 4 million ha with cases of simple, 
cross and multiple herbicide-resistance in Italian 
ryegrass populations (Vargas et al., 2016). Furthermore, 
the high reproductive potential of Italian ryegrass with 
plants that can produce up to 10,000 viable seeds after 
ripening, greatly contributes to seed bank replenishment 
(Fernández-Moreno et al., 2017).

The obstacles of chemical control, due to 
herbicide-resistance, requires the adoption of alternative 
control methods of Italian ryegrass populations, 
usually used when the resistant-population levels are 
critical, contributing to the reduction of the soil seed 
bank (Collavo et al., 2013; Harker and O’Donovan, 
2013). Alternative practices include crop rotation, soil 
cultivation, competitive crops, and weed seed collection 
and destruction (Harker, 2013). Integrated approaches 
offer better opportunities for long-term control of Italian 
ryegrass and management of soil seed bank, allowing 
to reducing drastically the herbicide applications. Thus, 
this study evaluated the effects of crop rotation and 
tillage systems on the Italian ryegrass population and 
soil seed bank after long-term field management.

Materials and Methods

Study site
The experiment was carried out from Oct 2011 to 

Oct 2013 in Cruz Alta, Rio Grande do Sul State, southern 
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Brazil (28o36’ S, 53o40’ W, altitude 462 m). Soil samples 
were collected from a large-scale experiment developed 
since 1985 on soil tillage and crop rotation (Ruedell, 
1995), showed in Figure 1. 

For 27 years, the fields were subdivided in blocks 
with 400 m2 under two tillage systems (conventional 
tillage and no-tillage) and three crop rotation systems 
(Table 1) in a soil classified as Oxisol (Soil Survey Staff, 
2014). The effects of treatments were compared to the 
control plot (M4), in terms of forage to animal grazing 
during the winter season and soybean cultivation in the 
summer season. The long-term average annual rainfall 
Cruz Alta is 1,500 mm; howver, during the growing 
seasons the rainfall was 1,800 and 1,500 mm for 2012 
and 2013 year, respectively (Brazilian Meteorological 
Service - INMET). Rainfall and mean temperature 
during the experiments are shown in Figure 2. 

 
Field management 

The crop rotation experiment included three 
systems: M1 (wheat and soybean in monoculture during 
the winter and summer seasons, respectively), M2 (total 
rotation including black oat/soybean/black oat+vetch/

corn/fodder radish/wheat/soybean), M3 (partial rotation 
with black oat/soybean/wheat/soybean/black oat/
soybean) compared to M4, composed of winter grazing 
with Italian ryegrass and soybean in the summer season 
(Table 1).

The field in Cruz Alta was regularly fertilized with 
chemical fertilizers and sprayed with herbicides in each 
season since 1985. For the conventional system, soil 
preparation was performed with mouldboard ploughing 
at 20 cm depth, followed by harrowing before the sowing 
of summer crops. For the no-tillage system, glyphosate 
(360 g a.e. L–1) was used for burndown all years until 
2007, while in the last five years, the field was managed 
with an application of glyphosate herbicide followed by 
paraquat (sequential) before sowing (Table 2).

Chemical management of wheat included the 
spray of metsulfuron-methyl (600 g a.i. kg–1) until 2001 
applied at 2.4 g a.i. ha–1 and iodosulfurom-methyl (50 g 
a.i. kg–1) applied at 5 g a.i. ha–1 after 2007 year. In corn, 
atrazine (500 g a.i. L–1) was applied at 1,500 g a.i. ha–1, 
and nicosulfuron (40 g a.i. L–1) at 60 g a.i. ha–1 always 
sprayed in post-emergence since the beginning of the 
experiment. For conventional soybean, chemical control 

Figure 1 – Study sites (A) and schemes of the experimental design (B). In each plot, ten samples with three subsamples each were collected with 
a cylindrical soil sampler in three different depths.

Table 1 – Cropping systems used in the fields with differential tillage systems.
Cropping system Crop winter Crop summer

M1- Monoculture
Year 1: Wheat
Year 2: Wheat
Year 3: Wheat

Year 1: Soybean
Year 2: Soybean
Year 3: Soybean

M2- Total rotation
Year 1: Black oat
Year 2: Black oat+vetch
Year 3: Fodder radish/wheat

Year 1: Soybean
Year 2: Corn
Year 3: Soybean

M3- Partial rotation 
Year 1: Black oat
Year 2: Wheat
Year 3: Black oat

Year 1: Soybean
Year 2: Soybean
Year 3: Soybean

M4- Pasture in the winter with monoculture in the summer season* (Control plot)
Year 1: Italian ryegrass pasture
Year 2: Italian ryegrass pasture
Year 3: Italian ryegrass pasture

Year 1: Soybean
Year 2: Soybean
Year 3: Soybean

*Pasture obtained from natural reseeding every winter season.
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in post-emergence was performed with imazethapyr 
(100 g a.i. L–1), fomesafen (250 g a.i. L–1), lactofen (240 
g a.i. L–1), bentazon (600 g a.i. L–1), chlorimuron-ethyl 
(250 g a.i. L–1), and clethodim (240 g a.i. L–1) using 100, 
250, 180, 720, 20, and 96 g a.i. ha–1, respectively. After 
the year 2000, Roundup Ready cultivars and glyphosate 
treatment using 1,080 g a.e. ha–1 was performed. For 
black oat, radish and black oat+vetch crops, the field 
was burned down and managed without post-emergence 
herbicide treatments. In the control plot (M4), pasture 
was managed without herbicides, and for soybean 
sowing, the field was burned down with glyphosate and 
clethodim at ripening of Italian ryegrass seeds, using 
1,080 g a.e. + 400 g a.i. ha–1, respectively.

Soil seed bank sampling and Italian ryegrass 
population assessment

Soils were sampled in Feb of each year (2012 and 
2013), before the emergence of Italian ryegrass plants. 
The soil seed bank was evaluated through soil samples of 
each management system using a cylindrical soil sampler, 
with 5 cm diameter in ten random points of every plot. 

In each point, three subsamples were collected to form 
a composite sample at three different depths (0-5 cm, 
5-10 cm, and 10-20 cm) following the recommended 
methodology for seed bank studies (Voll et al., 2003). The 
soil seed bank was estimated by seedling emergence and 
seed extraction methods (Price et al., 2010). Soil samples 
were placed in plastic pots to germinate in a greenhouse 
for 90 days, and emergence was evaluated every 15 days 
and by hand pulling the seedlings emerged. Soil moisture 
was kept at field capacity and frequent soil disturbance to 
stimulate seed germination (Brown, 1991). 

After this period, soil samples were washed with 
water using a nylon sieve (120 mesh) to separate seeds 
and detect viable seeds that could be dormant. Italian 
ryegrass seeds were identified and counted with a 
magnifier, submitted to sterilization in alcohol (70 %) 
for 5 min, sodium hypochlorite (2 %) for 20 min, and 
triple rinsed with distilled water. The seeds were kept 
in a BOD (Biochemical Oxigen Demand) at constant 
temperature 20 °C, a photoperiod of 12 h (light/dark) 
and 1,200 lux. Germination was evaluated at 5 and 14 
days, considering coleoptile/radicle protrusion. Non-
germinated seeds were submitted to the tetrazolium test 
at a concentration 0.5 % at 30 oC for 6 h (ISTA, 2014). 

The total soil seed bank was obtained by summing 
seedlings emerged in the greenhouse and viable seeds 
that did not germinate, evaluated by the tetrazolium test.

Σtotal soil seed bank= Σgreenhouse germination + Σviable seeds tetrazolium test

The plant population was evaluated by the 
number of emerged seedlings on ten random samples 
at each plot using a sample frame (1.0 m2) during the 
initial development of the winter crops (20 days after 
emergence – June) from 2011 to 2013.

Statistical analysis
Data on annual ryegrass population and soil seed 

bank were tested for normality using the Shapiro-Wilk 
test and then subjected to the analysis of variance (p < 

Figure 2 – Meteorological conditions during the experiment of crop 
rotation and tillage systems.

Table 2 – Herbicides used for weed control in fields with differential cropping and tillage systems.
Management phase Crop 1985 to 2000 2001 to 2007 2008 to 2013

Pre-emergence of the crop (Burndown) Burndown Glyphosate Glyphosate Glyphosate
Paraquat 

Post-emergence of the crop

Soybean

Clethodim
Imazethapyr 
Fomesafen 
Lactofen 
Bentazon

Glyphosate Glyphosate

Corn Atrazine 
Nicosulfuron 

Atrazine 
Nicosulfuron 

Atrazine 
Nicosulfuron 

Wheat Metsulfuron
Iodosulfuron 
Metsulfuron 
Clodinafop

Iodosulfuron 
Metsulfuron
Clodinafop

Fodder radish - - -
Black oat+vetch
Black oat - - -
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0.05). The total soil seed bank was converted to seeds 
m–2 and the means for each plot were compared by the 
Tukey test (p < 0.05).

Results and Discussion

The total soil seed bank and population of Italian 
ryegrass showed statistical differences between crop 
rotation and tillage systems after long-term for all sampled 

soil depths (Figures 3 and 4). The evaluation of vertical 
distribution of the seed bank showed greater number 
of the Italian ryegrass seeds at 0-5 cm soil layer for all 
cropping systems in 2012 and 2013 (Figure 3). 

In both years, the use of monoculture during winter 
and summer (M1) under conventional and no-tillage 
systems showed a greater number of Italian ryegrass 
seeds than the systems with partial (M3) or total rotation 
(M2) at all depths sampled (Figure 3). For the monoculture 

Figure 3 – Soil seed bank of Italian ryegrass (seeds m–2) at three depths under different tillage (conventional and no-tillage) and cropping systems 
(M1, M2 and M3) after long-term management. Bars on each column are standard errors of the means.
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cropping system (M1) at 0-5 cm soil depth layer, the soil 
seed bank was on average 50 % lower for conventional 
and 12 % lower for no-tillage systems when compared to 
the control plot (M4). For the soil tillage systems, the seed 
bank in the upper soil depth layer in the conventional 
cultivation was, on average, 43 % lower than the no-tillage 
system (Figure 3, Table 3). 

The input of new seeds after ripening occur mainly 
due to the high reproductive potential of weeds as well 
as the absence of crop rotation and alternative chemical 
control, affecting the seed bank dynamics. A recent study 
reported strong accumulation of grass seeds in monoculture 
cropping systems combined with non-inversion tillage 
(Scherner et al., 2016). Similar results demonstrated that 

no-tillage systems might favor the initial accumulation of 
weed seeds in the soil surface; however, they reduced the 
seed bank in the long-term due to lower seed longevity 
and higher predation (Anderson, 2008). The reduced size 
of Italian ryegrass seeds can affect the reserve amounts 
and favor microbial degradation on the soil surface and/
or deterioration in conventional-tillage systems, due to 
soil disturbance and abrupt changes in soil moisture and 
temperature, resulting in significant germination viability 
losses (Galvan et al., 2015).

The dynamic of soil seed banks is complex, 
presenting temporal changes, wherein seed persistence can 
be related to longevity, including the interaction of many 
factors, such as dormancy, environmental conditions, and 

Table 3 – Soil seed bank at three depths and Italian ryegrass population in fields with differential cropping and tillage systems.

Cropping systems
2012 2013

Conventional No-tillage Conventional No-tillage
0-5 cm depth

Monoculture (M1) 917 (± 144.7)* 577 (± 121.9) 119 (± 13.2) 1273 (± 192.5)
Total rotation (M2) 32 (± 6.6) 9.0 (± 1.7) 0.0 (± 0.1) 153 (± 80.3)
Partial rotation (M3) 34 (± 6.7) 17 (± 3.3) 17 (± 3.1) 0.0 (± 0.1)

Control plot (M4) 1943 (± 213.6) 2282 (± 238.1)

Cropping sytems 5-10 cm depth
Monoculture (M1) 407 (± 134.1) 34 (± 4.5) 31 (± 4.0) 221 (± 82.8)
Total rotation (M2) 25 (± 2.5) 0.0 (± 0.1) 34 (± 4.4) 0.0 (± 0.1)
Partial rotation (M3) 85 (± 11.3) 0.0 (± 0.1) 0.0 (± 0.2) 0.0 (± 0.1)

Control plot (M4) 289 (± 49.2) 272 (± 84.2)

Cropping systems 10-20 cm depth
Monoculture (M1) 323 (± 66) 34 (± 4.3) 255 (± 83.4) 425 (± 111.2)
Total rotation (M2) 51 (± 7.1) 0.0 (± 0.1) 51 (± 4.4) 17 (± 3.3)
Partial rotation (M3) 50 (± 7.0) 0.0 (± 0.0) 0.0 (± 0.1) 0.0 (± 0.0)

Control plot (M4) 323 (± 62.6) 289 (± 67.3)

Cropping systems Italian ryegrass population
Monoculture (M1) 54 (± 19.4) 409 (± 117.5) 14 (± 6.9) 384 (± 88.7)
Total rotation (M2) 14 (± 7.2) 10 (± 5.4) 9.0 (± 3.4) 2.0 (± 1.7)
Partial rotation (M3) 4.0 (± 2.4) 8.0 (± 3.6) 21 (± 9.8) 40 (± 16.5)

Control plot (M4) 478 (± 93.8) 798 (± 121.1)

*Means with the standard errors (between parentheses) from ten samplings in each cropping system.

Figure 4 – Distribution of Italian ryegrass seeds at different depths for the conventional-tillage and no-tillage systems. Percentage obtained only 
in the tillage soil management.
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biological processes (Graeber et al., 2012). For example, 
soil disturbance due to harrowing can help to control 
weeds or, on the other hand, ploughing can enhance seed 
longevity by reducing seedling emergence and keeping 
seeds viable for longer periods (Melander et al., 2013). 
The conventional management is a good opportunity for 
weed control with population reduction of annual weeds 
in cropping systems that include the use of ploughing 
or harrowing, offering an efficient control (Renton and 
Flower, 2015). However, none of these practices alone 
provides adequate weed control; however, when used in 
integrated weed management programs, they can protect 
yield potential, reduce the selection pressure for weed 
resistance, and keep weed populations at lower levels. 
Effectiveness of long-term weed management programs in 
cropping systems with crop rotation and chemical control 
reduced the rigid ryegrass seed bank after four years in 
Australia (Kleemann et al., 2016). 

Our results demonstrated the importance of 
integrated weed management where total or partial 
rotation in no-tillage or conventional systems, associated 
with different chemical control, reduce the seed bank of 
Italian ryegrass more than 95, 60, and 80 % in 0 to 5, 
5 to 10, and 10 to 20 cm layers, respectively, compared 
to the control plot (Figure 3, Table 3). The evaluation of 
monoculture (M1) showed a significant reduction at all 
depths; however, the most significant reductions were 
observed for the no-tillage system under total and partial 
rotation, where the seed bank was 90 % smaller than the 
control plot in 2012 and 2013 (Figure 3, Table 3). Our 
observations suggest three main reasons for the reduction 
of the soil seed bank: a) rotation during the winter using 
black oat, black oat+vetch or radish exhibit hindered 
development or affected seed germination of Italian 
ryegrass; b) summer rotation with corn reduced the input 
of new seeds of Italian ryegrass after ripening because corn 
sowing occurs, on average, two months before soybean, 
and c) the no-tillage system, along with the use of different 
chemical herbicides after long term, reduces the soil seed 
bank because the environmental conditions at soil surface 
favored seed germination and reduced dormancy, besides 
exposing seeds to predation, reducing inputs. 

Similar strategies to manage weed density include 
reducing inputs by decreasing seed production, stimulating 
seed death or limiting seedling emergence through cover 
crops (Swanton and Booth, 2004). For example, crop 
competition is an important approach to manage weeds, 
especially in fields with herbicide resistance and crops 
with limited chemical options, because the use of more 
competitive winter crops, such as wheat (Triticum aestivum 
L.), oats (Avena sativa L.), and radish (Raphanus sativus 
L.), can provide better control of weeds, such as Italian 
ryegrass, and reduce the seed bank, preventing weed 
infestations (Bajwa et al., 2017). The utilization of corn in 
cropping systems is another way to reduce the seed banks 
of Italian ryegrass because the crop has a high suppression 
capacity and pre-emergence chemical management occurs 
when Italian ryegrass plants are in the vegetative stage, 

preventing the input of new seeds into the soil (Galvan 
et al., 2015; Jha et al., 2017). Moreover, chemical options 
for weed control in corn are broader due to the possibility 
of using herbicides in pre- and post-emergence with 
different action mechanisms. Similar results with low 
weed densities were observed after the use of different 
herbicides in combination with soil tillage or in crop 
rotation systems (Colbach et al., 2017).

Comparing seed distribution in the soil profile in 
conventional-tillage and no-tillage systems without the 
effects of cropping systems management, the results 
showed that 52 and 90 % of the seeds occurred at 0-5 cm 
layer in 2012 and, 27 and 68 % in 2013 (Figure 4). The use 
of mouldboard ploughing for conventional-tillage caused 
soil inversion affecting seed distribution from 2012 to 2013 
with a reduction of 25 % at 0-5 cm layer, and an increase of 
39 % in the 10-20 soil layer (Figure 4). Conventional-tillage 
presented a uniform distribution of seeds throughout the 
soil profile than no-tillage due to the inversion of the soil 
seeds caused by plowing operations (Figure 4). For no-
tillage, the larger number of seeds remained at the 0-5 cm 
layer. Similar results were found in Poa annua L. under 
systems with soil inversion where vertical distribution was 
more uniform than no-inversion tillage and contributed to 
preventing seedling establishment due to seed burial and 
unfavorable conditions for germination (Scherner et al., 
2016). On the other hand, the reduction of seed number 
in no-tillage can be associated with chemical control, 
different dormancy levels, and increased predation and 
deterioration. Soil tillage is the main factor for vertical 
distribution of weed seeds within the soil profile. For 
example, plowed fields with frequent disturbance favor a 
uniform vertical distribution in the soil profile while in 
reduced tillage systems, most weed seeds remain at or 
near the soil surface (Clements et al., 1996). Furthermore, 
seed burial has a great influence on germination with 
shallow-buried seeds showing higher germination than 
seeds on the soil surface or buried deeply and, are highly 
relevant to management of the weed seed bank (Goggin 
et al., 2012). 

For seedling emergence before the sowing of 
winter crops, the results show a greater number of 
seedlings of Italian ryegrass for M

1 under no-tillage than 
M2 and M3, regardless of the soil tillage system (Figure 
5, Table 3). In 2012 and 2013, the population of Italian 
ryegrass in M1 under no-tillage was 384 and 409 plants 
m–2, respectively, which is more than 86 % greater than 
under conventional tillage. Preliminary responses of the 
Italian ryegrass population sampled in 1990 in the same 
experiment, reported an average population of 42 and 24 
plants m–2 for no-tillage and conventional-tillage (Ruedell, 
1995). Additionally, our results showed a strong reduction 
of Italian ryegrass seedlings in the cropping systems with 
total or partial rotation, regardless of the tillage system, 
where the population was lower than 15 plants m–2, except 
for partial rotation in 2012 with 21 and 40 plants m–2 for 
conventional and no-tillage, respectively (Figure 5, Table 
3). The effects of mechanical and chemical methods, 
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when combined, demonstrated better efficacy on Italian 
ryegrass control and seed bank reduction in corn and 
soybean crops than management practices applied alone 
(Pannacci and Tei, 2014).

Other population variations observed in M1 for the 
conventional and no-tillage systems can be associated 
with plant death after disturbance, seed burial, increased 
germination rate, seed deterioration and predation, 
especially in Italian ryegrass, which has small seed 
longevity. Similar results with higher density of annual 
grass weeds were found after frequent cropping winter 
cereals combined with no-tillage (Scherner et al., 2016). In 
contrast, partial or total rotation were important to reduce 
seed inputs through a better competition of crops, such 
as oat and radish (cultural and physical control) when 
compared to wheat monoculture, allowing the use of 
alternative herbicides for weed control. After long-term, 
our results demonstrated that weed seed density was, 
on average, 97 % and 99 % lower for M2 and M3 when 
compared to the control plot, respectively.

Overall, the models of weed dynamics to estimate 
future infestations include the weed population in the 
seed bank and management actions (Galvan et al., 2015; 
Borgy et al., 2015). Thus, the interaction of crop rotation 
and soil tillage management with weed chemical control 
can create unfavorable conditions for weed development 
and reduce input of seeds, contributing to the decrease 
of weed populations. These results indicate that strategies 
to prevent future Italian ryegrass infestations should not 
only focus on decreasing weed density, but also include 
practices to reduce weed seed banks that can minimize 
yield losses and avoid herbicide resistance. 

The soil seed bank of Italian ryegrass, especially at 
0-5 cm soil depth layer, was lower for all cropping systems 
compared to the control plot. Total or partial rotation 
practices are more effective in reducing the soil seed 
bank, regardless of the tillage system. For conventional-
tillage, the results showed more uniform distribution of 

seeds in the soil profile, allowing to reduce Italian ryegrass 
populations in monoculture crops.
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