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Abstract
The challenges for weed management have increased in rice cultivation due to the high
number of cases of herbicide-resistant weeds, especially the widespread distribution of
imidazolinone-resistant weedy rice. Therefore, there has been particular interest in preventive, physical, and cultural methods in recent decades. In this context, the adoption
of the rice-soybean rotation is reported to be one of the most important factors for weed
management in rice fields. Additionally, the use of a diversified crop rotation enables the
implementation of a broader herbicide program, which is an important feature influencing weed population dynamics. Rice-soybean rotation has been adopted by farmers to
control problematic weed species, reduce seed bank of troublesome weed species, and
prevent rice grain yield and quality losses caused by its interference. This crop rotation
scheme has brought several benefits when it comes to weed management; however, there
are also some drawbacks when adopting this strategy such as the limited productivity of
soybean and new weed species becoming problematic, such as Conyza species. Thus, this
chapter explores the advantages and disadvantages of adopting crop rotation in Brazilian
lowlands, and proposes a set of strategies to successfully implement crop rotation in
lowland soils as a tool for weed management.
Keywords: rice-soybean rotation, herbicides, residual activity, weed resistance,
agriculture

1. Introduction
Weed management strategies are described as biological, cultural, chemical, or mechanical practices employed in an integrated manner to prevent and satisfactorily control weed infestations.
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Since the introduction of herbicides, after the Second World War, the chemical approach has
been the major method of weed control [1] and the reliance on herbicides, with limited diversification of mechanisms of action, has led to the appearance of increased cases of herbicideresistant weed species. Additionally, the lack of active ingredients with new mechanisms
of action [2] and public concern associated with environmental and health hazards, further
emphasizes the need to rethink herbicide use [3].
Brazilian rice production has changed considerably in the past decades, partially due to
the availability of high-yielding varieties and improved production techniques that have
increased productivity by approximately 50% in the Southern region. Considerable progress
has been also achieved in terms of weed control with the introduction of the Clearfield® technology, which allowed producers to selectively control weedy rice (Oryza sativa L.) by using
rice genotypes tolerant to the imidazolinone herbicides. The introduction of these varieties
increased the yields by more than 2.5 t/ha, allowing productivity levels to be greater than
10 t/ha in these areas [4]. However, the continued monocropping exerted a selection pressure on the weed community, favoring weed species with phenotypes and phenology that
are similar to rice, such as weedy rice and Echinochloa spp. Moreover, the intensive use of
imidazolinone herbicides concomitantly with minimal alternative cultural practices being
adopted, led to the appearance of resistant biotypes of these species.
Facing the widespread distribution of imidazolinone-resistant weedy rice in Brazil, there has
been particular interest in preventive, physical, and cultural methods during recent decades.
Weed control strategies in general should follow integrated weed management (IWM) principles, relying less on the use of the herbicides and, whenever feasible, including non-chemical
methods [5]. IWM practices have not been adopted by all rice producers in Brazil and one of
the greatest constraints is the pragmatic solution provided by the use of herbicides as compared to the long-term strategies used in IWM. In practice, IWM strategy is costly in short
term and the biggest challenge is to persuade farmers to spend money in preventing problems, such as herbicide resistance, that they still do not have, but probably will face in their
own fields in the near future. Herbicide resistance usually evolves due to a poor weed control
program, based mainly on the chemical approach, which is largely under the farmer’s own
control. Thus, the recent cases and obstacles caused by herbicide resistance are changing farmers’ perceptions, making them now more positive toward the adoption of non-chemical weed
management methods as part of an IWM strategy.
In this context, a very diverse crop rotation is reported to be one of the most important factors
in diversifying weed communities and affecting their seed bank dynamics. It is believed that a
crop rotation scheme composed of crops with great variability in their biological traits can be
the most effective tool for controlling weeds [6] and avoiding weed resistance. The variation
of cropping sequences creates an unstable environment, which prevents the annual recurrence of particular weed species [7]. Crop rotation strategies may not eradicate troublesome
species, but they can limit their growth and reproduction.
Factors such as the choice of crops and cultivars, plant row spacing, crop seeding rate, sowing
date, and use of fertility-building measures have to be taken into account when planning crop
sequences. These measures, when properly planned and implemented, can enhance a crop’s competitive ability against weeds. Variation in crop sowing dates is one of the best strategies to reduce
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the seed bank size because it allows for changes in the timing of direct control strategies, such as
tillage and herbicide spraying, and disrupts the germination periods of the weed species [8]. Weed
germination is affected by crop cultivars and plant spacing due to changes in the canopy and thus
the quality of the light that reaches the soil [9]. The incorporation of crops into rotation schemes
that release allelopathic substances can be used as a tool to reduce the germination and emergence
of some weed species [10]. Therefore, the right choice of crops and the sequence in which they
appear is a strong tactic for preventing the establishment of several weed species in the field.
Additionally, the use of a diversified crop rotation enables the implementation of a diversified herbicide rotation scheme. The use of herbicides is considered by some researchers to
be the main factor influencing seed bank dynamics [11], as they can drastically reduce weed
populations. Based on this scenario, this chapter aims to explore possibilities of crop rotation
sequences in Brazilian lowlands, addressing the benefits and drawbacks of each crop sequence
when it comes to weed management and crop productivity. Furthermore, the authors aim to
propose a set of strategies that can be used to successfully implement crop rotation in lowland
soils as a tool for weed management.

2. Weed resistance in Brazilian rice fields
An overview of the current resistant status of herbicide resistance and the efficiency of chemical control against weed species in Southern Brazil adds a new perspective to better understand the need of non-chemical weed management methods, such as crop rotation, as part of
an IWM strategy in lowlands. Table 1 summarizes the herbicides available for rice production
in Brazil by mechanism of action, and provides the reader with valuable information about
the control efficiency of these compounds against the most troublesome weed species. The
problems with weed resistance in rice go far beyond weedy rice, with cases of herbicide-resistant biotypes being reported for Echinochloa spp. (E. crus-galli, E. crus-pavonis, and E. colona),
Eleusine indica, Cyperus spp. (C. rotundus and C. difformis), and Sagittaria spp. (S. montevidensis),
which are mainly associated with the intensive use of ALS-inhibiting herbicides, poor crop
rotation schemes, and cropping strategies such as irrigation systems. ALS-inhibiting herbicides are known to be highly efficient in low doses against a broad range of weed species and
this is probably one of the main reasons associated with the great acceptance of the Clearfield®
technology, reducing the use of other herbicides that were widely used before such as, pendimethalin, oxadiazon, oxifluorfen, thiobencarb, bentazon, propanil, and quinclorac.
Echinochloa spp. is also resistant to acetyl-CoA carboxylase (ACCase) inhibitors and quinclorac (AUX, auxin-mimic herbicides), while Eleusine indica and Sagittaria spp. are also resistant to ACCase and photosystem II (PS II) inhibitors, respectively. Quinclorac was widely
used during the 1990s in Brazil to control Echinochloa spp. and Aeschynomene spp., and some
researchers believe [12] that the first case of herbicide resistance in rice cultivation in the country is associated with this herbicide, which selected resistant plants of Echinochloa spp.
The current resistance problem evidences the urgent need of alternative management strategies to efficiently control these species and reduce the reliance on chemical control. The occurrence of resistant weed species, such as weedy rice, can reduce rice yields from 5 to 100%
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Information not available;

no control;

control < 50%;

control 50–70%;

control 71–95%;

control > 95%.

*Product not registered to control the weed species. ACCase: lipid synthesis inhibition (inh. of ACCase); ALS: inhibition
of ALS (branched chain amino acid synthesis); PS II: inhibition of photosynthesis PS II; PS I: PS I electron diversion; PPO:
Inhibition of protoporphyrinogen oxidase; DOXP: Inhibition of DOXP (1-deoxy-d-xylulose-5-phosphate or clomazone)
synthase; EPSPS: Inhibition of EPSPS (5-enolpyruvylshikimate-3-phosphate) synthase; MA: Inhibition of microtubule
assembly; AUX: Synthetic auxin. Pre: Pre-emergence; Post: Post-emergence; NP: Application on needle point, glyphosate
applied over the first-day emerging rice, R: Resistant. HRAC: Herbicide Resistance Action Committee. Font: SOSBAI,
2016 and Agrofit, 2017 < Available at: http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons>.
Table 1. Application timing, control levels of the most troublesome weed species in Brazilian Rice.

[13], resulting in large economic losses [14]. Thus, greater use of cultural methods, such as
crop rotation, should be taken into account to reduce the weed population, resulting in less
dependence on herbicides, selection pressure, and herbicide resistance.
The majority of weed resistance cases in rice are reported for ALS inhibitors, indicating
that herbicide use tends to shift to other mechanisms of action to efficiently control ALSresistant weed species. For example, clomazone and propanil provide a great control (>95%)
of Echinochloa spp. in Brazil as indicated in Table 1; however, biotypes with resistance to those
herbicides have been already reported in Arkansas and California due to their frequent use
[15, 16]. Thus, it is likely that herbicide resistance might evolve in Brazil for these species as a
consequence of the increasing frequency in which they are sprayed.
The future introduction of a new herbicide-tolerant technology for paddy rice in Brazil, the
Provisia™ Rice System, includes post-emergence ACCase-inhibiting herbicides as an alternative to improve the control of resistant grass species such as weedy rice [17]. Therefore, this technology tends to increase the use of these herbicides, which is a mechanism of action considered
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to pose a high resistance risk [18]. In the past 30 years, more than 35 grass species have evolved
resistance to ACCase-inhibiting herbicides worldwide, especially due to target-site resistance
mechanism [19], which threatens the long-term use of this technology in paddy rice. Therefore,
this new technology shows great potential to reduce problems with resistant grass species but
to ensure the longevity and optimize its efficiency, it is necessary to carefully follow the recommendations for use.
It is possible to observe that there is a great amount of herbicides registered for weed control
in rice (Table 1). However, weed resistance has been reported for several molecules, especially for weedy rice and Echinochloa spp. There are some herbicides that provide satisfactory
control of resistant biotypes when sprayed in pre-emergence, for instance, Echinochloa spp.
resistant to ALS inhibitors can be controlled with the application of pendimethalin (MA) and
clomazone (DOXP), with great control levels being reported (up to 95%) in experimental studies. However, it is likely that some plants will escape pre-emergence control and the herbicide
options for post-emergence are quite limited because the species are already resistant to most
of them.
Table 1 also shows that herbicides such as oxadiazon and oxyfluorfen (PPO) do not control
Echinochloa spp. and weedy rice when applied in pre-emergence. However, when applied on
a water layer before sowing the crop (label instructions), these herbicides can provide better
control of such weeds. The application of these herbicides is quite complex and growers must
follow carefully the label instructions to achieve greater control efficiency. Moreover, these
herbicides are likely to contaminate the environment and can cause crop injuries, which are
some of the reasons for their greatly reduced usage in recent years.
It is also important to mention that the control levels given in Table 1 for all herbicides are
only expressed when they are applied following the instructions of the manufacturer, with
specific doses and at the correct development stage of the crop and weed.
Based on the aforementioned facts, the need to include other control strategies, such as crop
rotation that would enhance the number of molecules that can be used to control these species is evident. Nevertheless, it is important to mention that weed control levels provided by
cultural measures are often meager in comparison to the efficacy of herbicides and, thus, do
not reduce their need, at least in the short term. Moreover, the costs and the unpredictability
of many cultural strategies are the main reasons why farmers are reluctant to adopt them, and
IWM strategy will only be prioritized when the occurrence of resistant weed biotypes causes
extreme failures and almost complete lost in herbicide efficacy [20].

3. Crop rotation in Brazilian lowlands
Lowlands in Southern Brazil are mainly cultivated with rice in the summer period and kept
uncultivated during the fallow season. Crop residues left on the soil surface can be used for
cattle grazing and in some cases, cover crops are sown during the winter. In general, longterm crop rotation is not included in this cropping system due to the introduction of chemical
fertilizers and pesticides, mechanization, and improved crop varieties [21]. However, crop
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rotation is one of the essential practices in sustainable agricultural systems, because of its
effects on soil fertility, control of pathogens and pests, including weeds.
Yield reduction due to weed competition in rice cropping is estimated between 10 and 15%
of potential production [22, 23]. Nevertheless, it was the widespread distribution of imidazolinone-resistant weedy rice that promoted the introduction of new crops in areas under rice
monoculture. This strategy aims to reduce the seed bank of troublesome weed species and
prevent rice grain yield and quality losses caused by weed interference. There are several
mechanisms responsible for this effect, including allelopathy, changes in fauna, and disturbance patterns, which could diversify selection pressures by influencing seed bank dynamics. Some studies have shown that the seed bank of troublesome species in rice cultivation is
greatly reduced when monoculture is abandoned [24, 25]. Rotation also affects species communities by determining the tillage frequency and effects attributed to cropping practices,
such as herbicide programs, crop seed rate, and sowing time [26, 27].
Moreover, the introduction of other crops, such as soybean, in lowlands increases soil fertility
due to nutrients cycling and reduces some disease pressure. Even though the positive effects of
a very diverse crop rotation scheme that includes legumes and cereals are well recognized, the
greatest constraints for the introduction of this strategy in lowlands are the drainage problems
and the absence of species that endure long periods of water surplus in the soil. The poor natural drainage in these areas is usually the result of the flat relief associated with a shallow soil
profile and impermeable sub-surface layer [28]. The physicochemical characteristics of the soils
and the low natural fertility are other factors that affect crops performance in these fields [29].
Several studies aimed to evaluate the performance of various summer and winter crops to
be used in a rotation scheme with rice in lowlands and will be explored in more detail in the
following sub-sections.
3.1. Summer crops
Summer crops such as maize (Zea mays), sorghum (Sorghum bicolor), and soybean (Glycine
max) have been explored in a crop rotation scheme with rice. Researchers have been trying to
identify cultivars of these crops that can adapt to lowlands [30].
The performance of maize in these soils is quite limited because their physicochemical features do not favor the development and productivity of this crop. Lowlands soils in Southern
Brazil are generally acidic, with low pH (ranging from 4.5 to 5.4), and maize plants develop
better in soils with pH close to 7. Therefore, liming the soil is an essential practice in these soils
to allow maize cultivation [31]. The choice of a maize cultivar with vigorous stalk, adequate
height, low spike insertion, reduced lodging, and breaking resistance is another aspect that
has to be considered when including this crop in a crop rotation system with rice [30].
On the other hand, sorghum is a species that adapts well in lowland soils because it has a
great tolerance to drought periods and water excess when in the advanced stages of development (more than five leaves), producing up to 70 t/ha of biomass that can be used for cattle
grazing. Therefore, the introduction of this species in a rotation system with rice can be a tool
to reduce the seed bank of troublesome species in these areas (Figure 1), though trading of
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Figure 1. Number of seeds of Echinochloa spp. (a) and Urochloa plantaginea (b) under two tillage systems (conventional
and direct drilling) and herbicide application (H- with or T-without) as a function of two crop rotation schemes: R-SOY—
rice-soybean and R-SOR—rice-sorghum, two tillage systems (C- conventional and D- direct drilling) and herbicide
application (with or without). Treatment means were compared on the basis of 95% confidence intervals.

the production can be a real obstacle to its wide cultivation. Moreover, the performance of this
crop in lowland soils is highly associated with the choice of cultivar, adequate sowing date,
and the use nitrogen fertilizers [30].
From the crop rotation point of view, the introduction of maize and sorghum in areas under
rice monoculture brings several benefits for weed management; however, the inclusion of a
legume species adds much more diversity to this system. Thus, soybean is probably the most
promising crop to be used in a crop rotation scheme with rice, allowing farmers to increase
their income, control weeds more efficiently by diversifying herbicide mechanisms of action
of the herbicides and cultural practices. Moreover, leguminous species increase nitrogen (N)
availability in the soil due to symbiotic N2-fixation, lowering fertilizer needs for the following
crop and increasing the yields of cereals grown in succession [31].
Studies evaluating the performance of soybean in Brazilian lowlands showed that this crop
may be highly productive in these soils, reaching more than 4.000 kg ha−1 [32]. However, soybean is still less profitable than rice in lowland soils because the crop is quite sensitive to water
excess, especially during germination and emergence. Water surplus in soil during flowering
and grain filling can also affect soybean productivity, though the crop is slightly less sensitive
to this stress at those development stages [33]. Thus, it is clear that the feasibility of the ricesoybean rotation depends on the progress of research works for the adaptation of different
genotypes to flooding and poor drainage conditions. Moreover, the compaction of lowland
soils and reduced nitrogen fixation due to low rhizobium activity are other limiting factors to
soybean productivity. Nevertheless, soybean has been shown to be a valuable tool in controlling weedy rice and aquatic weed problems as well as reducing some disease pressure.
In a study conducted at Embrapa Temperate Agriculture (Pelotas-Brazil), evaluating the
effects of two crop rotation systems: rice-soybean (R-SOY) and rice-sorghum (R-SOR); two
tillage systems: conventional and direct drilling; and herbicide application: with or without;
on the seed bank of Echinochloa spp. and Urochloa plantaginea (Figure 1), it was reported that in
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general, the number of seeds of both species in the seed bank was higher under rice-soybean
rotation than in rice-sorghum rotation.
The seed bank of both species under R-SOR rotation was not affected by tillage systems and herbicide treatment. In R-SOY rotation, the number of seeds of Echinochloa spp. was higher in direct
drilling than in conventional tilling in the control treatments (without herbicides). Moreover,
the inclusion of herbicides reduced the seed number of this species in both tillage systems
under R-SOY rotation. On the other hand, the soil seed bank of U. plantaginea in a R-SOY rotation in the control plots was not affected by tillage, but the inclusion of herbicides reduced the
number of seeds per m2 in direct-drilling plots. These results showed that rice-sorghum rotation
is a good option to reduce the seed bank of Echinochloa spp. and U. plantaginea independently
of tillage system and herbicide treatment. The success of a rice-soybean rotation to reduce the
seed bank of these species depends on the tillage system and the inclusion of herbicides. When
this system is not well manipulated, there is a risk of increasing the number of seeds in the seed
bank as seen in the combination of this crop rotation (R-SOY) with direct drilling.
Another study, conducted at the same institution, tested several herbicide treatments that can
be considered when soybean is introduced into a crop rotation system with rice to control troublesome species such as weedy rice, Echinochloa spp. and U. plantaginea (Figure 2). The results
showed that all treatments efficiently controlled U. plantaginea, which was also suppressed in

Figure 2. Control (%) of Echinochloa spp., Urochloa plantaginea, and Oryza sativa (weedy rice) with different herbicides
treatments, considering a rice-soybean rotation. Gly-one post-emergence application of 3 L ha−1 of glyphosate;
clethodim—one post-emergence application of 600 mL ha−1 of clethodim; Gly/Gly—two post-emergence application of
3 L ha−1 of glyphosate; DG2- one pre-emergence application of s-metolachlor (dual gold); DG2/Gly- one pre-emergence
application of s-metolachlor and one post-emergence application of 3 L ha−1 of glyphosate; DG2/Gly/Gly- one preemergence application of s-metolachlor and two post-emergence application of 3 L ha−1 of glyphosate. Treatment means
were compared on the basis of 95% confidence intervals.
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the control plot (test) due to the high infestation of Echinochloa spp. The control of Echinochloa
spp. was satisfactory (> 80%) in all treatments, except when clethodim was sprayed, which
showed similar results with the untreated plots (test). Clethodim resulted in lower control percentage for weedy rice as well, which were not statistically different from the control plots. Postemergence applications of glyphosate demonstrated good control for weedy rice. Moreover,
a single application of s-metolachlor (DG2, Figure 2) provides more than 80% control for the
three species. Thus, to avoid the pressure selection and future cases of weed resistance in soybean, the application of a pre-emergent followed by a post-emergent herbicide is a good control
strategy in this scenario. Based on the results of this study, it is possible to observe that the herbicide rotation scheme is made viable by the inclusion of soybean into a crop rotation system
in lowland soils, and can greatly reduce weed occurrence and consequently, the seed bank of
some troublesome species in rice cultivation.
Nowadays, soybean is considered the best option in a crop rotation scheme with rice in lowland soils, although it presents some obstacles. The variation of cropping sequences with
the inclusion of soybean creates an unstable environment for most weeds, which prevents
the annual recurrence of particular weed species that are promoted by rice cultivation. Crop
rotation, in general, adds more diversity into the systems; however, a monotonous rotation
scheme composed only of rice and soybean can exert a selection pressure on the weed community, favoring species most adapted to both crop environments. Therefore, weed species
such as Conyza spp. that were not problematic in these areas when under rice monoculture,
can be favored due to the introduction of soybean in the system. Moreover, Echinochloa spp.
and weedy rice can become problematic for soybean cultivation if their control is not satisfactory and end up evolving resistance to frequently used herbicides such as glyphosate.
3.2. Winter crops
Winter cover crops, which are grown during an otherwise fallow period, are a possible means
of improving weed control in rice cultivation. Cover crops are well known to improve nutrient dynamics, soil organic matter content, microbial activity, water retention, and prevent
nitrate leaching [34]. Moreover, returning of crop straws has been suggested to improve
overall soil conditions, reduce the requirement for N fertilizers, and support sustainable rice
productivity. However, while the benefits of cover crops for nutrient management are well
documented, weed effects are less verified.
Rice demands high amount of potassium (K), which is mainly accumulated in the straw residues, and is easily lost by leaching and surface runoff after crop harvesting. Therefore, the
inclusion of cover crops composed of grass species that tend to produce a great amount of
biomass and absorb nutrients such as nitrogen and potassium, are a great strategy for nutrient
cycling, substantially avoiding nutrient losses [35].
Moreover, pertinent choices of cover crop species can suppress the growth of serious weeds
and protect the soil during winter, resulting in a better soil structure as opposed to leaving
soil bare. Italian ryegrass (Lolium multiflorum) is a grass species that has been widely used during winter in paddy soils and is a good option for cattle grazing and as cover crop. The species
has great biomass production and high nutritional value for animals, as well as impressive
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ability to re-grow after grazing, being highly competitive for nutrients, water, and sunlight
[36]. Italian ryegrass can naturally establish itself from soil seed bank after the first year of
cultivation in a given area, reducing costs with its plantation [37]; besides, it is well adapted to
lowland soils. Moreover, when this species is cultivated, weed growth and development are
inhibited due to the alellopathic substances released by the crop [38, 39].
Figure 3 shows how important the inclusion of cover crops is to hamper weed infestations. In
the left side of the picture, the area was left uncultivated favoring weed establishment, especially Conyza spp., whereas in the right side, Italian ryegrass was sown, which greatly reduced
the infestation weeds.
Moreover, Figure 4 gives the density of the weed flora (plants per m−2) in a given area cropped
with soybean for 2 years. In winter, the first half of the area was left fallow, while ryegrass
was grown in the other half. The weed flora was mainly composed of Conyza spp, Soliva spp.,
and Richardia brasiliensis. Weed density was assessed in the beginning of spring, showing a
clear reduction in the number of plants where the cover crop was established in comparison
to leaving the soil bare. It was also possible to observe that weed density in fallow plots was
approximately 10 times bigger than the one assessed in the plots with Italian ryegrass. Similar
results were obtained by other authors who found that this species is an effective choice of
cover crop to suppress weed communities due to its great biomass production and alellopathic properties [38, 40, 41].
It is clear that the introduction of Italian ryegrass into a crop rotation system with rice has
many benefits in lowland soils. Nevertheless, the inadequate management of the crop residues can jeopardize the establishment of rice in succession due to the great amount of biomass that is kept on the soil surface. When the amount of crop residues left on the soil surface
is greater than 30 t ha−1 it is difficult for the seed drill to cut the straw as the residues act as a
physical barrier [40], resulting in the poor establishment of the following crop. Moreover, the
alellopathic properties of this species can be considered another drawback for its inclusion
in a crop rotation scheme, especially in no-tillage systems, affecting rice germination and
emergence [41].

Figure 3. Weed infestation in experimental plots with (right) and without (left) Italian ryegrass (Lollium multiflorum) in
southern Brazil.
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Figure 4. Number of plants (m−2) of Conyza spp, Soliva spp., and Richardia brasiliensis in plots without (fallow) and with
Lollium multiflorum as a cover crop in Southern Brazil.

Glyphosate is normally used to control this species prior to sowing the summer crop due to its
broad spectrum of action, efficiency, and low cost. However, the intensive use of this herbicide
has left resistant biotypes of Italian ryegrass, which are becoming more frequent [42]. Other herbicides, such as the popularly known graminicides that inhibit the ACCase enzyme can be used
to efficiently control biotypes resistant to glyphosate. These herbicides can be used in a mixture
with glyphosate or with another herbicide with broad spectrum of action such as paraquat or
ammonium-glufosinate [43, 44]. However, it is important to consider that biotypes of Italian ryegrass resistant to ACCase inhibitors have been already reported and, therefore, require careful use.
The efficiency of these herbicides is highly dependent on the development stage in which they
are applied. Nevertheless, the main constraint in the use of these compounds in lowland soils
is associated with the negative effects that they can cause in rice plants due to their residual
activity. Residual herbicides tend to dissipate slowly in paddy soils due to poor drainage, and
when the interval between spraying and sowing rice is short, crop establishment is likely to
be affected.
Therefore, it is essential to determine the correct sowing and desiccation time of the cover
crops, because the decomposition of crop residues can be quite slow in lowland soils, due to
the great soil moisture and physical-chemical features of this type of soil. Thus, the herbicides
used can affect the establishment and consequently the yield of the following crop. The ideal
timing should be set according to cover crop traits, cultivation density, developmental stage,
soil cultivation technique adopted, and level plus type of herbicide used [45].
Another option for winter rotation is the mixture of grass species and legumes, which has
high nutritional value for animals if the crop is used for grazing; it can benefit rice cultivation
due to the nitrogen (N) input in the soil and a great improvement of the physical-chemical
properties of the soil. Among the legumes species that can be introduced in a crop rotation
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system in lowland soils, common bird’s foot trefoil (Lotus corniculatus L.) and white clover
(Trifolium repens) seem to be good alternatives for Brazilian lowland scenarios, as they survive
to some degree in soils with poor drainage. However, little is known about the benefits of
these species in relation to weed management when introduced into a crop rotation system in
lowland areas, due to the lack of more detailed studies.

4. Recommendations to successfully implement crop rotation in
lowlands
In the last decade, there has been an increasing interest in the introduction of new crops in
lowland soils in Southern Brazil, which are mainly cultivated with rice in summer and used
for cattle grazing in winter. This interest is driven by several factors such as to increase the
profitability of the production system and reduce the problems that have been caused by
herbicide-resistant weeds. As mentioned in the chapter, sorghum, maize, and soybean are the
main crop choices to be included in a crop rotation scheme with rice; however, the success
of these crops is highly dependent on manipulating the ecosystem according to their needs,
especially making sure that poor soil drainage and fertility will not hamper the productivity
of these crops. Moreover, ensuring good soil drainage during the winter as well, would allow
farmers to introduce other grass species, such as Avena sativa, that can be very useful for cattle
grazing for instance but are quite sensitive to waterlogging.
There are several strategies that can be adopted to enhance the natural drainage in these
areas, even though they are quite flat. The use of furrows works quite well and can be used
as an irrigation system as well [46]. Drought periods are quite common over the summer
in Southern Brazil, and considering the water requirements of maize and soybean, irrigation might be needed to ensure crops productivity in this region. The digital elevation model
(DEM) is another technique that can be used for the design and allocation of drains in the
area, enhancing the natural soil drainage. The DEM can be obtained with geodesic data collected by a global navigation satellite system (GNSS), with accuracy improved by a real-time
kinematic (RTK) positioning. This system provides a detailed survey of the area and through
the analysis of the water flow, the drainage system is designed [46].
On the other hand, instead of only manipulating the environment to meet the needs of sorghum, maize, and soybean plants, the development of crop cultivars that tolerate periods of
water surplus in the soil would be a great tool to ensure their adaptation to lowland soils. To
date, several genes that control the behavior of plants under water stress have been already
identified and characterized. However, the information gathered so far is not enough for the
development of crop cultivars that would tolerate water excess in the soil; there is still a long
way to go. To enhance this knowledge and amend the strategies that have been used for plant
breeding, researchers are developing high-performance sequencers and making use of statistical
and transformation techniques [47]. Therefore, farmers should expect in near future the introduction of high-yield crop varieties of soybean and maize that are well adapted to the paddy
soils ecosystem. Nevertheless, there are some varieties of soybean and maize available in the
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market in Southern Brazil that perform better in lowland soils in terms of productivity and could
be an option for producers, even though they do not tolerate waterlogging periods. For instance,
among others, BMX Apolo, BMX Ícone, BRS Taura RR, BR IRGA 6070 RR, and BR IRGA 1642
IPRO are good choices of soybean cultivars, whereas P30F53H, 2B655Hx, and 2B688Hx are
maize cultivars that are most promising to show high yields in lowlands [48]. Even though highyielding cultivars of these crops are already available in the market, it is important to mention
that new cultivars aiming for greater yields and stress tolerance are frequently launched. Thus,
producers and professionals in this sector must keep themselves informed.
It is important to mention that there is no magic recipe to ensure the success of crops such
as maize, soybean, or sorghum in lowland soils as each field has some peculiar attributes
that should be taken into account and climatic conditions change all the time. Moreover, the
introduction of a diverse crop rotation system alone is not sufficient to guarantee that the density of troublesome weed species will be reduced. However, the introduction of this strategy
allow farmers to diversify herbicides (with different mechanisms of action), soil cultivation
type, and timing and sowing dates, that together are capable of disturbing the ecosystem and
hampering the establishment of recurrent weed species.
The most important thing to consider in the real world when establishing new cropping systems in a farm is to plan and introduce it in small areas in the beginning, allowing the necessary cultural modifications to be applied. This will make the crop rotation functional and
productive, avoiding a possible economical drawback in case of problems in the first tests of
the new crop rotation scheme.
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