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Resumen

Los monocultivos intensivos, aunque muy productivos, conllevan una pérdida de biodiversidad
que dan lugar a una serie de problemas a largo plazo para la agricultura y los ecosistemas, como
son, entre otros, pérdida de fertilidad del suelo o proliferacion de plagas y enfermedades. La
diversificacion de cultivos se presenta como una alternativa necesaria para hacer frente a estas

situaciones.

Las leguminosas son unos cultivos de gran importancia para la alimentacion humana y animal
que, por su capacidad de fijar el nitrégeno atmosférico, juegan un papel fundamental en el marco
de una agricultura sostenible. Se ven, sin embargo, sometidas a estreses biologicos importantes,
como son las enfermedades o las malas hierbes. El control quimico de los mismos conlleva

elevados costes tanto para los agricultores como para el medio ambiente.

El objetivo general de este estudio ha sido investigar si la diversificacion de cultivos puede ser de
utilidad para el control de enfermedades y malas hierbas en las leguminosas. Para ello se plantean
los casos del oidio en guisante, la roya y las malas hierbas en las habas. Se emplean dos
herramientas de diversificaciéon como son la mezcla de cultivos (infercropping) y la mezcla de

variedades.

Se estudid el efecto del intercropping sobre el odio de guisante en seis ensayos de campo en
diferentes ambientes. El guisante se mezcld con tres cultivos: habas, trigo o cebada. Del analisis
global de todos los ensayos se concluye que la combinacién con cebada y con habas redujo la
severidad de la enfermedad, 44% y 32% respectivamente. En el caso de la cebada, el efecto barrera
parecia ser importante para la explicacion de esta disminucién. Ademads, la cebada produjo mas
biomasa y crecié mas alto que el resto de cultivos. Esto se estudié en ensayos en camara en

condiciones controladas, confirmando la existencia de este efecto barrera.

Las mezclas en diferentes proporciones de las variedades de guisante Messire, susceptible a oidio,
con Eritreo, resistente, dieron lugar a reducciones de la enfermedad en Messire, tanto mayores
cuanto mayor era la proporcion de Eritreo en la mezcla. Esta estrategia puede ser de utilidad para

prolongar la duracion de la resistencia a oidio.

Igualmente se estudio el efecto del intercropping sobre la roya de las habas, con cuatro ensayos
de campo en diferentes ambientes. El analisis puso de manifiesto que so6lo la combinacién de
habas con cebada conseguia reducir la roya, con una reduccion global del 22% en los cuatro
ensayos. Nuevamente el efecto barrera de la cebada parece fundamental para esta disminucion,

lo que se vio confirmado mediante ensayos en camara en condiciones controladas.

También se investigd la mezcla de variedades sobre la roya. En este caso, se mezclaron en
proporciones diferentes la variedad Baraca, susceptible a roya, con Joya, resistente a la misma.
Nuevamente la severidad en Baraca disminuydé a medida que aumentaba la proporcién de
Eritreo. Esta variedad, ademas de ser resistente a roya, producia mas biomasa y alcanzaba mayor
altura que Baraca, lo que apunta a un posible papel del efecto barrera, mas alla de otros como
puede ser la dilucion del indéculo. Un estudio en camara en condiciones controladas demostré la

importancia del efecto barrera en la reduccion de roya en la mezcla de estas dos variedades.



El control de malas hierbas en habas mediante intercropping se estudi6é en cuatro ensayos de
campo. Las habas se mezclaron con guisante, trigo o cebada. Se probaron dos sistemas diferentes:
alterno con reemplazo y alterno con adicion. En el caso de reemplazo no se obtuvo reducciéon de
la presion de malas hierbas en el monocultivo de habas en comparacién con las mezclas. En
cambio, en el sistema de adicién, la mezcla de las habas con cebada consiguié reduccién tanto de
la cobertura como la biomasa de las malas hierbas (92,7% and 76,6% respectivamente). La
diversidad de malas hierbas no se vio alterada por ninguno de los tratamientos estudiados, tanto

de mezclas como de monocultivos.

El posible efecto de alelopatia por parte de la cebada en el control de malas hierbas se estudi6 en
un ensayo en camara en condiciones controladas. Se hizo crecer cebada en macetas, y se
sembraron cuatro especies de malas hierbas (Polypogon monspeliensis, Matricaria camomilla, Sinapis
arvensis y Medicago truncatula), habiendo extraido en unos casos las plantas de habas, mientras
que en otros se las dejaron creciendo junto a las malas hierbas. Tanto el nimero como la biomasa
de las malas hierbas se vio sustancialmente reducido en los casos en que habia crecido la cebada
con anterioridad. No se observaron diferencias importantes entre los casos en que se extrajo la
cebada y en los que permaneci6 con las malas hierbas. Esto confirma la importancia del efecto

alelopatico de la cebada frente a las malas hierbas.

Los trabajos futuros deberan centrarse en la identificacion de mas mecanismos que expliquen los
efectos de la diversificacion de cultivos tanto en las enfermedades como en las malas hierbas.
Asimismo, seria conveniente desarrollar programas de mejora encaminados a la obtencién de
variedades adaptadas a la diversificacion, de modo que se pudieran maximizar los beneficios de

ésta.
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Introduction

1. Introduction

Monocropping, that is, growing one single crop in an area in a given time period, is the most common form of
agriculture practiced since long over the world [1]. It is a simple method for farmers who have extensive
experience in cultivation of a single crop and broad knowledge of all the associated practices relating to
cultivation, irrigation, fertilization, disease control, and harvesting in every growth stage [2]. Only a type of
equipment and tools is required in monoculture, both during sowing and harvesting stages, and there exist
agrochemicals specific for each particular crop [3].

However, the practice of planting the same crop in the same plot of land each year has a number of
disadvantages, including reducing the soil fertility because of the continued consumption of nutrients by the
crop [3]. Therefore, the farmers become obliged to employ chemical fertilizers to make up for this nutrient
deficiency in the soil, which entails negative consequences such as higher economic costs and environmental
damage [4]. Additionally, monocropping may enhance the presence of diseases, and pests, since the abundance
of host plants in an area facilitates their development, reproduction and distribution. The same can be said of
weeds since those more competitive with the crop will thrive in its continuous presence. All this will force the
use of pesticides for their control, which again will have negative effects on the environment and the farmers’
economy [5].

The term crop diversification can be defined as the conscious inclusion in agricultural systems of functional
biodiversity at the temporal and/or spatial levels to improve productivity and stability of ecosystem services [6].
It is usually done by growing more than one crop in a given area, employing different strategies and designs for
plant species distribution in both time and space. Crop diversification may provide numerous advantages, such
as increasing crop yields, lowering pest damage, controlling weeds and improving the land, soil, and water use
efficiency [7,8]. It is also a climate-smart method that helps farming to become more resilient to the variability of
the weather that is associated with climate change [9,10]. Indeed, resistance of plants to the environmental
variations and extreme weather conditions such as floods, droughts, and very high or low temperatures grows
with crop diversification [11]. In addition, agricultural diversification can prolong the period of agricultural
production and distribute it over the longest possible period throughout the year, which means extending crop
production to all seasons of the year. Furthermore, it reduces the economic risk that is inherent in relying on a
single type of crop, by diversifying the investments among the different cultivated crops, and ensuring that some
profits may be reaped [12]. For all this, crop diversification is one of the most important factors in achieving food
security and land sustainability [13].

There are equally some challenges in introducing crop diversification in agricultural systems. The
design and the chosen crops must be adapted to the local situation in order to achieve the best results. If it is not
properly done, the effects may sometimes be the opposite of those desired. In some cases, the risk of occurrence
of diseases may increase [14]. Moreover, because most of the agricultural machines and equipment are designed
for monoculture, it may be challenging to find machines and equipment that are good for the wide range of the
crops involved in crop diversification. Consequently, it is necessary to design appropriate agricultural
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Introduction

machinery for the planting, maintenance, and harvesting of the crops involved in the crop diversification
systems [15].

Crop Diversification Types

There are a high variety of crop diversification strategies depending on the crops involved and their distribution
in time and space. Crop rotation and cover crops imply growing different crops in the same area but not at the
same time. When the crops coincide in time in the same area, the most common types are intercropping,
agroforestry, and cultivar mixtures.

Crop rotation is the practice of growing different crops in succession in the same land. In the context of crop
diversification, it is considered as one of the important environmental agricultural practices for prevention of
crop pests and preservation of the productive capacity of the soil [16]. The cover crop is a specific crop that is
not grown for yield, but for the benefits it entails, such as: grown primarily to protect soil from erosion, improve
soil fertility, increase water availability for plants, control pests and diseases, increase agricultural productivity,
preserve and improve the microbial biodiversity in the soils and conserve and sustain overall ecosystem
biodiversity [17]. Generally, the cover crops can be cereals or legumes and they are usually grown in the off-
season period, before growing the cash crop [18].

Agroforestry is the practice of integrating trees and livestock with crops in the same area at the same time. There
are interactions in agroforestry between the trees and crops from ecological and economic standpoints. It was
estimated that at the beginning of the 213 century about 0.6 billion hectares of land are covered by agroforestry
systems, which have direct impacts on 1.2 billion people globally [18,19].

Intercropping is the agricultural practice of cultivating two or more crops in the same place at the same time,
taking advantage of the synergies generated in the combination of plants [20]. It can be used to increase crop
yields and control pests [21].

Cultivar mixture is another important type of crop diversification. It corresponds to cultivation of two or more
cultivars of the same species at the same time in the same land. The aim of this practice is to take advantage of
the positive characteristics of different cultivars of the same crop [22].

Role of legumes in crop diversification

Legume crops are of major importance in the development of a sustainable agriculture. The most relevant
characteristic is their ability to fix atmospheric nitrogen, so enriching the soil and reducing the need for synthetic
fertilizers. Additionally, legume seeds are rich in proteins and other nutrients, which makes them very
interesting for animal feed and human consumption. Because of all this, legume crops are common elements of
a diversified agriculture, and partner with other crops, especially cereals, in many intercrop combinations.
However, the study of cereal/legumes intercropping has preponderantly focused on the effects for the cereals,
disregarding those for legumes.

One of the main challenges for the cultivation of legumes is the wide array of fungal diseases they are
susceptible to. These pathogens may, in some cases, compromise yields, so farmers are compelled to employ
expensive fungicides, increasing production costs, not to mention the environmental effects. Weeds are equally
a problem in legumes, which are not good competitors against them, so herbicides must be often used.

In this work we will review the available knowledge about the employment of the two main crop diversification
strategies where crops are grown simultaneously (intercropping and cultivar mixtures) for the control of fungal
diseases and weeds in legumes.

2. Intercropping

Intercropping has been part of traditional agriculture all over the world for centuries and farmers have featured
various intercropping techniques. Intercropping was practiced in early civilizations: evidence of intercropping
can be traced back to the Indus civilization, which thrived between approximately 2600 and 1900 B.C. [23] and
Greece (around 300 B.C.) [1].

Intercropping has been traditionally circumscribed to small farming. In large-scale farms in which the farmers
make the best use of agricultural machinery, intensive monocropping is less difficult than it is for smallholder
farmers who practice farming for subsistence solely and lack regular access to markets. Livelihood of these
farmers is ensured through intercropping. As a result, small farms are the places where intercropping is most
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commonly practiced [23]. Within this context, intercropping has the reputation of producing stable yields from
varied crops with reduced reliance on inputs for plant nutrition and crop protection, thus ensuring production
of adequate amounts of food in a stable environment. However, in recent times a change of paradigm is taking
place, by which intercropping may play a bigger role in global agriculture. There has been a growing interest for
intercropping in the last decades, which is reflected in the increasing number of publications of scientific research
about the topic. According to the statistics of the Web of Science database, the total number of published works
when search is made introducing “intercropping” in the field topic during the period 1940-2020 and in the field
title during the period 1950-2020 has been increasing since the 70s, with a sharp rise in the last two decades
(Figure 1).
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=@==intercropping in topics ==@==intercropping in titles

Figure 1. Total number of published research works when “intercropping” is introduced in the

tovic and title fields during the period 1940-2020 in the Web of Science database.

The intercropping methods vary widely and depend on a number of factors, including the number of
intercropped plant species, how those plants are organized (e.g., in mixed rows, alternate rows, or additional
rows), and the percentage of each crop species in the land parcel [23]. According to arrangement of the plants in
the field, there are several types of intercropping [1,23] like mixed intercropping and alternate intercropping. In
mixed intercropping, the plants are mixed without any defined arrangement, while in alternate intercropping
the rows of each crop are alternated with the rows of the other crop(s), one by one, without mixing (Figure 2). A
particular case of alternate intercropping is strip intercropping in which a certain number of rows of one crop
are alternated with a number of rows of another crop.
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Figure 2. Representation of alternate intercropping (A) and mixed intercropping (B).

The intercropping systems may also be classified by the density of sowing of the mixed crops. Two types are
accordingly known: additional intercropping and replacement intercropping. The highest sowing density is
concomitant to additional intercropping, which is a cropping system in which the sowing densities of the original
crops are maintained. In replacement intercropping, however, a certain proportion of one of the crops is removed
and replaced by an equal proportion of the new, or substitute, crop. There may be many other intercropping
combinations, depending on the different sowing densities of the existing and new, or added, crops.

Intercropping can play an important role in agricultural sustainability since it corresponds to efficient use of
resources above and below the ground like sunlight, soil water, and nutrients [24,25]. It has been reported to
increase crop yield and yield stability in many cases and to increase the economic return for the farmer [23].
Especially appealing is the use of intercropping as a means of improving soil fertility when legumes are used as
a component of the crop mix, given its established role in biological nitrogen fixation [3].

This, and the fact that it reduces the spread of pests, diseases, and weeds, makes intercropping especially
advantageous in organic farming [26]. This effect on diseases has been also the subject of a growing interest in
recent decades, as reflects the statistics of scientific publications involving these topics (Figure 3).

One of the most interesting features of intercropping is its ability to reduce crop epidemics, making it a good
alternative or complement to pesticides in the control of plant diseases, insects and weeds [1,27]. Again, the effect
of intercropping on diseases has gained increased attention in the scientific field in the last decades (Figure 2).
It has been reported that intercropping can reduce the incidence of diseases by as much as 45% in the case of
many diseases such as yellow rust of wheat, powdery mildew of wheat, chocolate spot and fusarium wilt of faba
bean, yellow rust in barley, and rust in faba bean [28]. A review by Boudreau [27] showed that intercropping
reduced disease severity in 73% of the studies involving fungal pathogens and in 70% of the studies relating to
virus diseases. In accordance with this, Eshetu et al. [29] stressed that intercropping is an effective method for
controlling pests and diseases, especially when the other intercropped plant is not host for the pest or infected
with the disease(s) to control.

Despite all its benefits, intercropping faces some challenges. For instance, reduction of yields in mixed cropping
systems below the yields in monocropping systems has been reported in some cases [24,30,31]. This reduction
can, at least in part, be ascribed to the types of crops or crop cultivars employed in the intercropping, which
stresses the importance of choosing the right crops to combine since not all crops have symbiotic relationships
with one another. One step further is choosing the cultivars of each crop that can successfully grow in mixtures.
Selecting and breeding the optimal cultivars for intercropping is critical for success of the intercropping systems
[1]. Another challenge is the limited availability of pesticides that are compatible with the mixed crops, especially
herbicides. Equally challenging is the lack of harvesting equipment adapted to intercropping. These difficulties
may force the agricultural producers to further rely on the human labor for crop production operations, which
can increase the costs of production [24].
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3. Intercropping to control diseases in legumes.
As it happens in other crops, intercropping has proved successful in controlling diseases in legumes.
This includes some of the major diseases that affect these crops.

Foliar diseases: biotrophic fungi

Several studies support that mixing faba bean with cereals may help in the control of rust (caused by the
pathogen Uromyces viciae-fabae). This reduction, however, depends on the accompanying cereal and the
intercropping system used. Experiments conducted in Egypt and Palestine for two years [32]] showed that rust
severity was reduced in faba bean in mixed intercropping with barley, durum wheat, oat, or triticale, with the
highest reduction of 35% in the combination with barley. Eshetu et al. [29] also reported a reduction of 20% of
rust in faba bean in Ethiopia in mixed intercropping with wheat, barley, maize, and oat. Equally, in an
experiment performed in China, faba bean rust was reduced by 39% when it was intercropped with barley or
wheat in strip intercropping, with two rows of faba bean and six rows of wheat [28]. Villegas et al. [33] found a
decrease in the severity of rust of up to 22% in faba bean in alternate intercropping with barley in the South of
Spain, but not with wheat. This is in accordance with Kamalongo and Cannon [34] who did not obtain any level
of control for rust in faba bean when grown in alternate rows with wheat. Intercropping faba bean with a non-
cereal crop such as pea has not proven useful for the control of rust [33].
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Guo et al. [35] found that when faba bean is intercropped with wheat, its yield increased significantly
over the average yield obtained when it is monocropped. The area under the disease progress curve (AUDPC)
for faba bean rust decreased by 22.3-54.7%.

The combination of beans and maize on bean rust was assessed in Ethiopia under mix and alternate
intercropping, which attained 50% and 35% reductions in disease level [36]. Boudreau et al. [37], however,
obtained unconclusive results on the effect of intercropping on rust of beans when they were partnered with
maize. Disease decreased in only one of two experiments performed in Oregon (USA). In this case, the system
tested was alternate intercropping (one row of maize per two rows of beans). Lemessa [38] reported no control
of rust in the mixture of beans and maize under alternate intercropping with addition.

The effect of intercropping on powdery mildew diseases in legumes has been little investigated. Zivanov
[39] studied the effect of mixed intercropping of pea and oat on powdery mildew, but got no clears results: they
reported a reduction of disease of 20-30% on pea leaves, but no effect on global disease in plants. Villegas et al.
[40] conducted several experiments over multiple years and locations in the South of Spain, where pea was
mixed in alternate intercropping with one of these crops: faba bean, wheat, and barley. In this case, the results
indicated that intercropping pea with barley or faba bean led to a clear reduction in powdery mildew severity
on the pea plants (44% and 32%, respectively). However, intercropping with wheat or faba bean did not show
the same positive effect on powdery mildew management.

Foliar diseases: necrotrophic fungi

The effect of intercropping faba bean with different cereals on chocolate spot disease (caused by the
fungus Botrytis fabae) has also been the subject of several studies. In a multi-site experiment in Egypt, the
Palestinian Territories, Spain, and Tunisia faba bean was combined either with barley, oat, triticale or wheat in
a replacement mixed intercropping design. The results showed a significant decrease in the severity of chocolate
spot on faba bean intercropped with barley and oat (with average reductions around 30%), but not with the other
two cereals [41]. Sahile et al. [42] reported small reductions of disease in faba bean in replacement alternate
intercropping (3 rows of faba bean and 1 row of the companion crop) with both barley and maize in Ethiopia.
On the contrary, replacement alternate intercropping (but 1:1, i.e., one row of faba bean and one row of the other
crop) of faba bean with barley showed no decrease in chocolate spot severity in Ethiopia [29], but when the
alternating cereal was maize, reductions of disease severity of around 25% were obtained, also in Ethiopia [43].
A meta-analysis by Zhang et al. [28], with trials from China, found that strip intercropping of faba bean with
barley or wheat resulted in an average reduction of the disease incidence of 33%. The work of Guo et al. [44]
also confirmed the decrease of disease in strip intercropping with wheat in China.

In the few cases in which the companion crop of faba bean is other than a cereal, no control of the disease
was found, as was seen with pea and common vetch in Spain [41] and with pea in Ethiopia [42].

In Nepal, it was found that the combination of chickpea with mustard at different densities attains a reduction
in disease severity of up to 50% in grey mold (caused by Botrytis cinerea) when the density of mustard is double
than that of chickpea [45].

Replacement mixed intercropping of pea with faba bean, tricale, barley and oat in Spain and Tunisia
reduced the severity of pea aschochyta blight (causal agent: Dydimella pinodes) in different degrees [46]. The
greatest reductions were obtained with faba bean and tricale, with decreases ranging 40-80%, while oat, barley
and wheat provided lower reductions and less consistent across experiments. These inconsistent results were
also observed by Kinane and Lyngkjaer [47] with pea and barley, also in replacement mixed intercropping. On
the contrary, replacement alternate intercropping of pea and barley in France reduced ascochyta blight by 25-
30% [48].

Marzani [49] reported that the combination of chickpea with wheat, faba bean or oilseed rape in Irak in
alternate intercropping resulted in reductions of ascochyta blight disease of 25% to 40% (with wheat or both faba
bean or oilseed rape, respectively).

In the case of lentil, its combination with linseed in Australia under different intercropping strategies
has obtained control levels of disease from 50% to 90% [50].

The disease angular leaf spot of beans (caused by the pathogen Phaeoisariopsis griseola) has presented
reductions in severity of up to 30% with alternate intercropping of beans and maize at different densities in
Kenya [51]. Lemessa [38] in Ethiopia, on the contrary, did not find disease reductions with a similar intercropping
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of beans and maize neither for angular leaf spot and floury leaf spot (caused by Mycovellosiella phaseoli).

Soil diseases

Fusarium wilt disease is a soil disease of faba beans caused by the fungal pathogen Fusarium spp. Strip
intercropping of faba bean in China (with two rows of faba bean alternated with six rows of wheat) has proved
to control the disease by as much as 40-80% as compared to the monocrop [52] In other respects, Zhang et al.
underlined that intercropping faba bean with cereals can reduce the odds ratio of Fusarium wilt in faba bean by
72% [28]. A controlled-condition experiment equally found the reduction of Fusarium oxysporum in the soil by as
much as 60% when peanut was mixed with the medicinal herb Atractylodes lancea [53]. Chickpea is also a host
for Fusarium oxysporum, and it has been reported that in India alternate intercropping with mustard, onion or
garlic achieved reductions in disease level: 24%, 31% and 28.5% respectively [54].

Experiments in Egypt also found that addition alternate intercropping may reduce root diseases in faba
bean caused by soil fungus Rizoctonia solani and Fusarium solani: the combinations with garlic, lupin and
fenugreek increased faba bean survival by 80%, 40% and 60% respectively [55]. These diseases were also reduced
in lentil when it was combined with cumin, onion, garlic and anise (20%, 31%, 50% and 59% disease reduction,
respectively) in experiments in Egypt [56].

The combination of soybean with corn has proved successful in reducing the levels of root diseases, as is the
case of phytophtora blight (caused by Phytophthora soja), with reductions of 30% in alternate replacement [28],
red crown rot (caused by Cylindrocladium parasiticum) with reductions as high as 50% [57] and Fusarium wilt,
with reductions of 18-37% under strip intercropping. All these investigations were conducted in China.

Bacterial diseases

The impact of intercropping on common bacterial blight of beans, caused by the pathogen Xantomonas campestris
pv. Phaseoli, has been the subject of research in Ethiopia. In one study, the combination of beans with maize in
mixed intercropping reduced disease incidence by 23% [36]. In another study, the combination of beans with
maize under the same system got as much as 66% reduction in disease incidence, while the combination with
sorghum rendered 57% reduction [58].

Mechanism of intercropping to control diseases in legumes

There are various theories about the mechanism by which intercropping reduces disease incidence, the
way in which plants of one species support plants of another species in their fight with pathogens. Knowledge
of how some plants reduce the damage to other plants by producing specific chemicals or developing resistance
to certain pests or diseases helps in reducing the severity of those pests and/or diseases [59].

Several mechanisms of intercropping have been postulated, some are related to the changes in density
of the host crop, and others pertain to the companion crops, by affecting the dispersal of the pathogen, altering
the microclimate, inhibiting the pathogen by allelochemicals, or modifying the host itself [27]. In general, as
density of the host plant increases, severity of the disease increases. Therefore, the relatively lower plant density
of the host in intercropping than in monoculture reduces the level of infestation [59]. As for dispersal of the
pathogen, the non-host crop may act as a barrier to the movement of fungal spores. The vector effect is another
factor by which many diseases such as the viral, bacterial, and fungal diseases are spread, which are transmitted
by different types of insects. The intercropping system directly affects those vectors in different ways, such as
reducing the chance for transmission of disease, repelling those insects, or acting as a barrier that reduces
movement of those vectors [60]. Even some plants act as traps for pests and harmful insects since certain plants
are preferable for pests than others [61]. Legumes in particular play a vital role in the intercropping systems,
fixing atmospheric nitrogen in the soil and, thus, benefitting the neighboring plants of another species. This
makes the soil rich with fixed N for use of the neighboring plants [27].

As for the diseases in legumes, not many of the studies cited above have suggested which mechanisms
might be responsible for the decrease in the level of infection. In the case of chocolate spot of faba beans,
Fernandez-Aparicio et al. [41] found that relative humidity was higher in the intercrops than in the monocrop,
which in principle would be in contrast with the reduction of disease in the mixtures. But they also observed a
stronger decline of humidity in the morning in the canopy of monocropped faba bean than in the canopy of the
intercrop and hypothesized that it could favor spore release from botrytis conidiophores, so facilitating the
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spread of the disease. On the contrary, Guo et al. [44] reported a higher relative humidity in the monocrop than
in the intercrop, which would clearly promote the development of the disease. It is important to remember that
in the first case it was mixed intercropping, while in the second case strip intercropping was chosen.

For rust in faba bean, a clear barrier effect by barley in alternate intercropping appears as responsible of
at least some part of the decrease of the disease [33]; barley, with a higher height and vegetative development
than the other assessed crops (wheat and pea) was more effective as a barrier. It is remarkable that in this study
crop density was disregarded as having an important effect on the development of disease. For rust in beans,
the presence of maize has been suggested to alter microclimate thus favoring the reduction of disease [37].

A barrier effect by barley and faba bean also seems to be responsible for part of the reduction of powdery
mildew in pea [40]. Again, crop density does not seem to influence importantly the disease.

In the case of root diseases, several studies support that an important contribution to the control comes
from the release by the companion crops of root exudates that are toxic for the fungal pathogens, such as phenolic
compounds or others [53,54,56,57].

4. Intercropping to control weeds in legumes.

Weeds bring about significant crop and financial losses for the agricultural production worldwide, losses
that have been estimated of about 10% per year [62]. Chemical control is the most widely used method to control
weeds, being the best and most effective method of weed control, but after excessive use of herbicides, many
problems start to appear, such as the development of weed resistance to the herbicide molecules and damage of
the environment, including the plants, soil, water, and microorganisms. Additionally, herbicides are costly for
the farmers and using them poses financial pressures on them [63]. According to pesticide producers, the total
expenditure on pesticides worldwide was nearly US$56 billion in 2012. The largest proportion of that
expenditure (about 45%) was spent on herbicides, followed by insecticides, fungicides, and other pesticides [64].
Intercropping has proven effective in the control of weeds in many cases, especially in cereals, and has been
proposed as an alternative or complement to herbicides [65]. There are also studies which focus on the reduction
of weeds in the legume crops.

A quite successful combination for the control of weeds is that of pea and barley. Trials in several
countries have obtained different degrees of reduction in weed biomass as compared to pea monocrop under
different inercropping systems: Argentina, 30% [66], Denmark, 50% [67], Poland, 60% [68] or a research carried
out across Germany, United Kingdom and Italy, with reductions of 66% [69].

Intercropping faba beans with cereals has equally resulted in a reduction of weed infestation, as was
shown by studies in different countries. In a two-year study in Greece, faba bean was intercropped with barley
in two crop arrangements, alternate rows and mixed. The results indicated that this combination of crops leads
to effective suppression of weeds in faba bean, especially the corn poppy [70]. A study was conducted in Iran
during two years in which wheat was intercropped with faba bean according to three intercropping patterns:
alternate-row intercropping, within-row intercropping, and mixed intercropping. It was found that
intercropping faba bean with wheat produced important decreases in weed presence (measured as weed
biomass) of around 70% [71]. Another two-year research carried out in Morocco obtained suppression of weeds
in faba bean in alternate addition intercropping with oat, wheat or both cereals simultaneously: the reduction in
weed pressure was around 50% [72].

In a two-year experiment in Germany, lentil was combined by mixed replacement intercropping with
barley, oat, wheat, linseed or buckwheat, being successful only the first three combinations, with levels of control
as high as 80% in the case of oat, and around 60% for what and 50% for barley, always in comparison with the
monocrop of lentil [73]. Even with the same crops, results may not always be consistent enough. In a three-year
experiment in North Dakota (USA), with lentil mixed with wheat in addition alternate and addition mixed
intercropping, there was no control of weeds in the first year, probably due to water stress that prevented wheat
and lentil to develop a proper canopy to hamper weed development, while in the two next years, weed control
reached 96% and 68% in weed biomass respectively [74]. Inconsistent results were also obtained in another two-
year experiment in Minnesota (USA): the mixture of lentil in addition alternate intercropping with different
crops (wheat, oat, radish, rye and brassica) yielded no clear weed suppression [75].

Intercropping strategies to control weeds in chickpea have been the subject of several studies in Iran,
trying different companion crops. The mixture of chickpea with barley in alternate replacement intercropping
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got biomass reductions near to 90% [76]. When it was combined with wheat under replacement mixed and
replacement alternate strategies, the decrease in weed biomass reached 70-80% [77]. On the contrary, alternate
replacement intercropping with saffron only obtained a 35% weed biomass reduction. Finally, addition
intercropping with an endemic plant of the area such as dragon’s head (Lallemantia iberica Fish. et Mey) got weed
biomass reductions ranging 40-65% [78]. In India, alternate replacement intercropping of chickpea and wheat
attained a modest reduction in weed biomass of 35% [79]. In India, a two-year experiment found weed biomass
reductions of 25% in the combination of chickpea and mustard in addition intercropping [80].

Wortmann and Workayehu [81] reported reductions in weed biomass in a three-year experiment in
Ethiopia testing the combination of beans and maize in addition with replacement intercropping. Strip
intercropping in Poland of beans with either wheat or maize obtained reductions ranging 30-50%. [82].

The combination of soybean and maize to control weeds has been investigated in different countries and
situations. In China, Su et al. [83] reported reductions of 40% in weed biomass referred to soybean monocrop
when soybean and maize were grown under alternate intercropping with replacement. Addition alternate
intercropping also obtained reductions of 45-50% in weed biomass in Poland [84]. In Michigan (USA)
replacement intercropping got 40% reduction levels and addition intercropping reached 65% [85]. A two-year
experiment in Ghana with alternate addition intercropping of soybean and maize presented a 45% of weed
biomass reduction on average [86]. In Iran, the mixture of soybean and maize in alternate replacement system
was not very successful, with a limited 15% of reduction in weed biomass; but when marshmallow was added
to the combination (i.e., soybean — maize — marshmallow), the decrease reached 30% [87]. It was in Iran also
where the combinations by mixed replacement intercropping of soybean with basil or borage were assessed,
obtaining weed biomass reductions of up to 60-70% [88]. A two-year experiment in France researched the effect
on weeds of the combinations of soybean with lentil, sorghum, buckwheat or sunflower under mixed or alternate
intercropping, both with replacement. Results showed no weed control when lentil was the companion crop, but
reductions of weed biomass in the range of 30-80% in the combinations with sorghum, buckwheat and sunflower
[89]. Reductions in weed biomass as compared to soybean monocrop were reported for mixed intercropping
with addition of soybean and three Medicago spp. in two trials in Minnesota, USA [90].

However, using intercropping to control weeds in soybean has not always been successful. The mixture
of soybean and cotton in alternate intercropping with addition got a reduction in weed biomass of 33% for
grasses, but none for broad-leaf weeds [91]. De la Fuente [92] reported no weed control with alternate
intercropping with replacement of soybean and sunflower in Argentina.

Modest reductions (around 8%) of weed biomass in cowpea intercropped with maize under different
systems (alternate with replacement, alternate with addition and mixed) were found in an experiment carried
out in Iran too [93]. But in two field experiments in Greece, the combination of cowpea and maize in addition
alternate intercropping reach a decrease of weed biomass of around 50% [94]. In these experiments the
combination of beans and maize was also tested, reaching similar levels of weed suppression. Intercropping also
controls weeds in a forage legume such as subclover, when mixed with durum wheat, as was found in a research
carried out in Italy [95]. In this case, three different types of intercropping were tested, two alternate (with
different distances between rows) and one mixed. The highest reductions of weed biomass (around 80%) as
compared with subclover monocrop were obtained with the alternate intercropping with shorter distance
between the rows of the crops (10 cm); the lowest reductions (around 40%) were observed in the alternate system
but with a wider distance between rows (17.5 cm).

However, using intercropping does not always guarantee a reduction of weed pressure on legumes.
Choudhary et al. [96] reported a decrease of weed infestation in maize in Himalayan India when intercropped
with cowpea, french bean or black gram under different systems (alternate in addition or replacement with
various proportions), but the same was not true for the legumes: in these crops, weed presence was lower in
monocrop than when intercropped with maize.

A parasitic weed like broomrape (Orobanche crenata) has also been controlled by the use of intercropping.
Fernandez-Aparicio et al. [97] found that combining faba bean or pea with oat in mixed intercropping attained
a reduction of the number of broomrapes of 50-90% in the south of Spain; mixing with triticale, however, did not
attain any significant reduction of broomrape. Broomrape presence was also reduced in faba bean in mixed
intercropping with fenugreek by 30-40% in Egypt [98].
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Mechanism of intercropping to control weeds in lequmes

Different mechanisms have been proposed to explain weed suppression and the reduction of weed
density in the intercropping systems such as allelopathy, the competition of the companion crops with weeds
for resources (such as light, water of nutrients) or alterations in humidity and temperature [6]. Allelopathy
corresponds to stimulatory or inhibitory effect of one plant on development of neighboring plants through the
release of one or more biochemicals that affect the survival, germination, growth, and reproduction of
neighboring plants [99]. It is associated with many crops, such as barley, sorghum, corn, oat, pearl millet, sesame,
soybean and sunflower, which have proved to be effective for weed suppression when any of them is
intercropped with cereals, legumes, and oilseeds [100]. Intercropping, then, may facilitate allelopathic interaction
that results in effective weed control [101,102] .

In the case of legumes, the investigations about the mechanisms of suppression of weeds have been
mainly focused on the competition for light and nitrogen. Su et al., [83] studying the intercrop of soybean and
maize, found that weed biomass was directly correlated with the light transmittance below the crop canopy. The
lower light transmittance in the intercrop in comparison with soybean monocrop might then account for the
reduced weed biomass in the mixture of maize and soybean. Poggio [66] reported that, in the intercrop of pea
with barley, the amount of photosynthetically active radition (PAR) that reached the weeds in pea monocrop
was higher than in the mixture. In this case, it was also found that barley was more competitive for nitrogen than
pea, son in the intercrops there was less available nitrogen for weeds. Similar results for nitrogen dynamics were
reported by Hauggaard-Nielsen et al. [67].

As for broomrape in faba bean and pea, it has been suggested that cereals might inhibit the germination
of the seeds of broomrape [97]. As for the decrease of broomrape in faba bean when mixed with fenugreek, a
molecule exudated by the roots of fenugreek, trigoxazonane, has been proposed as responsible for the inhibition
of the germination of broomrape seeds [97,103].

5. Cultivar mixtures to control diseases in legumes.

Cultivar mixtures have been reported to be effective in the control of diseases and pests [104]. This
approach involves mixing cultivars with contrasting responses to the pathogens in terms of susceptibility and
resistance, which provides an acceptable control of the disease. One of the challenges when using resistant
varieties is the possibility that the resistance might be overcome by the pathogen. This is more likely as the
exposure of the genes is greater, as is the case of monocrops of resistant cultivars grown year after year in the
same place. The point in cultivar mixture is to get enough presence of the resistance genes to get control of the
disease, but not so high that the resistance might be endangered. In this method, it is very important to specify
the suitable proportions and arrangement of the varieties to minimize crop losses and maximize their yields in
a right balance compatible with sustainable agriculture [105].

There are few studies to determine the role of cultivar mixtures in controlling diseases of legume plants.
One of these studies was implemented in two sites in Ethiopia by mixing susceptible and resistant bean cultivars
to evaluate the effect of this varietal mixture on the spread of the bean rust. Incidence of this disease was reduced
when the proportion of the susceptible cultivar in the mixture was reduced [106]. Lemessa [38] tested mixing
two bean cultivars in different proportions in Ethiopia, one susceptible to angular leaf spot and rust and the
other one resistant to both diseases. Reductions of angular leaf spot and rust were observed in the susceptible
cultivar with increasing proportions of the resistant one (as much as 30% for angular leaf spot and 28% for rust
with the highest proportions of the resistant cultivar). Another study in Nepal, in which four bean cultivars were
mixed, showed that infection by anthracnose was reduced in the cultivar mixtures as compared to plots with
just one cultivar [107]. In these previous cases, cultivars were mixed inside the rows of the plots. On the contrary,
Villegas-Fernandez et al. [40] tested in the South of Spain the mixture of two cultivars of pea, one susceptible
and the other one resistant, in alternate rows at different proportions to examine the effect on powdery mildew
of pea. The disease decreased in the susceptible cultivars as the proportion of the resistant one increased: from
38% to 49% of disease severity as the proportion of the resistant cultivar increases from 25% to 75%. The same
type of experiment was carried out for rust in faba bean [33], mixing two cultivars of faba bean (one resistant
and the other one susceptible to rust) in alternate rows at different proportions. The results also presented a
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reduction in rust severity in the susceptible cultivar as the proportion of the resistant one was higher: 20% to
83% as the proportion of the resistant cultivar varied from 25% to 75%.

Mechanism of cultivar mixtures to control diseases in legumes

Finck et al. [22] suggested that the main mechanisms of crop disease control in the cultivar mixtures are
frequency effects (i.e., dilution of inoculum), the barrier effect and induced resistance. The presence of the
resistant cultivar hampers the multiplication of the pathogen, which leads to the dilution of the inoculum,
dilution that will be higher as higher is the proportion of the resistant cultivar. Equally, the plants of the resistant
cultivar act as a barrier to the dispersal of the pathogen, interrupting its expansion. Finally, the induced resistance
comes from the stimulation of the mechanisms that promote the recognition of the pathogen.

In the case of cultivar mixtures of legumes, Villegas-Fernandez et al. [40] suggested that for powdery
mildew in pea the barrier effect might play a major role, since introducing just one row of the resistant cultivar
produced a drop in disease severity of as much as 38% in plants placed three rows away. These authors also
stressed the relevance of the barrier effect in cultivar mixtures for rust in faba bean. In this case, an experiment
under controlled conditions endorsed this hypothesis [33].

6. Conclusions

We have reviewed a total of 76 articles, 41 about diseases, and 35 for weeds. In two cases, a paper
included studies about two different diseases, totaling 78 studies for different biological stresses (Tables 1 and
2). Most of the studies about diseases are related to faba bean, with 16 publications. Not all important diseases
have been assessed either (as Ascochyta fabae of faba bean or rust in pea). This is an issue that, although it has
received considerable interest in the last years, still offers a great field of research.

The first conclusion is that intercropping and cultivar mixtures are useful for the control of diseases and
weeds. In an overwhelming majority of the works considered, a considerable decrease in disease incidence or
weed pressure was obtained. Only in a very few studies no positive or little relevant results were observed. The
level of suppression attained is in some cases high enough not to need to resort to any other means of control,
and in other cases some complementary action may be needed.
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Table 1. Number of studies about intercropping and control of different biological stresses (diseases and

weeds) in legume crops. One publication deals with two types of stresses.

6 6 4

D

C mem 10 : : 2 ;
o :
_ 71 10 14 9 2 35

Table 2. Number of studies about cultivar mixtures and control of different biological stresses

(diseases and weeds) in legume crops. One publication deals with two types of stresses.

It is important to bear in mind that intercropping and cultivar mixtures present many options for their
implementation: crops or cultivars chosen, their number, spatial arrangement of the mixtures or density of
plants. This means that a series of parameters must be established and that, depending on how it is done, the
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result may be one or another. This is true for many of the reviewed studies, where some combinations resulted
in disease or weed reductions, while others did not. So, it would be necessary to assess the effect of one or other
type of intercropping and cultivar mixtures on diseases as weeds, so as to optimize the best system for each
given situation. It is quite likely, then, that a higher level of control will be achieved once the diversification
systems are finetuned (testing the effect of the different combination types, distance between rows, plant density
and many others).

There is very little information about the mechanisms underlying the effects of intercropping and
cultivar mixtures on diseases and weeds of legumes. Most of the few studies that address this issue move in the
field of the hypothesis rather than in that of certainties. But it is of high importance to determine these
mechanisms since from their understanding it will be possible to better design the diversification strategies
adapted to each situation. For instance, if the barrier effect plays a major role in a certain case, it will be important
to choose a crop (or a cultivar) that outstands in height and vegetative development.

This leads to the necessity of choosing not only the right crop (in the case of intercropping) but also the
cultivars more suited for each situation. It would be very useful to have a database of a set of characteristics of
each cultivar that may be relevant for the diversification, so it will be easier to choose those expected to perform
better. A step further is the development of breeding for diversification, so that genotypes are selected for their
performance under different diversification scenarios, such as intercropping or cultivar mixtures. So far there
has been little work in this direction, so there is a great potential here to improve the benefits of diversification
in the control of diseases and weeds.

It can be concluded, then, that there is a great potential in crop diversification for the control of diseases
and weeds, helping reduce the use of pesticides and herbicides in the frame of a sustainable agriculture. Much
more work on different crops and systems will be needed to develop all the possibilities that these strategies
offer.

7. References

Lithourgidis, A.S.; Dordas, C.A.; Damalas, C.A.; Vlachostergios, D.N. Annual intercrops: an alternative pathway for
sustainable agriculture. Australian Journal of Crop Science 2011, 5, 396-410.

FAO. Water for sustainable fodd and agriculture. 2017.

Raseduzzaman, M. Intercropping for enhanced yield stability and food security. 2016.

Joslin, A.H.; Vasconcelos, S.S.; Oliviera, F.D.; Kato, O.R.; Morris, L.; Markewitz, D. A Slash-And-Mulch Improved-Fallow
Agroforestry System: Growth and Nutrient Budgets over Two Rotations. Forests 2019, 10, d0i:10.3390/f10121125.
Abouziena, H.F.; Haggag, W.M. Weed control in clean agriculture: a review. Planta Daninha 2016, 34, 377-392,
d0i:10.1590/s0100-83582016340200019.

Sharma, G.; Shrestha, S.; Kunwar, S.; Tseng, T. Crop Diversification for Improved Weed Management: A Review. Agriculture-
Basel 2021, 11, d0i:10.3390/agriculture11050461.

Gu, C,; Bastiaans, L.; Anten, N.P.R.; Makowski, D.; van der Werf, W. Annual intercropping suppresses weeds: A meta-
analysis. Agriculture Ecosystems & Environment 2021, 322, doi:10.1016/j.agee.2021.107658.

Hufnagel, J.; Reckling, M.; Ewert, F. Diverse approaches to crop diversification in agricultural research. A review. Agronomy
for Sustainable Development 2020, 40, 14, doi:10.1007/s13593-020-00617-4.

Mzyece, A.; Ng'ombe, ].N. Does Crop Diversification Involve a Trade-Off Between Technical Efficiency and Income Stability
for Rural Farmers? Evidence from Zambia. Agronomy-Basel 2020, 10, d0i:10.3390/agronomy10121875.

Kemboi, E.; Muendo, K.; Kiprotich, C. Crop diversification analysis amongst smallholder farmers in Kenya(empirical
evidence from Kamariny ward, Elgeyo Marakwet County). Cogent Food & — Agriculture 2020, 6,
d0i:10.1080/23311932.2020.1834669.

Lin, B.B. Resilience in Agriculture through Crop Diversification: Adaptive Management for Environmental Change.
Bioscience 2011, 61, 183-193, doi:10.1525/bi0.2011.61.3.4.

Kahan, D. Managing risk in farming. 2008.

Bonye, S.; Kpienta, B.; Jasaw, G. Promoting Community-Based Extension Agents as an Alternative Approach to Formal
Agricultural Extension Service Delivery in Northern Ghana. Asian Journal of Agriculture and Rural Development 2012, 2, 76-95.
Keulemans, W.; Bylemans, D.; De Coninck, B. Farming without plant protection products 2019.

13



Introduction

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.
32.
33.

34.

35.

36.

37.

38.

Devkota, R.; Pant, L.P.; Gartaula, H.N.; Patel, K.; Gauchan, D.; Hambly-Odame, H.; Thapa, B.; Raizada, M.N. Responsible
Agricultural Mechanization Innovation for the Sustainable Development of Nepal's Hillside Farming System. Sustainability
2020, 12, d0i:10.3390/su12010374.

Liebman, M.; Dyck, E. Crop-rotation and intercropping strategies for weed management. Ecological Applications 1993, 3, 92-
122, doi:10.2307/1941795.

Sharma, P.; Singh, A.; Kahlon, C.; Brar, A.; Grover, K,; Dia, M.; Steiner, R. The Role of Cover Crops towards Sustainable Soil
Health and Agriculture — A Review Paper. American Journal of Plant Sciences 2018, 09, 1935-1951, doi:10.4236/ajps.2018.99140.
Lu, Y.C; Watkins, K.B.; Teasdale, J.R.; Abdul-Baki, A.A. Cover crops in sustainable food production. Food Reviews
International 2000, 16, 121-157, doi:10.1081/fri-100100285.

Zomer, R.J.; Neufeldt, H.; Xu, ].; Ahrends, A.; Bossio, D.; Trabucco, A.; van Noordwijk, M.; Wang, M. Global Tree Cover and
Biomass Carbon on Agricultural Land: The contribution of agroforestry to global and national carbon budgets. Scientific
Reports 2016, 6, 29987, doi:10.1038/srep29987.

Smith, H.; McSorley, R. Intercropping and Pest Management: A Review of Major Concepts. American Entomologist 2000, 46,
154-161, doi:10.1093/ae/46.3.154.

Bybee-Finley, K.A.; Ryan, M.R. Advancing Intercropping Research and Practices in Industrialized Agricultural Landscapes.
Agriculture-Basel 2018, 8, d0i:10.3390/agriculture8060080.

Finckh, M.R.; Gacek, E.S.; Goyeau, H.; Lannou, C; Merz, U,; Mundt, C.C; Munk, L.; Nadziak, J.; Newton, A.C; de
Vallavieille-Pope, C.; et al. Cereal variety and species mixtures in practice, with emphasis on disease resistance. Agronomie
2000, 20, 813-837.

Maitra, S.; Hossain, A.; Brestic, M.; Skalicky, M.; Ondrisik, P.; Gitari, H.; Brahmachari, K.; Shankar, T.; Bhadra, P.; Palai, ].B.;
et al. Intercropping— A Low Input Agricultural Strategy for Food and Environmental Security. Agronomy 2021, 11, 343.
Gebru, H. A Review on the Comparative Advantages of Intercropping to Mono-Cropping System. Journal of Biology,
Agriculture and Healthcare 2015, 5, 1-13.

Brooker, R.W,; Bennett, A.E.; Cong, W.F.; Daniell, T.J.; George, T.S.; Hallett, P.D.; Hawes, C.; lannetta, P.P.M.; Jones, H.G.;
Karley, AJ,; et al. Improving intercropping: a synthesis of research in agronomy, plant physiology and ecology. New
Phytologist 2015, 206, 107-117, d0i:10.1111/nph.13132.

Hauggaard-Nielsen, H.; Jornsgaard, B.; Kinane, ].; Jensen, E. Grain legume - Cereal intercropping: The practical application
of diversity, competition and facilitation in arable and organic cropping systems. Renewable Agriculture and Food Systems 2008,
23, 3-12, d0i:10.1017/51742170507002025.

Boudreau, M.A. Diseases in Intercropping Systems. In Annual Review of Phytopathology, Vol 51, VanAlfen, N.K., Ed.; Annual
Review of Phytopathology; 2013; Volume 51, pp. 499-519.

Zhang, C.C; Dong, Y.; Tang, L.; Zheng, Y.; Makowski, D.; Yu, Y.; Zhang, F.S.; van der Werf, W. Intercropping cereals with
faba bean reduces plant disease incidence regardless of fertilizer input; a meta-analysis. European Journal of Plant Pathology
2019, 154, 931-942, doi:10.1007/5s10658-019-01711-4.

Eshetu, G.; Bimrew, Y.; Shifa, H. Association of Chocolate Spot and Faba Bean Rust Epidemics with Climate Change Resilient
Cultural Practices in Bale Highlands, Ethiopia. Advances in Agriculture 2018, 2018, 1-13, d0i:10.1155/2018/6042495.

Willey, RW. Intercropping —It's Importance and Research Needs. Agronomy and Research. Field Crop Abstracts 1979, 32, 13.
Gliessman, S.R. Multiple cropping systems: a basis for developing an alternative agriculture. [1985].

Shtaya, M.].Y.; Emeran, A.A.; Fernandez-Aparicio, M.; Abu Qaoud, H.; Abdallah, J.; Rubiales, D. Effects of crop mixtures on
rust development on faba bean grown in Mediterranean climates. Crop Protection 2021, 146, doi:10.1016/j.cropro.2021.105686.
Villegas-Fernandez, A.M.; Amarna, A.A.; Moral, J.; Rubiales, D. Crop Diversification to Control Rust in Faba Bean Caused
by Uromyces viciae-fabae. Journal of Fungi 2023, 9, doi:10.3390/jof9030344.

Kamalongo, D.M.A.; Cannon, N.D. Advantages of bi-cropping field beans (Vicia faba) and wheat(Triticum aestivum) on
cereal forage yield and quality. Biological Agriculture & Horticulture 2020, doi:10.1080/01448765.2020.1788991.

Guo, Z.P,; Luo, CS.; Dong, Y.; Dong, K.; Zhu, ].H.; Ma, L.K. Effect of nitrogen regulation on the epidemic characteristics of
intercropping faba bean rust disease primarily depends on the canopy microclimate and nitrogen nutrition. Field Crops
Research 2021, 274, doi:10.1016/j.fcr.2021.108339.

Fininsa, C. Effect of intercropping bean with maize on bean common bacterial blight and rust diseases. International Journal
of Pest Management 1996, 42, 51-54, doi:10.1080/09670879609371969.

Boudreau, M.A,; Mundt, C.C. Mechanisms of alteration in bean rust epidemiology due to intercropping with maize.
Phytopathology 1992, 82, 1051-1060, d0i:10.1094/Phyto-82-1051.

Lemessa, F. Effects of Intercropping and Cultivar Mixtures on Bean Diseases and Yield. Pest management journal of Ethiopia
2004, 8, 10.

14



Introduction

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Zivanov, D.; Jevtic, R.; Zivanov, S.T.; Vasiljevic, S. Control of winter forage pea diseases by pea-oat intercropping under field
conditions. Pesticidi i Fitomedicina 2014, 29, 131-136, d0i:10.2298/PIF1402131Z.

Villegas-Fernandez, A.M.; Amarna, A.A.; Moral, J.; Rubiales, D. Crop Diversification to Control Powdery Mildew in Pea.
Agronomy-Basel 2021, 11, doi:10.3390/agronomy11040690.

Fernandez-Aparicio, M.; Shtaya, M.].Y.; Emeran, A.A.; Allagui, M.B.; Kharrat, M.; Rubiales, D. Effects of crop mixtures on
chocolate spot development on faba bean grown in mediterranean climates. Crop Protection 2011, 30, 1015-1023,
d0i:10.1016/j.cropro.2011.03.016.

Sahile, S.; Fininsa, C.; Sakhuja, P.K.; Ahmed, S. Effect of mixed cropping and fungicides on chocolate spot (Botrytis fabae) of
faba bean (Vicia faba) in Ethiopia. Crop Protection 2008, 27, 275-282, doi:10.1016/j.cropro.2007.06.003.

Terefe, H.; Fininsa, C.; Woldemariam, S.; Mashilla Dejene, W.; Tesfaye, K. Global Journal of Pests, Diseases and Crop
Protection Effect of integrated cultural practices on the epidemics of chocolate spot (Botrytis fabae) of faba bean (Vicia faba)
in Hararghe Highlands, Ethiopia. 2015, 3, 113-123.

Guo, Z.P,; Dong, Y.; Dong, K.; Zhu, ].H.; Ma, L.K. Effects of nitrogen management and intercropping on faba bean chocolate
spot disease development. Crop Protection 2020, 127, 7, d0i:10.1016/j.cropro.2019.104972.

Khadka, R.; Joshi, S.; Chaudhary, R. Intercropping of chick pea and mustard on control of botrytis grey mold in western
Terai, Nepal. Agronomy Journal of Nepal 2013, 3, 89-96.

Fernandez-Aparicio, M.; Amri, M.; Kharrat, M.; Rubiales, D. Intercropping reduces Mycosphaerella pinodes severity and
delays upward progress on the pea plant. Crop Protection 2010, 29, 744-750, doi:10.1016/j.cropro.2010.02.013.

Kinane, J.; Lyngkjeer, M. Effect of barley-legume intercrop on disease frequency in an organic farming system. Plant Protection
Science 2002, 38, 227-231, d0i:10.17221/10360-PPS.

Schoeny, A.; Jumel, S.; Rouault, F.; Lemarchand, E.; Tivoli, B. Effect and underlying mechanisms of pea-cereal intercropping
on the epidemic development of ascochyta blight. European Journal of Plant Pathology 2010, 126, 317-331, d0i:10.1007/s10658-
009-9548-6.

Marzani, Q.A. Management of ascochyta blight (Ascochyta rabiei (Pass.) Labrouse) using chickpea-based mixed cropping
systems through different combinations of companion crops. Australasian Plant Pathology 2023, 52, 215-223,
doi:10.1007/s13313-023-00912-0.

Zhou, Y.; Chen, C.; Franck, W.L.; Khan, Q.; Franck, S.; Crutcher, F.K.; McVay, K.; McPhee, K. Intercropping chickpea—flax for
yield and disease management. Agronomy Journal 2023, 115, 726-743, doi:https://doi.org/10.1002/agj2.21280.

Boudreau, M. Effect of intercropping beans with maize on the severity of angular leaf spot of beans in Kenya. Plant Pathology
2007, 42, 16-25, d0i:10.1111/j.1365-3059.1993.tb01467 .x.

Guo, Y.T; Lv, J.; Zhao, Q.; Dong, Y.; Dong, K. Cinnamic Acid Increased the Incidence of Fusarium Wilt by Increasing the
Pathogenicity of Fusarium oxysporum and Reducing the Physiological and Biochemical Resistance of Faba Bean, Which Was
Alleviated by Intercropping With Wheat. Frontiers in Plant Science 2020, 11, doi:10.3389/fpls.2020.608389.

Li, X.; De Boer, W.; Ding, C.; Zhang, T.; Wang, X. Suppression of soil-borne Fusarium pathogens of peanut by intercropping
with the medicinal herb Atractylodes lancea. Soil Biology and Biochemistry 2018, 116, 120-130.

Jamil, A.; Ashraf, S. Impacts of agronomic practices in the management of Fusarium wilt of chickpea. Australasian Plant
Pathology 2021, 50, 441-450, doi:10.1007/s13313-021-00793-1.

El-Mehy, A.A.; El-Gendy, H.M.; Aioub, A.A.; Mahmoud, S.F.; Abdel-Gawad, S.; Elesawy, A.E.; Elnahal, A.S. Response of
faba bean to intercropping, biological and chemical control against broomrape and root rot diseases. Saudi Journal of Biological
Sciences 2022, 29, 3482-3493.

Abdel-Monaim, M.F.; Abo-Elyousr, K.A.M. Effect of preceding and intercropping crops on suppression of lentil damping-
off and root rot disease in New Valley — Egypt. Crop Protection 2012, 32, 41-46, doi:https://doi.org/10.1016/j.cropro.2011.10.011.
Gao, X;; Wu, M;; Xu, R;; Wang, X.; Pan, R.; Kim, H.-J.; Liao, H. Root interactions in a maize/soybean intercropping system
control soybean soil-borne disease, red crown rot. Plos one 2014, 9, e95031.

Fininsa, C.; Yuen, J. Temporal progression of bean common bacterial blight (Xanthomonas campestris pv. phaseoli) in sole
and intercropping systems. European Journal of Plant Pathology 2002, 108, 485-495.

Ratnadass, A.; Fernandes, P.; Avelino, J.; Habib, R. Plant species diversity for sustainable management of crop pests and
diseases in agroecosystems: a review. Agronomy for Sustainable Development 2012, 32, 273-303, d0i:10.1007/s13593-011-0022-4.
Jeger, M.J. The Epidemiology of Plant Virus Disease: Towards a New Synthesis. Plants-Basel 2020, 9,
d0i:10.3390/plants9121768.

National Research Council Committee on, B. In New Directions for Biosciences Research in Agriculture: High-Reward
Opportunities; National Academies Press (US)Copyright © National Academy of Sciences.: Washington (DC), 1985.

Ekwealor, K.; Echereme, C.; Ofobeze, T.; Nkumah, O. Economic Importance of Weeds: A Review. Asian Plant Research Journal
2019, 1-11, doi:10.9734/APR]/2019/v3i230063.
15



Introduction

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

Kraehmer, H.; van Almsick, A.; Beffa, R.; Dietrich, H.; Eckes, P.; Hacker, E.; Hain, R.; Strek, H.J.; Stuebler, H.; Willms, L.
Herbicides as weed control agents: state of the art: II. Recent achievements. Plant physiology 2014, 166, 1132-1148,
doi:10.1104/pp.114.241992.

Atwood, D.; Paisley-Jones, C. Pesticides Industry Sales and Usage 2017.

Weerarathne, L.V.Y.; Marambe, B.; Chauhan, B.S. Does intercropping play a role in alleviating weeds in cassava as a non-
chemical tool of weed management? - A review. Crop Protection 2017, 95, 81-88, doi:10.1016/j.cropro.2016.08.028.

Poggio, S.L. Structure of weed communities occurring in monoculture and intercropping of field pea and barley. Agriculture
Ecosystems & Environment 2005, 109, 48-58, doi:10.1016/j.agee.2005.02.019.

Hauggaard-Nielsen, H.; Andersen, M.K.; Jornsgaard, B.; Jensen, E.S. Density and relative frequency effects on competitive
interactions and resource use in pea-barley intercrops. Field Crops Research 2006, 95, 256-267, doi:10.1016/j.fcr.2005.03.003.
Arlauskiené, A.; Sarunaite, L.; KadZiuliene, Z.; Deveikyte, I.; Maiksténiené, S. Suppression of Annual Weeds in Pea and
Cereal Intercrops. Agronomy journal 2014, 106, 1765-1774, d0i:10.2134/agronj13.0478.

Corre-Hellou, G.; Dibet, A.; Hauggaard-Nielsen, H.; Crozat, Y.; Gooding, M.; Ambus, P.; Dahlmann, C.; von Fragstein, P.;
Pristeri, A.; Monti, M.; et al. The competitive ability of pea-barley intercrops against weeds and the interactions with crop
productivity and soil N availability. Field Crops Research 2011, 122, 264-272, d0i:10.1016/j.fcr.2011.04.004.

Dhima, K.; Vasilakoglou, I.; Gatsis, T.; Gougoulias, N. FABA BEAN-BARLEY INTERCROPS FOR HIGH PRODUCTIVITY
AND CORN POPPY SUPPRESSION. Experimental Agriculture 2016, -1, 1-18, doi:10.1017/50014479716000132.

Eskandari, H. Intercropping of wheat (Triticum aestivum) and bean (Vicia faba): Effects of complementarity and competition
of intercrop components in resource consumption on dry matter production and weed growth. African Journal of Biotechnology
2011, 10, 17755-17762, doi:10.5897/ajb11.2250.

Boutagayout, A.; Belmalha, S.; Nassiri, L.; El Alami, N.; Jiang, Y.; Lahlali, R.; Bouiamrine, E.H. Weed competition, land
equivalent ratio and yield potential of faba bean (Vicia faba L.)-cereals (Triticum aestivum L. and/or Avena sativa L.)
intercropping under low-input conditions in Meknes region, Morocco. Vegetos 2023, doi:10.1007/s42535-023-00592-7.

Wang, L.; Gruber, S.; Claupein, W. Optimizing lentil-based mixed cropping with different companion crops and plant
densities in terms of crop yield and weed control. Organic Agriculture 2012, 2, 79-87, d0i:10.1007/s13165-012-0028-5.

Carr, P.M.; Gardner, J.C.; Schatz, B.G.; Zwinger, SW.; Guldan, S.J. Grain-Yield And Weed Biomass Of A Wheat-Lentil
intercrop. Agronomy Journal 1995, 87, 574-579, doi:10.2134/agronj1995.00021962008700030030x.

Fernandez, A.L.; Sheaffer, C.C.; Wyse, D.L. Productivity of Field Pea and Lentil with Cereal and Brassica Intercrops.
Agronomy Journal 2015, 107, 249-256, doi:https://doi.org/10.2134/agronj14.0361.

Hamzej, J.; Seyedi, M.; Ahmadvand, G.; Abutalebian1, M.A. The Effect of Additive Intercropping on Weed Suppression,
Yield and Yield Component of Chickpea and Barley. Journal of Crop Production and Processing 2012, 2, 43-56.

Abdulahi, A. Evaluation of wheat-chickpea intercrops as influenced by nitrogen management and weed management. Ph.
D. Thesis, Ecophysiology Department, Faculty of Agriculture, University ..., 2012.

Nasrollahzadeh, S.; Mohammadi-Azar, M.; Shafagh-Kolvanagh, J. Effect of intercropping chickpea and dragon’s head
(Lallemantia iberica Fish. et Mey) on weeds control and morphological traits in chickpea. International Journal of Biosciences
2014, 4, 159-165.

Banik, P.; Midya, A.; Sarkar, B.K.; Ghose, S.S. Wheat and chickpea intercropping systems in an additive series experiment:
Advantages and weed smothering. European Journal of Agronomy 2006, 24, 325-332, doi:10.1016/j.€ja.2005.10.010.

Rathi, J.; Rathi, R.; Singh, O. Studies on integrated weed management technique in chickpea with mustard intercropping
system. Plant Archives 2007, 7, 909-912.

Wortmann, C.; Workayehu. Maize-Bean Intercrop Weed Suppression and Profitability in Southern Ethiopia. Agronomy
journal 2011, 104, 1058-1063, doi:10.2134/agronj2010.0493.

Glowacka, A. Changes in weed infestation of common bean (Phaseolus vulgaris L.) under conditions of strip intercropping
and different weed control methods. Acta Agrobotanica 2012, 63, 171-178, d0i:10.5586/aa.2010.045.

Su, B.Y,; Liu, X,; Cui, L.; Xiang, B.; Yang, W.Y. Suppression of Weeds and Increases in Food Production in Higher Crop
Diversity Planting Arrangements: A Case Study of Relay Intercropping. Crop Science 2018, 58, 1729-1739,
do0i:10.2135/cropsci2017.11.0670.

Biszczak, W.; Rézylo, K.; Kraska, P. Yielding parameters, nutritional value of soybean seed and weed infestation in relay-
strip intercropping system with buckwheat. Acta Agriculturae Scandinavica, Section B - Soil & Plant Science 2020, 70, 640-647,
d0i:10.1080/09064710.2020.1831586.

Gomez, P.; Gurevitch, J. Weed community responses in a corn-soybean intercrop. Applied Vegetation Science 1998, 1, 281-288.
Berdjour, A.; Dugje, 1.Y.; Dzomeku, LK.; Rahman, N.A. Maize—soybean intercropping effect on yield productivity, weed control and
diversity in northern Ghana; 1444-6162; Wiley Online Library: 2020.

16



Introduction

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Nourbakhsh, F.; Koocheki, A.; Mahallati, M.N. Investigation of biodiversity and some of the ecosystem services in the
intercropping of corn, soybean and marshmallow. International Journal of Plant Production 2019, 13, 35-46.

Bagheri Shirvan, M.; Zaefarian2, F.; Bicharanlou, B.; Asadi, G. Evaluation of replacement intercropping of soybean (Glycine
max L.) with sweet basil (Ocimum basilicum L.) and borage (Borago officinalis L.) under weed infestation. Journal Of
Agroecology 2014, 6, 70-83, d0i:10.22067/jag.v6il.35675.

Cheriere, T.; Lorin, M.; Corre-Hellou, G. Species choice and spatial arrangement in soybean-based intercropping: Levers that
drive yield and weed control. Field Crops Research 2020, 256, 107923, doi:10.1016/j.fcr.2020.107923.

Sheaffer, C.; Gunsolus, J.; Jewett, J.; Lee, S. Annual Medicago as a Smother Crop in Soybean. Journal of Agronomy and Crop
Science 2002, 188, 408-416, doi:10.1046/j.1439-037X.2002.00590.x.

Saudy, H.; El-Metwally, LM. Weed management under different patterns of sunflower-soybean intercropping. Journal of
Central European Agriculture 2009, 10, 41-52.

de la Fuente, E.; Suarez, S.; Lenardis, A.; Poggio, S. Intercropping sunflower and soybean in intensive farming systems:
Evaluating yield advantage and effect on weed and insect assemblages. NJAS - Wageningen Journal of Life Sciences 2014, 70-71,
doi:10.1016/j.njas.2014.05.002.

Eskandari, H.; Kazemi, K. Weed Control in Maize-Cowpea Intercropping System Related to Environmental Resources
Consumption. Notulae Scientia Biologicae 2011, 3, d0i:10.15835/nsb.3.1.5609.

Bilalis, D.; Papastylianou, P.; Konstantas, A.; Patsiali, S.; Karkanis, A.; Efthimiadou, A. Weed-suppressive effects of maize—
legume intercropping in organic farming. International Journal of Pest Management 2010, 56, 173-181,
doi:10.1080/09670870903304471.

Campiglia, E.; Mancinelli, R.; Radicetti, E.; Baresel, ].P. Evaluating spatial arrangement for durum wheat (Triticum durum
Desf.) and subclover (Trifolium sub terraneum L.) intercropping systems. Field Crops Research 2014, 169, 49-57,
doi:10.1016/j.fcr.2014.09.003.

Choudhary, J.; Dadheech, R.C.; Yadav, A. Effect of intercropping and weed management on weed dynamics and nutrient
uptake by weeds and crops. Annals of Biology 2013, 29, 135-138.

Fernandez-Aparicio, M.; Sillero, ]J.C.; Rubiales, D. Intercropping with cereals reduces infection by Orobanche crenata in
legumes. Crop Protection 2007, 26, 1166-1172, d0i:10.1016/j.cropro.2006.10.012.

Fernandez-Aparicio, M.; Emeran, A.A_; Rubiales, D. Control of Orobanche crenata in legumes intercropped with fenugreek
(Trigonella foenum-graecum). Crop Protection 2008, 27, 653-659, doi:10.1016/j.cropro.2007.09.009.

Thiebaut, G.; Tarayre, M.; Rodriguez-Pérez, H. Allelopathic Effects of Native Versus Invasive Plants on One Major Invader.
Frontiers in Plant Science 2019, 10, doi:10.3389/fpls.2019.00854.

Khamare, Y.; Chen, ].J.; Marble, S.C. Allelopathy and its application as a weed management tool: A review. Frontiers in Plant
Science 2022, 13, doi:10.3389/fpls.2022.1034649.

Tesio, F.; Ferrero, A. Allelopathy, a chance for sustainable weed management. International Journal of Sustainable Development
and World Ecology 2010, 17, 377-389, d0i:10.1080/13504509.2010.507402.

Farooq, M.; Jabran, K.; Cheema, Z.A.; Wahid, A.; Siddique, K.H.M. The role of allelopathy in agricultural pest management.
Pest Management Science 2011, 67, 493-506, d0i:10.1002/ps.2091.

Evidente, A.; Fernandez-Aparicio, M.; Andolfi, A.; Rubiales, D.; Motta, A. Trigoxazonane, a monosubstituted trioxazonane
from Trigonella foenum-graecum root exudate, inhibits Orobanche crenata seed germination. Phytochemistry 2007, 68, 2487-
2492, doi:10.1016/j.phytochem.2007.05.016.

Mundt, C.C. Use of multiline cultivars and cultivar mixtures for disease management. Annual Review of Phytopathology 2002,
40, 381-+, doi:10.1146/annurev.phyto.40.011402.113723.

Gigot, C.; Saint-Jean, S.; Huber, L.; Maumene, C.; Leconte, M.; Kerhornou, B.; de Vallavieille-Pope, C. Protective effects of a
wheat cultivar mixture against splash-dispersed septoria tritici blotch epidemics. Plant Pathology 2013, 62, 1011-1019,
doi:10.1111/ppa.12012.

Assefa, H.; Vandenbosch, F.; Zadoks, ].C. Focus expansion of bean rust in cultivar mixtures. Plant Pathology 1995, 44, 503-509,
doi:10.1111/j.1365-3059.1995.tb01672.x.

Prasad, R.; Paudel, M.N.; Ghimire, N.; Joshi, B. Cultivar Mixtures in Bean Reduced Disease Infection and Increased Grain
Yield Under Mountain Environment of Nepal. Agronomy Journal of Nepal 2016, 4, doi:10.3126/ajn.v4i0.15535.

17



Objectives

Objectives

After consideration of the previous background, and taking into account the reality of the legume crops in

the Guadalquivir valley area, the following objectives were established for our work:

1. Determine if it is possible to control powdery mildew in pea by intercropping with other crops (wheat, barley
and faba bean), with experiments in different environments.

2. Determine if it is possible to control powdery mildew in pea by cultivar mixtures (one cultivar of pea susceptible
to the disease and the other one resistant), with experiments in different environments.

3. Assess the possible mechanisms behind the effects of intercropping and cultivar mixtures on powdery mildew
of pea.

4. Determine if it is possible to control rust in faba bean by intercropping with other crops (wheat, barley and pea),

with experiments in different environments.

5. Determine if it is possible to control rust in faba bean by cultivar mixtures (one cultivar of faba bean susceptible
to the disease and the other one resistant), with experiments in different environments.

6. Assess the possible mechanisms behind the effects of intercropping and cultivar mixtures on rust of faba bean.

7. Determine if it is possible to control weeds in faba bean by intercropping with other crops (pea, what and barley),
with experiments in different environments, establishing which intercropping method may be more effective.

8. Investigate the mechanisms explaining the effects of intercropping in weeds, especially allelopathy by barley.
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Chapter I

Crop diversification to control powdery mildew in pea

1. Introduction

Pea (Pisum sativum L.) is a major temperate grain legume widely cultivated worldwide[1]. Its high protein
content makes pea highly suitable for animal feed and a good alternative to meat as a source of proteins for
human diets [2]. Like other legumes, pea fixes atmospheric nitrogen, enriching soils and contributing towards
sustainability. However, as any crop, pea production can be constrained by a number of pests and diseases [3].
Powdery mildew is an air-borne fungal disease, caused by the biotrophic pathogen Erysiphe pisi DC. Infection
affects all aerial parts of the plant, with losses that may reach 50% of yield [4]. Although methods such as planting
early in the season or using early-maturing cultivars can be implemented for promoting escape from the disease,
effective control is really achieved by using chemical fungicides or resistant cultivars. The problem with
chemicals is that their use entails damage to the ecosystems and increases the economic costs of the farmers. As
for resistant cultivars, only a limited number of them are available, and with a resistance that relies on a narrow
genetic basis. Only three genes for resistance have been described, namely erl, er2 and Er3, with only the first
one being widely used in breeding programs all over the world [5]. The risk of the pathogen overcoming these
resistances is high, especially when they occur in large areas of genetically homogeneous plants [5]. Evenmore,
in addition to E. pisi, other species such as E. trifolii Grev. or E. baeumleri U.Braun & S.Takam. Magnus might
also affect pea under certain conditions and are reported to overcome er1 resistance[6-8].

Crop diversification, either by intercropping, i.e, mixing two or more crops, or by mixtures of genotypes of
the same crop, has proven useful to reduce disease pressure in several crops [9,10]. The objective is to modify
the traditional monocrop environment in such a way that it hampers the process of infection and the extension
of the pathogen, or that it provides additional strengths to the host crop to fight the infection. This effect on
diseases adds to other known advantages of diversification, such as an increase of yield and reduction of
fertilizers, or the positive effects on beneficial insects and pollination [11-13].

Legumes are popular components in diversification strategies, given the ecological services they provide to
other crops and to the environment as a whole. In particular, cereal-legume intercrops are of great interest
because of the synergies they deliver and have been the subject of several studies, including their effects on
disease reduction [14-16]. On the contrary, mixtures of legume cultivars have been less studied, with only some
studies on common bean available so far.

Intercropping pea with cereals can reduce pea diseases such as ascochyta blight (Peyronellaea pinodes [Berk.
& A. Bloxam] Avesk., Gruy. & Verkl.) [17-19] and broomrape (Orobanche crenata Forsk.) [20]. As for powdery
mildew, only one experiment has been reported, which presented unclear effects of pea/oat mixtures on disease
reduction [21].

With the objective to assess benefits of diversification in the control of powdery mildew in pea we
established a series of experiments, first to identify the most efficient intercrop, and second to determine the
optimal proportion of resistant and susceptible pea cultivars in a mixture.
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2. Materials and methods
2.1. Field trials

Six field trials were carried out in two different locations in the South of Spain (Cérdoba and Almoddvar
del Rio) from 2015 to 2019 (Table 1) to study the effect of various intercrops on pea powdery mildew infection.

Table 1. Field trials carried out for the study of the effect of intercropping on the pathosystem pea/powdery mildew.

Trial Cord1-15(i) Cord1-16(i) Cord1-17(i) Alm1-19(i) Cord1-19(i) Cord2-19(i)
Location Cérdoba Cérdoba Cérdoba Almodévar Cérdoba Cérdoba
Max. T (2C) 35.3 317 32.2 35.2 35.7 35.7
Min. T (2C) -3.3 -2.3 -3.4 -0.8 -2.8 -2.8
Mean T (2C) 12.3 12.6 14.3 14.2 12.5 12.5
Precipitation (ml) 150 336 143.8 107.2 110.4 110

Each trial consisted of monocrops of pea, wheat, barley and faba bean (cvs. Messire, Califa, Henley and
Brocal, respectively), intercrops of pea with each one of the other crops; and a monocrop of pea at 50% density
(doubling the distance between rows). Each plot consisted of eight 3-m long rows (except for the plots with pea
at 50% density, with only four rows), with 35 cm between rows. Sowing densities were 30 seeds/row for legumes,
and 200 seeds/row for cereals. Intercropping system was alternate with replacement, at 50%. This means that a
row of each crop is alternatively sown, so ending up with a rate of 50/50 in the plot (Fig. 1). A randomized
complete block design with four replications was used.

pea 100 % pea intercropped pea 50 %

PN NN
PN NN
PN NN
PN NSNS

—— Pea

~~  Wheat, barley or faba bean

Figure 1. Experimental design for the intercropping experiments.

Disease severity (DS) was visually estimated as the percentage of whole plant canopy covered by powdery
mildew. A single severity value was assigned to each plot as the overall DS on the two middle rows (discarding
those plants at the extremes of the rows). Evaluations were made one week after first symptoms started and
repeated every 7-10 days till plant senescence. The area under disease progress curve (AUDPC) was
subsequently calculated with the formula:

i=n-1

AUDPC = 3 Y5 {(yin + yi)(xint = xi)}
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yi = value of evaluated parameter at day 1
xi = time (days)
n = total number of observations

Crop height was assessed at full maturity of crops in trials Cord1-18(i), Alm1-19(i) and Cord2-19(i). Five
plants of each crop per plot were measured from the ground to the top of plants, not stretching them, with the
help of a ruler. Differences between the height of the companion crops and of pea in the intercropped plots were
then calculated. The two central rows of each crop in each plot were harvested. Plants were dried in an oven at
60°C for 3 days and then plant biomass was assessed by weighing dry plants from each row. After this, plants
were threshed and seeds were weighed. Biomass data are available for trials Alm1-19(i), Cord1-19(i) and Cord2-
19(i), and grain yield data are available for trials AlIm1-19(i) and Cord2-19(i).

The Land Equivalent Ratios (LER) of grain and biomass yields values were calculated as follows [22]: LERpx
=Yip/Ymp  Yix/Ymx

Where LERpx represents the LER value (either for grain yield or biomass yield) of a given combination of
pea and other crop “x” (faba bean, wheat or barley). Yip and Ymp are the yields of pea intercropped and in
monocrop, respectively; Yic and Ymxare the yields of the other crops in intercrop or monocrop, respectively.

Additional field trials were performed over four seasons (Table 2) in which the powdery mildew susceptible
pea cv. Messire and its resistant isoline Eritreo [8] were mixed at different ratios (100/0, 75/25, 50/50, 25/75 and
0/100). Mixtures were made by alternating different rows of each cultivar (Figure 2). Disease severity (DS) in cv.
Messire was evaluated as described above for the intercropping trials.

Table 2. Field trials carried out for the study of the effect of cultivar mixtures on the pathosystem pea/powdery mildew.

Trial Cord1-15(c) Cord1-16(c) Alm1-19(c) Cord1-19(c) Cord2-19(c)
Location Cordoba Cordoba Almodovar Cordoba Cordoba
Max. T (2C) 353 31.7 35.2 31.2 31.2
Min. T (2C) -2.2 -2.3 -0.8 -2.8 -0.7
Mean T (2C) 13.8 12.9 135 12.0 12.9
Precipitation (ml) 121.8 281.8 107.8 110 109.4

"
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P, P b P, g 'y
g : ¢ 4 ¢ < £ < I
P < : < TR 44

100/0 75/25 50/50 2575 01100

i,

Row with susceptible cultivar .~~~ RoOwW with resistant cultivar

Figure 2. Experimental design for cultivar mixture experiments. Proportions are for Messire/Eritreo cultivars.
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2.2. Controlled-conditions experiment

An experiment was performed on seedlings under controlled conditions to investigate possible barrier
effects of cereals on powdery mildew dispersal. Seeds were planted in 4 rows separated 7 cm in polystyrene
boxes (34x55x16 cm, width:length:height) filled with a mixture of sand and peat at 1:3 rate (v:v) following three
treatments: pea monocrop, pea/wheat intercrop and pea/barley intercrop. The number of seeds per row were 18
for pea and 150 for the cereals. Treatments were replicated five times. In the intercrops, the first row was always
a cereal, with pea in the second and fourth rows (Figure 3).

Figure 3. Pea monocrop (A) and pea intercropped with barley (B) in the experiment under controlled conditions.

The fifteen boxes were placed in a growth chamber with a photoperiod of 12 h of visible light (150 pmol m=
s photon flux density) at 25 °C, and 12 h of darkness at 20 °C. Seventeen days after sowing, seedlings were
inoculated with Erysiphe pisi isolate CO-07. The isolate originated from infected pea crop in Cérdoba and was
maintained on living pea plants at IAS-CSIC. E. pisi spores from infected leaves were blown with the help of an
air compressor in perpendicular direction towards the first row of each box, distributing them homogenously
along the line of the row. Number of leaves of cereal plants at the time of inoculation were counted. Ten days
after inoculation, pea plants on the second and fourth row of each box were evaluated for severity of powdery
mildew. Then, dry biomass of cereal plants was measured as described above for the field trials.

2.3. Statistical analysis

For the intercropping trials, area Under the Disease Progress Curves (AUDPC) were calculated using data
of powdery mildew severity by trapezoidal integration. Data of AUDPC were standardized (SAUDPC)
considering the length of the evaluation period [23]. The effect of the treatment (pea monocrops and the different
combinations) on the dependent variable (Area Under Disease Progress Curve) was examined for each
environment (i.e., year x location) using Dunn’s Test, while Friedman’s Test was used to compare the effect of
the treatment for the set of environments. Both tests were used because the data did not satisfy the requirements
of parametric tests regarding normality, homogeneity of variance, or sphericity. The O'Brien's Test was used to
study the homogeneity of the variances; while the Shapiro-Wilk Test was used to examine whether data
conforms to a normal distribution. The means were compared using Dunn’s test with a Bonferroni adjustment
at P =0.05[24].

The effects of treatment and environment on LER values (grain and biomass yields) were subject to two-
way analysis of variance (ANOVA) because these data satisfied the normality and homogeneity of variance
requirements of ANOVA. To test whether the LER value of each treatment differs from the hypothesized value
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one (u # 1), the confidential Interval (C.1.) for the mean of each treatment was calculated, and One-Sample T-Test
was performed. Factorial ANOVAs were also carried out for biomass of the companion crops and height
differences.

The effect of the percentage of sowed resistant cultivar (cv. Eritreo) with respect to susceptible one (cv.
Messire) was studied employing the exponential equation of Kiyosawa and Shiyomi [25]:

dy/(r )=-by

Where “y” represents the severity of symptoms on the susceptible cultivar (SAUDPC), “r” represents the
ratio of resistant cultivar, and “b is the rate of decrease in disease per unit increase in the resistant cultivar (i.e.,
slope). Overall as higher disease severity, higher effect due to the resistant cultivar. The previous equation was
linearized as Lny = a-bxr, in which “a” is a constant. For each ambient, the linearized equation fit the data well
based on the coefficient of determination (R? > 0.620), P-Value (P < 0.001), and the pattern of residuals [26].
Subsequently, we linearized the selected model and compared the regression lines for each ambient based on
their homogeneity of variances, slopes, and intercepts.

In the experiment conducted under controlled conditions, the effect of the treatment on the disease severity
on pea leaves was subject to ANOVA. Previously, the data were arcsin-transformed to satisfy the normality and
homogeneity of variance. Because we were more interested to compare the treatments, the sowing rows were
used as blocks. Treatment and environment means were compared using Tukey’s HSD test at P = 0.05. Biomass
and number of leaves of barley and wheat were compared by ANOVA. All the data were analyzed using the
software Statistix 10 (Tallahassee, FL, USA).

3. Results
3.1. Intercropping in the pathosystem pea/powdery mildew
Field trials

Powdery mildew disease was present in pea in all trials, with a wide range of incidence across them (Table
3).

Table 3. Final powdery mildew severity (DS) for each treatment of the different intercropping trials carried out (SE:
standard error).

Cord1-15(i) Cord1-16(i) Cord1-17(i) AIm1-19(i) Cord1-19(i) Cord2-19(i)

Pea 100% 293 65.7 64.9 30.0 69.9 69.5
Pea/barley 13.8 47.7 53.3 5.1 59.4 43.8
Pea/faba bean 15.0 33.7 66.6 15.0 63.3 51.0
Pea/wheat 17.3 59.2 59.2 10.4 64.1 57.1
Pea 50% 12.0 53.6 48.8 30.0 69.2 49.4
SE 5.5 6.0 6.0 4.2 11.9 5.8

The global analysis revealed significant differences (p<0.05) among treatments for SAUDPC (Figure 4).
Powdery mildew infection on pea was reduced when pea was intercropped with barley or with faba bean (a
decrease of 44% and 32% in SAUDPC, respectively). Powdery mildew was not significantly reduced on pea
intercropped with wheat or when grown in monocrop at 50% density.
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Figure 4. Standardized area under disease progress curve (SAUDPC) for severity of powdery mildew in pea in the different
treatments evaluated across the six intercropping field trials. Different letters mean significant differences (Dunn’s test
corrected by Bonferroni, p<0.05). Bars for standard errors are shown.

Pea/barley intercrops presented LER values slightly higher than pea/wheat ones, but differences were not
significant. Likewise, no LER value significantly deviated from 1 (Table 4).

Table 4. LER values for grain yield (trials Alm1-19(i) and Cord2-19(i)) and biomass (trials Alm1-19(i), Cord1-19(i) and
Cord2-19(i)).No significant differences between any of them in each case was detected, and they did not significantly
deviated from 1.

LER LER

grain yield biomass
Pea/barley 1.06 1.07
Pea/faba bean 1.03 0.92
Pea/wheat 0.85 0.96

The factorial analysis for biomass of the companion crops, with crop and cultivation system (intercrop or
monocrop) as fixed factors, revealed a significant interaction between factors (p<0.05): barley biomass was higher
than that of the other crops, but even higher when intercropped with pea, which did not occur with the others
(Figure 5). ANOVA for plant height differences also detected significant differences between crops (p<0.05), with
barley showing a higher height difference with pea than wheat or faba bean (Table 5).
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Figure 5. Biomass for the different companion crops (I: intercrop; M: monocrop) in trials Alm1-19(i), Cord1-19(i) and
Cord2-19(i). Different letters mean significant differences (Tukey’s test, p < 0.05). Bars for standard errors are shown.

Table 5. Height differences between the companion crops and pea in each intercropped plot in trials Cord1-18(i), Alm1-
19(i) and Cord2-19(i). Different letters on the same crop mean significant differences (LSD test, p < 0.05).

Height difference with pea (cm)

Barley 20.0a
Wheat 129b
Faba bean 123b

Controlled-conditions experiment

Factorial analysis showed significant differences (p<0.05) for powdery mildew severity for factors treatment
and row (distance to the focus of inoculum), with no interaction among them. Powdery mildew severity was
highest in pea monocrop, followed by pea intercropped with wheat, and lowest in pea intercropped with barley
(Table 6). In all treatments powdery mildew severity decreased with distance to the inoculation point, being
lower in fourth than in second pea row. Dried biomass and number of leaves of barley was significantly higher

(p<0.05) than that of wheat (Fig. 6).

Table 6. Powdery mildew severity (%) on pea seedlings grown in rows 2 and 4 of the boxes. Different letters per treatment
(pea monocrop, pea/wheat and pea/barley intercrops) mean significant differences (Tukey test, p<0.05).

Row 2 Row 4

Pea 335a 24.1b
Pea/wheat 119¢c 10.5d
Pea/barley 52e 36f

25



Chapter |

) N O —— B 6
16 ________________ a ____________________________________________________
C o
= 1o | N . >
] ©
: <
FEE N BEmmmm .
@ =
4 _______________________________________________
0 4
Barley Wheat Barley Wheat

Figure 6. Dry biomass (A) and number of leaves (B) of barley and wheat in the experiments under controlled conditions.
Different letters mean significant differences (Tukey test, p<0.05). Bars for standard errors are shown.

3.2. Cultivar mixtures in the pathosystem pea/powdery mildew

Wide range of disease severity was found (Table 7). In all trials, powdery mildew decreased in susceptible
cv. Messire as the proportion of the resistant cv. Eritreo increased in the mixture. No powdery mildew was
recorded in the plots with 100% of Eritreo. The results adjusted to a non-linear regression curve, with a pseudo
R? of 0.5829 (Figure 7).

Table 7. Final powdery mildew severity in cultivar Messire for each treatment of the different cultivar-mixtures trials
carried out (S/R: proportions of susceptible cultivar Messire and resistant cultivar Eritreo; SE: standard error).

S/R in mixture (%) Cord1-15(c) Cord1-16(c) Alm1-19(c) Cord1-19(c) Cord2-19(c)

100/0 19.0 66.7 28.6 54.5 41.6
75/25 10.8 52.6 30.4 34.6 37.1
50/50 7.3 45.1 18.8 18.0 9.6
25/75 6.5 33.9 16.1 18.9 17.0

SE 2.8 1.7 4.7 2.7 53
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Figure 7. Nonlinear regression fitted curve for powdery mildew SAUDPC in susceptible cultivar Messire with varying
proportions of resistant cultivar Eritreo across five different experiments.

4. Discussion

Crop diversification, consisting of growing different crops or cultivars simultaneously in the same piece of
land is considered to increase crop resilience [27]. Cereal-legume intercropping might be particularly interesting
in low-input systems by reducing the requirements for fossil-based fertilizer N [14,28]. A number of reports have
shown reduction of pests and diseases [10,29-32]. However, these effects are only quantitative and influenced by
environmental factors, therefore needing monitoring and case by case adjustments. In this work we quantified
the reduction of powdery mildew on pea under different cropping systems, either intercropped with barley,
wheat or faba bean, monocropped at reduced plant density, or in mixtures of resistant and susceptible pea
cultivars. We opted for alternate-row, replacement intercropping at 50% proportion. Addition intercropping
system (i.e., introducing rows of the second crop in between the rows of the first crop, so in practice halving the
distance between rows) was not studied, but we speculate that doubling plant density would reduce aeration
and increase relative humidity around leaves, thus favoring the infection and proliferation of the pathogen [10].

Our results show a significant reduction of powdery mildew on pea when intercropped with barley or with
faba bean (44% and 32% SAUDPC reduction, respectively). This tendency was consistent across six field trials,
in two different sites within a time span of four years, under an ample range of disease pressure. It is the first
time that such a wide study on the effect of intercropping on pea powdery mildew is reported. Zivanov et al.
carried out one field trial of pea intercropped with oat, with unconclusive effects on powdery mildew: they
reported 20-30% disease reduction in pea leaves, but no effect on global disease on pea plants [21]. Our results
are in line with what has been found for other diseases in grain-legume intercropping systems, with disease
reductions in the range of 20-50% [10]. It is also similar to the described reduction of Ascochyta blight on pea
when intercropped with barley [19], although Fernandez-Aparicio et al. reported higher reductions in mixtures
with triticale and faba bean [18].

Numerous mechanisms have been suggested to explain the effect on intercropping on plant diseases [10,33]:
morphological and physiological changes in host, reduced density of the host crop (dilution effect), barrier effect
to spore dispersion, alteration of the microclimate or inhibition of the pathogen by allelochemicals. One or more
of these mechanisms may be present in a particular intercropping system. From our field experiments it is
difficult to elucidate the mechanisms behind the powdery mildew reduction. We might speculate on dilution
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effect as host plants are reduced to 50% in the mixture, so the production of secondary inoculum would be
reduced. Additionally, pea rows are at twice the distance from one another, so it is more difficult for the fungal
spores to travel to produce new infections. However, the fact that there were no significant differences in pea
monocrops at 100% and 50% density does not support this dilution effect. Moreover, the better aeration in pea
monocrop at 50% density did not result in a reduction of powdery mildew.

The barrier effect by the non-host crop, then, may play an important role in hampering the spread of the
disease, especially with this alternate-row design. The non-host crop acts as a physical barrier to spore movement
from row to row, hindering the development of successive cycles of infection. In this case, barley and faba bean
were more effective than wheat in reducing powdery mildew on pea. Barley produced more biomass than wheat
and faba bean, making it a denser barrier; it also produced more biomass in intercrop with pea than as monocrop,
which may indicate that barley benefits from the synergy with pea, but also benefits from the lower sowing
density, with less barley plants competing with each other from resources in the same space. As for plant height,
the difference between barley and pea is higher than those of wheat and faba bean. All this points to a strong
barrier effect by barley in the decrease of powdery mildew. The role of faba bean, on the other hand, seems more
complex to clarify but it is also likely that the barrier effect plays an important role, as has been described for the
reduction of diseases in wheat intercropped with faba bean [16]. The barrier effect of barley was further
supported by the results of the experiment under controlled conditions. This effect could be assessed
independently by controlling the direction of the flow of spores through the rows of the cereal before reaching
the pea plants. Evaluated symptoms were those originated from the primary infection, avoiding the complexities
of second cycles of infection that would be accumulative. Results of biomass and number of leaves in this
experiment confirm a faster and greater development of barley over that of wheat even at seedling stage, which
may account for its higher efficiency as a barrier despite the similarities between both crops.

It has been reported in many cases that the combination of pea with cereals confers benefits in terms of LER
(grain and forage), although it is not always so [12,34]. Combining pea and faba bean is less common, but again,
positive and negative effects on yield have been described [35,36]. In our experiments no grain or biomass yield
advantage or disadvantage has been found. This neutral effect of intercropping on yield facilitates its use in the
control of powdery mildew in pea.

The use of varietal mixtures offers a different approach to biodiversity when it is not desired to grow
different crops in the same field. The employment of resistant cultivars is an efficient and sustainable strategy to
control diseases, but they pose some drawbacks if they are not properly managed. One of the main problems is
the overcoming of resistance by the pathogen. The chance of this happening is higher with the multiplication in
space and time of the resistant variety: the resistant genes are repeatedly exposed to the pathogen, which by
competitive selection may finally find the way to surmount the resistance [37]. The rationale behind the
utilization of cultivar mixtures is to have in the field a sufficient “amount” of resistance genes to prevent the
disease from causing important damage, but not so many as to exert a too high selection pressure on the
pathogen that might finally lead to the overcoming of the resistance. For these mixtures to be effective, it is
important that there exist contrasting resistance levels to the disease [38]. Cultivar Eritreo is a near-isogenic line
of cultivar Messire carrying gene Er3, which confers hypersensitive resistance to powdery mildew [8]. Given
that it is a monogenic resistance, there exists a high risk of being overcome by the pathogen, so the mixture with
another variety appears as a good strategy to safeguard the resistance [9]. The results show that the SAUDPC
values adjust to a non-linear regression with the percentage of resistant variety, so disease symptoms in the
susceptible variety decrease as the proportion of the resistant one increases. The decrease is bigger at the
beginning, and smaller when the proportion of the resistant variety is high. This means that with a not-so-high
percentage of the resistant variety it is possible to get a remarkable reduction of disease without seriously
compromising the stability of resistance, as previously described for septoria tritici blotch in wheat [39,40]. This
significant disease decrease with the introduction of just one row of the resistant variety may also point to an
importance of the barrier effect, which has been observed in other cultivar mixtures in which the resistant
cultivar hampers the movement of spores to other rows of susceptible cultivars [41]. Determining the final
optimal proportions of the components of the mixtures may be a complex task that takes into account different
factors [34,42], although the expected levels of disease in the area may condition the proportion of the resistant
variety required.
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In conclusion, in this work it has been established for the first time that diversification is a good tool for the
control of powdery mildew in pea, whether it is by mixing pea with another crop, or by mixing two cultivars of
pea. This adds up to the known advantages of diversification for agriculture, which is of great importance in the
context of sustainable agriculture and especially when it comes to organic farming, where the use of fungicides
is not accepted. Future work should focus on other diseases of pea, such as rust, and on identifying the best
options to simultaneously face different biological stresses, including weeds.
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Chapter II

Crop Diversification to Control Rust in Faba Bean Caused by
Uromyces viciae-fabae

1. Introduction

Faba bean (Vicia faba L.) is one of the major legumes grown worldwide [1] both for animal feed and human
consumption. Like most cultivated legumes, it is a crop with great potential as a component of sustainable
agriculture given its ability to fix atmospheric nitrogen and so become a “natural fertilizer” for the soil or other
crops that alternate with it, either in time, space or both [2]. However, the productivity of faba bean may be
limited due to its susceptibility to a wide range of phytopathogenic fungi, including the necrotrophic Botrytis
fabae Sard. (causal agent of Chocolate spot), Ascochyta fabae Speg. (causal agent of ascochyta blight) and the
biotrophic Uromyces viciae-fabae (Pers.) ]J. Schrot (causal agent of rust) [3]. U. viciae-fabae is an autoecious
macrocyclic species not requiring an alternate host to complete its lifecycle, and sexual reproduction is not
commonly observed in temperate regions. Urediospores are dispersed mainly by wind and infect the aerial parts
of the plant (leaves, stems and pods). Yield losses due to rust may reach a 20% yield reduction [4], although it
has been reported in some cases to reach even 70% [5]. The use of fungicides may achieve effective rust control,
although it is expensive for the farmer and not environmentally desirable [6]. As for genetic resistance, some
sources of resistance have been described [7-9], but few commercial varieties with complete resistance have been
released so far [5].

Crop diversification has proven to be helpful in controlling fungal pathogens in different crops. This has
been shown by mixing different crops in the same field or by growing together cultivars of the same crop with
differential responses to the pathogen. Reductions in disease severity of 20-40% have been described for both
strategies in several crops [10,11], although the level of control may differ from one situation to another,
depending on a wide range of factors such as crops to combine, intercrop pattern, crop cultivars or weather
conditions. Different mechanisms have been suggested to explain this impact of diversification on fungal
pathogens, ranging from barrier effects or microclimatic modifications to enhancement of the crops due to more
efficient use of resources [10,12]. In addition, nitrogen nutrition may also play a role in disease suppression by
diversification in some cases, although its mechanisms are not clear yet [13,14].

With regard to faba bean, reports of disease suppression by intercropping with cereals include chocolate
spot [10,13,15], fusarium wilt [16,17], rhizoctonia [18] and rust [19-21]. The use of cultivar mixtures for reducing
disease incidence in faba bean has been less studied, with no reports available so far.

The main objective of this work was to assess the reduction in rust in faba bean either by alternate
intercropping with different crops (pea, wheat and barley) or using a mixture of two cultivars of faba bean, one
susceptible and one resistant to the disease. Additionally, the mechanisms behind the different interactions in
these mixtures, including the effect of nitrogen nutrition, were investigated through several experiments under
controlled conditions.
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2. Materials and Methods
2.1. Field Trials

From 2015 to 2019, four field trials aiming to study the effect of intercropping on faba bean rust were
conducted in two sites (Cérdoba and Almodévar del Rio) located in the South of Spain (Table 1). Faba bean cv.
Baraca was intercropped with either pea (cv. Messire), durum wheat (cv. Califa) or barley (cv. Henley).
Monocrops of these four cultivars were also included, plus a monocrop of faba bean at 50% of sowing density
(doubling the distance between rows). Plot size was 2.8 m x 3 m (8 rows per plot at 35 cm distance between
them). Legumes were sown at a density of 80 seeds/m? and cereals at 200 seeds/m?. Alternate intercropping with
replacement at 50% was used, i.e., a row of each crop is alternatively sown to a final rate of 50/50 (Figure 1). The
experiment design was a randomized complete block with four replications.

Table 1. Field trials conducted for the study of the effect of intercropping on the system faba bean-Uromyces viciae-fabae.

Trial IC-Crd-16 IC-Crd-18 IC-Alm-18 IC-Crd-19

Location Cérdoba Cérdoba Almoddvar Cérdoba

Season 2015/16 2017/18 2017/18 2018/19
Max. T (°C) 31.7 29.7 30.6 35.7
Min. T (°C) -2.3 -3.4 -3.2 -2.8
Mean T (°C) 12.6 12.0 12.7 12.5
Rain (ml) 336 444.6 422 110.4
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Figure 1. Experimental design for the intercropping experiments.

Rust disease severity (DS) was visually estimated as the percentage of the whole plant canopy showing rust
pustules. The severity value for each plot was that of the overall DS on the two middle rows (discarding those
plants at the extremes of the rows), so to avoid any edge effect. Evaluations started one week after the appearance
of the first symptoms and were repeated every 7-10 days until plant senescence.

Yield and biomass were obtained by harvesting two rows of each crop per plot. However, not all crops
could be harvested in all trials due to different problems (e.g., bird damage on the cereals). Grain yield for faba
bean was determined in trials IC-Crd-16, IC-Crd-18 and IC-Crd-19; for wheat and barley in trial IC-Crd-19
(where cereal plants were covered with a mesh at maturity to avoid bird damage) and for pea in trials IC-Crd-
16 and IC-Crd-18. Crop biomass was determined for trial IC-Crd-19 by drying plants in an oven at 60 °C for
three days, weighing them and then, after threshing, subtracting grain weight. Crop height was assessed at full
maturity in trials IC-Crd-18 and IC-Crd-19, measuring five plants per plot with a ruler without stretching them.

The Land Equivalent Ratios (LER) of grain or biomass yields were calculated, when possible, as follows
[22]:

“u

where LERpx represents the LER value of a given combination of faba bean and another crop “x” (i.e., pea, wheat
or barley). The Yip and Ymp parameters are the yields (grain or biomass) of faba bean intercropped and monocrop,
respectively; Yic and Ymx are the yields (grain or biomass) of the other crops in intercrop or monocrop,
respectively.

Additionally, four trials for cultivar mixtures were performed in 20152019 (Table 2). Faba bean cv. Baraca
(susceptible to rust) was mixed with resistant cultivar Joya at different proportions (Baraca/Joya: 100/0, 75/25,
50/50, 25/75 and 0/100), in alternate replacement intercropping (Figure 2). Faba bean cv. Joya is similar in
morphology and growth cycle to Baraca, differing in the rust resistance, as it is derived from a cross between
Baraca with the resistant accessions VF1273. The disease severity (DS) of rust in Baraca was evaluated in the
same way as previously described. Grain yields were determined for trials VM-Crd-15 and VM-Crd-19, and
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plant biomass for trial VM-Crd-19. Plant height was recorded as described before in trials VM-Crd-18 and VM-

Crd-19.

Table 2. Field trials carried out for the study of the effect of cultivar mixtures on the system faba bean-Uromyces viciae-fabae.

Trial VM-Crd- VM-Crd- VM-Crd- VM-Crd-
15 17 18 19

Location Cérdoba Cérdoba Cérdoba Cérdoba

Season 2014/15 2016/17 2017/18 2018/19
Max. T (°C) 33.1 32.2 29.7 35.7
Min. T (°C) -3.3 -3.4 -3.4 -2.8
Mean T (°C) 115 12.1 12.0 12.5
Rain (ml) 155.6 213.6 444.6 1104
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Figure 2. Experimental design for cultivar mixture experiments of two cultivars of faba bean with different degrees of
susceptibility to rust (Uromyces vicia-fabae): cv. Baraca (susceptible) and cv. Joya (resistant).

2.2. Controlled Condition Experiments

Four experiments on seedlings under controlled conditions were carried out to clarify the mechanisms
responsible for the fungal disease reductions in the interaction between the different crops. All experiments were
run in completely randomized blocks. The Uromyces viciae-fabae isolate CO-07 was used for plant inoculations.
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This isolate is part of the faba bean rust isolate collection at IAS-CSIC (Cérdoba). Originally, it was isolated from
naturally-infected faba bean plants growing in a field in Cérdoba. Urediospores were taken from a single pustule
and inoculated on a healthy plant under controlled conditions in a growing chamber to produce a monopustular
isolate. Growing conditions were: photoperiod of 12 h of visible light (150 umol m= s photon flux density) at
25 °C and 12 h of darkness at 20 °C. Urediospores were subsequently collected in plastic tubes after aspiring
them with the help of a vacuum pump. Then, they were inoculated on faba bean plants to multiply the isolate
under the same conditions. Urediospores were again collected and kept in plastic tubes in a freezer at -80 °C.

In the first experiment, the differential behavior of barley and wheat as barriers to rust spore dispersal was
assessed. To this end, polystyrene boxes (34 x 55 x 16 cm, width:length:height) were filled with a mixture of sand
and peat at a 1:3 rate (v:v) and placed in a growth chamber. Four rows of seeds were sown in each box for three
treatments: faba bean monocrop, faba bean/wheat and faba bean/barley intercrops, with five replications (one
treatment in each box, fifteen boxes in total). The distance between rows was 7 cm, and the number of seeds per
row was 18 for faba bean and 150 for the cereals. The first row was always a cereal in the intercrops, with faba
bean in the second and fourth rows (Figure 3). Growing conditions were the same as described above for the
multiplication of the isolate. Seventeen days after sowing, faba bean seedlings were inoculated by dusting them
with a mixture of rust urediospores and pure talc (1:10), totaling 3 mg of spores per plant. The pathogen spores
were homogenously sprayed on the first row of plants perpendicularly to the side of the box. The number of
cereal plant leaves was counted at the time of inoculation. Inoculated plants were incubated for 24 h in darkness
at 20 °C and 90% relative humidity. Then, growing conditions were reinstated. Fifteen days after inoculation,
disease severity was evaluated in faba bean plants in the second and fourth row of each box as follows: three
infected leaves per plant were randomly chosen, and the number of pustules in an equally randomly selected
area of 1 cm? were counted in each of them, then averaged; the number of infected leaves and the total number
of leaves per plant were also counted, and their proportion calculated; finally, the average number of pustules
per leaf was calculated multiplying the average number of pustules per infected leaf by the proportion of infected
leaves in the plant. Cereal plants were subsequently pulled out, dried in an oven at 60 °C for 3 days, and then
weighed to determine biomass.

Figure 3. Faba bean cv. Baraca intercropped with barley cv. Henley (A) and monocropped (B) in the first experiment under
controlled conditions for Uromyces viciae-fabae management.

In the second and third experiments, the possible interaction of nitrogen nutrition with the intercropping
system and rust disease severity was investigated. The experiments were carried out similarly to the previous
one, inside a chamber in identical growth conditions. In these experiments, the dimensions of the polystyrene
boxes were 27.5 x 34 x 16 cm (width:length:height), so the number of seeds varied: 11 for faba bean and 90 for
cereals. For the second experiment, six treatments were included: faba bean monocrop and intercrop of faba bean
with barley, each with three levels of nitrogen nutrition. The nitrogen nutrition was performed using irrigation
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solutions at three different levels: NO, N1 and N2, which were 0, 750 and 1500 mg/l of ammonium nitrate,
respectively. Plants were irrigated on demand with one liter of their respective solution per box, twice before
inoculation. Treatments were replicated five times. The plant inoculation was conducted as in the first
experiment but performed from above the box, perpendicular to the soil, to avoid any barrier effect. Rust severity
on faba bean plants was evaluated twelve days after inoculation, calculating the average number of pustules per
leaf as in the previous experiment. The objective of the third experiment was to investigate any possible effect of
intercropping on the nutrient content of faba bean leaves. It consisted of two treatments, faba bean monocrop
and faba bean intercropped with barley, with four replications. No fertilization was added. Twelve days after
sowing, the leaves of faba bean plants were detached and frozen until they were taken for analysis of foliar
nitrogen content. Nitrogen content was determined by the Kjeldahl method [23].

Finally, the fourth experiment aimed to assess the barrier effect of resistant faba bean cv. Joya on the
reduction in rust on susceptible cv. Baraca in the cultivar mixtures field trials. Again, seeds were sown on the
smaller polystyrene boxes described above, and four treatments were studied (Figure 4). Growth conditions and
inoculation were the same as in the first experiment. Inoculation was performed perpendicularly to the first row,
which was sown with the cv. Joya in the three treatments with cultivar mixtures. Disease evaluation was
performed as in the previous experiments 12 days after inoculation only for the rows shown in Figure 4. Plant
height was determined at the time of inoculation.
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Figure 4. Experimental design for the cultivar mixture experiment in growth chambers under controlled conditions. The
susceptible cultivar is Baraca (red), and the resistant one is Joya (green). The four treatments appear numbered: (1) all rows
of cv. Baraca, the first one acting as a barrier; (2) one row of cv. Joya acting as a barrier, and three rows of cv. Baraca; (3) two
rows of cv. Joya acting as barrier, and two rows of cv. Baraca; (4) three rows of cv. Joya as barrier, and one row of cv. Baraca.
The squared rows are those that were evaluated for rust.

2.3. Statistical Analysis

The effect of the various treatments (i.e., different intercropping) on the final disease severity (% leaves
covered by pustules) was studied using a Mixed-Effects Model using the treatment as a fixed factor and the
environment (defined as the combination of plot-year) as a random factor. The treatment means were compared
using Tukey’s test at p = 0.05. Likewise, a General Linear Model was performed to study the effects of the
treatments (intercropping or nitrogen levels) on the rust severity under controlled conditions, followed by
Tukey’s test. To test whether the LER value of each treatment differed from the hypothesized value (u # 1), the
confidential interval (C.L.) for the mean of each treatment was calculated, and a one-sample t-test was performed.
Two-way ANOVA was used to study the effects of the crop and cultivation system (intercrop or monocrop) on
biomass production. Subsequently, biomass means were compared by Fisher’s protected Least Significant
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Differences Test (LSD at p < 0.05). The effect of the cultivar showing ratio in the crop mixtures was studied by
employing the exponential equation of [24]:

dy/(dr) = -by

where y represents the severity of symptoms on the susceptible cultivar (SAUDPC), r represents the ratio of the
resistant cultivar and b is the rate of decrease in disease per unit increase in the resistant cultivar (i.e., slope).
Overall, there was a higher effect with higher disease severity due to the resistant cultivar. The previous equation
was linearized as Lny = a — b x r, in which a is a constant. The linearized equation fits the data of the different
seasons. It was selected based on the coefficient of determination (R? > 0.450; p < 0.001) and the pattern of
residuals and was compared with other exponential models [25].

In the experiments conducted under controlled conditions, disease severity was quantified as the number
of rust pustules per leaf. A Generalized Linear Model (GLM) was performed to study the treatment significance.
When necessary, this dependent variable was arcsine-transformed for variance homogeneity. After GLM, we
compared the means by Fisher’s protected LSD at p < 0.05. Statistical analyses were performed using SPSS
version 23.0 for Windows.

3. Results
3.1. Intercropping in the System Faba Bean/Rust
3.1.1. Field Trials

Disease severity (DS) varied with the environment, being highest on faba bean monocropped at IC-Crd-16
(82%) and the lowest at IC-Crd-19 (6.7%) (Table 3). In most cases, crop combinations brought about a reduction
in DS as compared to the monocrop, although with differences between the intercropping types. The analysis
across all four trials (Figure 5) showed that the combination of faba bean with barley resulted in the lowest level
of rust disease severity (26.5%) as compared to the severity in the faba bean monocrop (34%), which means a
significant (p < 0.05) average reduction of 22%.

Table 3. Final disease severity (DS, evaluated as the percentage of the whole faba bean plant canopy covered by rust (caused
by Uromyces viciae-fabae) for each treatment of the different intercropping trials carried out (SE: standard error).

|c-1c£d- 'Cf;d' IC-Alm-18 IC-Crd-19
Faba bean 100% 82.0 13.5 33.7 6.7
Faba bean/barley 68.3 12.1 24.0 1.6
Faba bean/pea 80.6 13.0 24.7 3.4
Faba bean/wheat 74.3 15.9 25.9 2.7
Faba bean 50% 66.5 19.5 39.0 6.6
SE 2.8 2.2 2.8 1.2
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Figure 5. Disease severity of rust (caused by Uromyces viciae-fabae) in faba bean in the different treatments evaluated across
the four intercropping field trials. Different letters mean significant differences (Friedman’s test, p < 0.05).

In order to study the effect of intercropping on the grain and biomass yield, we calculated the LER ratios
(intercrop yield: monocrop yields). Thus, in the theoretical case of intercropping having no impact on the yields
of the crops, LER should equal approximately 1. In our study, LER values for grain and biomass yields did not
significantly deviate from 1, i.e., intercropping did not negatively or positively impact faba bean yield or biomass
(Table 4).

However, a significant interaction between crop and cultivation system (intercrop or monocrop) was found
in the factorial analysis for biomass per row of the companion crops (p < 0.05): barley intercropped with faba
bean presented the highest biomass per row of all treatments, including barley monocrop; the biomass of wheat
intercropped with faba bean was higher than that of wheat monocrop, while pea biomass (intercrop and
monocrop) was the lowest of all treatments (Figure 6).
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Table 4. LER values for grain yield (trial IC-Crd-19 for the combinations of faba bean with barley or wheat, and trials IC-Crd-
16 and IC-Crd-18 for the combination of faba bean with pea) and biomass (trial IC-Crd-19). No significant differences between
any of them in each case were detected, and they did not significantly deviate from 1.

LER LER
Grain Yield Biomass
Faba bean/barley 0.89 1.01
Faba bean/wheat 0.95 1.02
Faba bean/pea 0.85 1.44
600 -
a
< 450 b
E
o)
i ~ B
o 300
©
=
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m 150- 4
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Figure 6. Biomass (g/m?) for the different companion crops (I: intercrop; M: monocrop) in trial IC-Crd-19. Different letters
mean significant differences (LSD test, p <0.05).

The plant height differences between faba bean and their companion crops were determined, resulting in
the combination of faba bean with barley presenting the lowest difference, 0.17 ¢cm; in comparison, the
differences between faba bean and wheat or pea were similar (p <0.05) and higher than 13 cm.

3.1.2. Controlled Conditions Experiments

In the first experiment, treatments and position row (distance to the point of inoculation) significantly (p <
0.05) affected the number of rust pustules per leaf but no interaction between them was detected. The highest
infection was quantified on faba bean growing in monocrop (average = 3.15 pustules/leaf). This was reduced on
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faba bean intercropped with wheat (2.14 pustules/leaf) and further reduced on faba bean intercropped with
barley (1.15 pustules/leaf). Leaves of those plants in the row further from the inoculation point presented about
half of the pustules as those in the second row (7.8 vs. 3.7 pustules/leaf). The dried biomass and the average
number of leaves per plant of barley were higher than those of wheat (p < 0.05): 15.5 g and 5.3 leaves/plant vs.
9.02 g and 4.5 leaves/plant.

In the second experiment under controlled conditions, the statistical analysis revealed no significant
differences in the number of pustules per leaf for any of the three factors under study, that is, nitrogen level (NO,
N1 or N2), cropping system (monocrop or intercrop) or row in the tray (Table 5). Similarly, no significant
difference was found in the third experiment for nitrogen content in faba bean leaves either in monocrop (5.78%
N content) or intercropped with barley (6.15% N content).

Table 5. Pustules per leaf in faba bean plants grown in monocrop or intercropped with barley at three nitrogen fertilization
levels (NO, N1 and N2) and for row position in the tray (2 or 4). No significant differences were found for any of the tested
factors.

NO (0 mg/L) N1 (750 mg/L) N2 (1500 mg/L)
row row row
” row 4 row 2 4 row 2 4
Faba bean 3.6 3.3 35 4.8 3.6 3.1
Faba 33 35 35 46 3.4 25
bean/barley

3.2. Cultivar Mixtures in the System Faba Bean/Rust
3.2.1. Field Trials

Rust levels in the different trials covered a span of low to medium infection pressure (Table 6). Disease
severity values linearly decreased in susceptible cv. Baraca as the proportion of resistant cv. Joya increased in
each experiment, fitting significantly (p < 0.001) a linear regression (Figure 7).
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S/Rin Mixture (%) VM-Crd-15 VM-Crd-17 VM-Crd-18 VM-Crd-19
100/0 22.4 19.7 16.6 132
75/25 19.0 12.1 14.5 10.5
50/50 153 13.0 9.2 35
25/75 9.4 8.2 7.9 2.5

SEC 11 2.2 1.0 2.2

Table 6. Final rust severity (DS) for each treatment of the different intercropping trials conducted by mixing the cultivars

Baraca (Susceptible) and Joya (Resistant).2 S/R: proportions of susceptible cultivar and resistant cultivar sown; ? Disease
severity was evaluated in cultivar Baraca. °SE: standard error.

Severity (0-1)

0.25
-~ 2015
0.20 2017
. 2018
S 2019
0.10-!
e
0.05-
000 T T 1 1
20 40 60 80

Resistant cultivar sown (%)

Figure 7. Linear regression between the rust disease severity (linearized as natural logarithm), caused by Uromyces viciae-
fabae in susceptible faba bean cv. Baraca and the proportions of resistant cv. Joya in four field experiments (in all the cases: R?

>0.450; p < 0.001).

No significant differences were detected in yield for any of the different cultivar combinations. However,
results did show that cv. Joya has a significantly higher biomass and is 24 cm taller than cv. Baraca (Table 7).
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Table 7. Biomass (VM-Crd-19) and plant height (VM-Crd-18 and VM-Crd-19) for the two cultivars tested in the cultivar
mixtures experiments. Different letters mean significant differences (LSD test, p < 0.05).

Cultivar Biomass (g/m?) Height (cm)
Joya 524.1° 98.2°
Baraca 321.0° 74.1°

3.2.2. Controlled Conditions Experiment

The analysis of the experiment under controlled conditions showed significant differences in the number of
pustules per leaf in plants of cv. Baraca depending on whether the previous row consisted of Joya or Baraca:
those plants with Joya before them presented less disease incidence (9 vs 12.8 pustules per leaf, p <0.05). On the
contrary, the number of rows before the evaluated plants did not appear to influence disease severity. As for
plant height, Joya turned out to be nearly 1 cm taller than Baraca (13.1 vs. 12.2 cm, p < 0.05).

4. Discussion

In this work, we have assessed the impact of intercropping and cultivar mixtures on the system faba bean-
Uromyces viciae-fabae, attaining significant reductions in the disease with both systems. Field trials for
intercropping found an overall reduction in rust severity of 22% for the combination of faba bean with barley.
No effect could be established for any of the other combinations. Recently Shtaya et al. [19] also identified the
mixture of faba bean and barley as the most effective in reducing rust (35% in their case) over mixtures with
other cereals. Other authors, Guo et al. [20] and Luo et al. [21], only tested faba bean mixed with wheat and
obtained rust reductions in the range of 20-50% for the different treatments they tested. On the contrary,
Kamalongo and Cannon [26] did not find rust reduction in faba bean combined with wheat. Nevertheless, it is
not easy to compare these studies, as the experimental designs differed greatly. We studied rust suppression on
faba bean using alternate replacement intercropping, finding that barley appears to be a more effective
accompanying crop to suppress rust infection than wheat. Shtaya et al. [19] used mixed intercropping, and Guo
et al. [20] and Luo et al. [21] used strip intercropping with a high number of wheat rows separating the rows of
faba bean. Kamalongo and Cannon [26] did study alternate replacement for the combination of faba bean and
wheat, and their results confirm ours. It can be concluded that faba bean with barley appears to be more reliable
in controlling rust than other mixtures.

The combination of faba bean with barley has also been described as effective against Botrytis fabae, a causal
agent of chocolate spot [15]. Barley also appears as a good partner for other legumes for disease suppression, as
it has been reported to help to control Erysiphe pisi, the causal agent of powdery mildew, in pea [27]; fungal
species (Ascochyta pisi, Mycosphaerella pinodes, and Phoma pinodella) causing ascochyta blight in pea [28]; and
Pleiochaeta setosa causing brown spot in lupine [29].

Several mechanisms have been suggested to explain the reduction in diseases with intercropping [10]:
inoculum dilution effect by the decreased density of the host crop; barrier effect by the added crop to spore
dispersion; morphological and physiological changes in the host; changes in the microclimate that make it less
favourable for fungal dispersion progression; inhibition of the fungal infection by allelochemicals. In the system
faba bean-U. viciae-fabae, Shtaya et al. [19] have recently suggested that the reduction might be due to a barrier
effect. However, given their experimental design (mixed intercropping), other mechanisms such as inoculum
dilution or altered microenvironment may play a greater role. Likewise, Guo et al. [20] and Luo et al. [21] have
found variations in the plant microenvironment when intercropped (towards higher humidity and temperature)
that might account for at least some part of the decrease, but, considering the experimental design (strip
intercropping), it is quite likely that there is a significant barrier effect.

Our results point to a barrier effect, which would be expected given the alternate intercropping system that
has been employed. The results of the faba bean at half density support this: faba bean plants are at double the
distance than in the normal monocrop, which in principle would render a dilution of inoculum and less humidity
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due to higher aeration, all of which should lead to a hampering of disease progress and less incidence and
severity. However, the disease levels are equal to those of the treatment of monocrop at a normal distance. It is
the introduction of a different crop in between the rows of faba bean that hampers infection.

The higher biomass and height of barley as compared to the two other companion crops (wheat and pea) in
the field trials might explain why barley performs better as a barrier. In the experiment under controlled
conditions, we tested the performances of barley and wheat as barriers, confirming that barley is the most
efficient barrier. In this case, the biomass and height of the plantlets of barley were also higher than those of
wheat plants. The fact that barley has a more vigorous development than wheat has been previously described
[30-32], and our results show that this vigour makes barley a better candidate than wheat as an intercropping
partner to control rust in faba bean.

It has been reported that the role of nitrogen in plants’ response to fungal infection is diverse, with positive,
negative or neutral effects on disease development [33-35]. We studied the impact of nitrogen with two
experiments under controlled conditions. In the first of them, no difference was detected in damages on faba
bean caused by U. viciae-fabae for any of the fertilisation levels tested. This is in contrast with the works of Guo
et al. [20] and Luo et al. [21], both reporting that disease increased with N fertilization, which was related to
changes in the microenvironment in the first study; the conditions of our experiment, with young plants
evaluated over a short period, might account for this difference. It is remarkable, however, that there were no
differences in disease levels between monocropped and intercropped faba beans in this experiment, where
inoculation had been performed from the top. This appears to confirm the importance of the barrier effect for
the control of rust in intercropping. In the second experiment, it was found that intercropping with barley does
not alter the nitrogen content in faba bean leaves, which would also disregard a potential effect of intercropping
on nitrogen content as a mechanism to reduce rust.

The use of cultivar mixtures to control crop diseases has been very limited and restricted mostly to cereals,
mainly wheat [36-40]. For legumes, only a few studies have assessed their effectiveness in controlling
anthracnose and rust in common beans [41,42] or powdery mildew in pea [27]. These mixtures appear to avoid
the surmounting of pathogens’ resistance by reducing the high selection pressure that homogeneous
monocultivar crops impose on them [43]. The key issue is to mix cultivars with resistance and susceptibility to
the disease in such a proportion that disease severity is kept to acceptable levels, while the resistance is prevented
from being broken over. The mechanisms that explain disease reduction are quite similar to those already
mentioned for intercropping, although the dilution of inoculum appears, in principle, as the most relevant [11].
Our results show that in the case of the system faba bean/rust, the use of cultivar mixtures may be effective. The
fact that the resistant cultivar Joya grew higher and produced more biomass than the susceptible cultivar Baraca
raised the question of the importance of the barrier effect in addition to the dilution of inoculum. The differential
response of both cultivars when standing in the way of inoculation in the experiment under controlled conditions
confirmed that the barrier effect plays an essential role in reducing rust in this particular mixture. This stresses
the importance of choosing partners for mixtures based on their contrasting responses to the disease and other
factors, such as plant architecture [44], that may provide additional advantages.

In conclusion, in this work, it has been established that the combination of barley and faba bean in alternate
intercropping is an excellent tool to help control rust in faba bean and that the barrier effect by the cereal is the
main mechanism operating in this situation. Equally, it is the first time that it has been proved that cultivar
mixtures in faba bean may be effective in controlling rust. Further work should focus on determining the features
that mixed cultivars should possess for optimum performance in a particular environment either for
intercropping or cultivar mixtures.

References
FAOSTAT. Food and Agriculture Organization of the United Nations. FAOSTAT Statistical Database; FAO: Rome, Italy, 2020.

Kopke, U, Nemecek, T. Ecological services of faba bean. Field Crops Res. 2010, 115, 217-233.
https://doi.org/10.1016/j.fcr.2009.10.012.

Rubiales, D.; Khazaei, H. Advances in disease and pest resistance in faba bean. Theor. Appl. Genet. 2022, 135, 3735-3756.
https://doi.org/10.1007/s00122-021-04022-7.

44



Chapter i

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Sillero, J.C.; Moreno, M.T.; Rubiales, D. Characterization of new sources of resistance to Uromyces viciae-fabae in a germplasm
collection of Vicia fFaba. Plant Pathol. 2000, 49, 389-395.

[jaz, U.; Adhikari, K.N.; Stoddard, F.L.; Trethowan, R.M. Rust resistance in faba bean (Vicia faba L.): Status and strategies for
improvement. Australas. Plant Pathol. 2018, 47, 71-81. https://doi.org/10.1007/s13313-017-0528-6.

Emeran, A.A.; Sillero, J.C.; Fernandez-Aparicio, M.; Rubiales, D. Chemical control of faba bean rust (Uromyces viciae-fabae).
Crop Prot. 2011, 30, 907-912. https://doi.org/10.1016/j.cropro.2011.02.004.

Sillero, J.C.; Villegas-Fernandez, A.M.; Thomas, J.; Rojas-Molina, M.M.; Emeran, A.A.; Fernandez-Aparicio, M.; Rubiales, D.
Faba bean breeding for disease resistance. Field Crops Res. 2010, 115, 297-307. https://doi.org/10.1016/j.fcr.2009.09.012.

Villegas-Fernandez, A.M,; Sillero, ].C.; Emeran, A.A.; Flores, F.; Rubiales, D. Multiple-disease resistance in Vicia faba: Multi-
environment field testing for identification of combined resistance to rust and chocolate spot. Field Crops Res. 2011, 124, 59—
65. https://doi.org/10.1016/j.fcr.2011.06.004.

Maalouf, F.; Ahmed, S.; Shaaban, K.; Bassam, B.; Nawar, F.; Singh, M.; Amri, A. New faba bean germplasm with multiple
resistances to Ascochyta blight, chocolate spot and rust diseases. Euphytica 2016, 211, 157-167. https://doi.org/10.1007/s10681-
016-1726-y.

Boudreau, M.A. Diseases in Intercropping Systems. Annu. Rev. Phytopathol. 2013, 51, 499-519.
https://doi.org/10.1146/annurev-phyto-082712-102246.

Mundt, C.C. Use of multiline cultivars and cultivar mixtures for disease management. Annu. Rev. Phytopathol. 2002, 40, 381.
https://doi.org/10.1146/annurev.phyto.40.011402.113723.

Borg, J.; Kiaer, L.P.; Lecarpentier, C.; Goldringer, I.; Gauffreteau, A.; Saint-Jean, S.; Barot, S.; Enjalbert, J. Unfolding the
potential of wheat cultivar mixtures: A meta-analysis perspective and identification of knowledge gaps. Field Crops Res. 2018,
221, 298-313. https://doi.org/10.1016/j.fcr.2017.09.006.

Guo, Z.P.; Dong, Y.; Dong, K.; Zhu, ].H.; Ma, L.K. Effects of nitrogen management and intercropping on faba bean chocolate
spot disease development. Crop Prot. 2020, 127, 7. https://doi.org/10.1016/j.cropro.2019.104972.

Lv, ], Xiao, J.; Guo, Z.; Dong, K.; Dong, Y. Nitrogen supply and intercropping control of Fusarium wilt in faba bean depend
on organic acids exuded from the roots. Sci. Rep. 2021, 11, 1. https://doi.org/10.1038/s41598-021-89109-3.

Fernandez-Aparicio, M.; Shtaya, M.].Y.; Emeran, A.A.; Allagui, M.B.; Kharrat, M.; Rubiales, D. Effects of crop mixtures on
chocolate spot development on faba bean grown in Mediterranean climates. Crop Prot. 2011, 30, 1015-1023.
https://doi.org/10.1016/j.cropro.2011.03.016.

Lv, J.X,; Dong, Y.; Dong, K.; Zhao, Q.; Yang, Z.X.; Chen, L. Intercropping with wheat suppressed Fusarium wilt in faba bean
and modulated the composition of root exudates. Plant Soil 2020, 448, 153-164. https://doi.org/10.1007/s11104-019-04413-2.

Li, Y.,; Lv, ] X,; Zhao, Q.; Chen, L.; Dong, Y.; Dong, K. Wheat/faba bean intercropping improves physiological and structural
resistance of faba bean to fusaric acid stress. Plant Pathol. 2021, 70, 827-840. https://doi.org/10.1111/ppa.13331.

Mousa, A.M. Effect of Intercropping and Phosphorus Fertilizer Treatments on Incidence of Rhizoctonia Root-Rot Disease of
Faba Bean. Int. ]. Curr. Microbiol. Appl. Sci. 2016, 5, 14.

Shtaya, M.].Y.; Emeran, A.A.; Fernandez-Aparicio, M.; Qaoud, H.A.; Abdallah, J.; Rubiales, D. Effects of crop mixtures on
rust development on faba bean grown in Mediterranean climates. Crop Prot. 2021, 146, 105686.
https://doi.org/10.1016/j.cropro.2021.105686.

Guo, Z.P.; Luo, CS,; Dong, Y.; Dong, K.; Zhu, J.H.; Ma, LK. Effect of nitrogen regulation on the epidemic characteristics of
intercropping faba bean rust disease primarily depends on the canopy microclimate and nitrogen nutrition. Field Crops Res.
2021, 274, 108339. https://doi.org/10.1016/j.fcr.2021.108339.

Luo, C;Lv, ].; Guo, Z.; Dong, Y. Intercropping of Faba Bean with Wheat under Different Nitrogen Levels Reduces Faba Bean
Rust and Consequent Yield Loss. Plant Dis. 2022, 106, 2370-2379. https://doi.org/10.1094/pdis-11-21-2451-re.

Fetene, M. Intra- and inter-specific competition between seedlings of Acacia etbaica and a perennial grass (Hyparrenia hirta). ].
Arid. Environ. 2003, 55, 441-451.

Chang, S.K.C.; Zhang, Y. Protein Analysis. In Food Analysis; Nielsen, S.S., Ed.; Springer International Publishing: Cham,
Switzerland, 2017; pp. 315-331. https://doi.org/10.1007/978-3-319-45776-5_18.

Kiyosawa, S.; Shiyomi, M.A. Theoretical Evaluation of the Effect of Mixing Resistant Variety with Susceptible Variety for
Controlling Plant Diseases. Jpn. ]. Phytopathol. 1972, 38, 41-51. https://doi.org/10.3186/jjphytopath.38.41.

45



Chapter i

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Madden, L.V.; Campbell, C.L.; Nonlinear Disease Progress Curves. In Biogeography of Mycorrhizal Symbiosis; Springer Science
and Business Media Llc.: Berlin/Heidelberg, Germany, 1990; pp. 181-229.

Kamalongo, D.M.A.; Cannon, N.D. Advantages of bi-cropping field beans (Vicia faba) and wheat (Triticum aestivum) on cereal
forage yield and quality. Biol. Agric. Hortic. 2020, 364, 213-219. https://doi.org/10.1080/01448765.2020.1788991.

Villegas-Fernandez, A.M.; Amarna, A.A.; Moral, J.; Rubiales, D. Crop Diversification to Control Powdery Mildew in Pea.
Agronomy 2021, 11, 690. https://doi.org/10.3390/agronomy11040690.

Kinane, J.; Lyngkjeer, M. Effect of barley-legume intercrop on disease frequency in an organic farming system. Plant Prot. Sci.
2002, 38, 227-231. https://doi.org/10.17221/10360-PPS.

Hauggaard-Nielsen, H.; Jornsgaard, B.; Kinane, ].; Jensen, E.S. Grain legume-cereal intercropping: The practical application
of diversity, competition and facilitation in arable and organic cropping systems. Renew. Agric. Food Syst. 2008, 23, 3-12.
https://doi.org/10.1017/s1742170507002025.

Lopez-Castanieda, C.; Richards, R.A.; Farquhar, G.D. Variation in early vigor between wheat and barley. Crop Sci. 1995, 35,
472-479.

Cossani, C.M.; Slafer, G.A; Savin, R. Yield and biomass in wheat and barley under a range of conditions in a Mediterranean
site. Field Crops Res. 2009, 112, 205-213. https://doi.org/10.1016/j.fcr.2009.03.003.

Ostos Garrido, F.J.; Piston, F.; Gomez, L.D.; McQueen-Mason, S.J. Biomass recalcitrance in barley, wheat and triticale straw:
Correlation of biomass quality with classic agronomical traits. PLoS ONE 2018, 13, e0205880.
https://doi.org/10.1371/journal.pone.0205880.

Mur, L.AJ,; Simpson, C.; Kumari, A.; Gupta, AK.; Gupta, K.J. Moving nitrogen to the centre of plant defence against
pathogens. Ann. Bot. 2017, 119, 703-709. https://doi.org/10.1093/aob/mcw179.

Sun, Y.; Wang, M.; Mur, L.A.].; Shen, Q.; Guo, S. Unravelling the Roles of Nitrogen Nutrition in Plant Disease Defences. Int.
J. Mol. Sci. 2020, 21, 572. https://doi.org/10.3390/ijms21020572.

Zhang, C.; Dong, Y.; Tang, L.; Zheng, Y.; Makowski, D.; Yu, Y.; Zhang, F.; van der Werf, W. Intercropping cereals with faba
bean reduces plant disease incidence regardless of fertilizer input; a meta-analysis. Eur. J. Plant Pathol. 2019, 154, 931-942.
https://doi.org/10.1007/s10658-019-01711-4.

Huang, C,; Sun, Z.; Wang, H.; Luo, Y.; Ma, Z. Effects of wheat cultivar mixtures on stripe rust: A meta-analysis on field trials.
Crop Prot. 2012, 33, 52-58. https://doi.org/10.1016/j.cropro.2011.11.020.

Cox, C.M.; Garrett, K.A,; Bowden, R.L,; Fritz, AK,; Dendy, S.P.; Heer, W.F. Cultivar mixtures for the simultaneous
management of multiple diseases: Tan spot and leaf rust of wheat. Phytfopathology 2004, 94, 961-969.
https://doi.org/10.1094/phyto.2004.94.9.961.

Kristoffersen, R.; Jorgensen, L.N.; Eriksen, L.B.; Nielsen, G.C.; Kiaer, L.P. Control of Septoria tritici blotch by winter wheat
cultivar mixtures: Meta-analysis of 19 years of cultivar trials. Field Crops Res. 2020, 249, 107696.
https://doi.org/10.1016/j.fcr.2019.107696.

Newton, A.C.; Guy, D.C. The effects of uneven, patchy cultivar mixtures on disease control and yield in winter barley. Field
Crops Res. 2009, 110, 225-228. https://doi.org/10.1016/j.fcr.2008.09.002.

Raboin, L.M.; Ramanantsoanirina, A.; Dusserre, J.; Razasolofonanahary, F.; Tharreau, D.; Lannou, C.; Sester, M. Two-
component cultivar mixtures reduce rice blast epidemics in an upland agrosystem. Plant Pathol. 2012, 61, 1103-1111.
https://doi.org/10.1111/j.1365-3059.2012.02602.x.

Assefa, H.; Vandenbosch, F.; Zadoks, J.C. Focus expansion of bean rust in cultivar mixtures. Plant Pathol. 1995, 44, 503-509.
https://doi.org/10.1111/j.1365-3059.1995.tb01672.x.

Prasad, R.P.; Paudel, M.N.; Ghimire, N.H.; Joshi, B.K. Cultivar mixtures in bean reduced disease infection and increased grain
yield under mountain environment of Nepal. Agron. |. Nepal 2016, 4, 128-135.

Pink, D.A.C. Strategies using genes for non-durable disease resistance. Euphytica 2002, 124, 227-236.
https://doi.org/10.1023/A:1015638718242.

Vidal, T.; Boixel, A. L.; Durand, B.; de Vallavieille-Pope, C.; Huber, L.; Saint-Jean, S. Reduction of fungal disease spread in
cultivar mixtures: Impact of canopy architecture on rain-splash dispersal and on crop microclimate. Agric. For. Meteorol. 2017,
246, 154-161. https://doi.org/10.1016/j.agrformet.2017.06.014.

46



Chapter lil

Chapter III

Use of intercropping to control weeds in faba bean

Introduction

Crop legumes are an essential component of sustainable agriculture, given the ecological services they provide,
especially their ability to fix atmospheric nitrogen [1]. However, legume cultivation is hampered by biotic and
abiotic stresses, which may seriously impact their yields [2]. One of these is the competition of weeds, which is
a serious challenge for managing these crops. Not only may weeds reduce crop yields, but they also may affect
the quality of the grain [3], serve as alternative hosts for diseases and pests [4,5], or even hinder harvesting. In
general, weed control methods must be implemented for legume crops since these are inefficient competitors
[6]. Herbicides are the most widely used weed management, but these present several drawbacks, such as high
costs for the farmer, environmental damage, and the eventual appearance of resistance to the active ingredients
in weeds. These resistances may be especially problematic, as no herbicides with new modes of action have
appeared in recent years [7]. Other strategies are mechanical control and management of the spatial arrangement
of crops [8,9].

Faba bean (Vicia faba L.) outstands as one of the most cultivated legumes worldwide for its use for both animal
feed and human consumption [10]. Weeds are one of the major biological constraints for faba bean, reducing
yields by up to 50%, although they appear more competitive with weeds than other legumes [11].

Intercropping is the practice of growing two or more crop species simultaneously in one field. It may help in the
control of weeds in many crops [12], complementing herbicides if necessary [13]. In the case of legumes, weed
reduction has been reported when combined with diverse crops, such as corn, wheat, oat, barley or rape [14-19].
There are different types of intercropping, depending on the arrangement and sowing densities of the combined
crops; mixed intercropping, when plants are completely mixed; and alternate intercropping, when rows of each
crop alternate regularly [20]; in addition intercropping all crops are sown at their normal densities, while in
replacement intercropping densities are adjusted for the presence of the other(s) crop(s) [21].

Different mechanisms explain the smothering of weeds in intercropping systems. The most common is the
competition of crops and weeds for natural resources such as light, water or nitrogen [18]. Another one is
allelopathy, which is a characteristic of plants that may be exploited for weed control [22]. Allelopathy is defined
as the capability of plants to exert positive or negative influence in the surrounding area by releasing chemicals
[23]. It has been known for a long that several crops present allelopathic activity, such as oat, wheat, barley, and
sorghum [24].

The main objective of this work was to establish if it is possible to control weeds in faba bean by intercropping,
determining the best crop combination if so. To this effect, field trials were performed across different years.
Additionally, experiments under controlled conditions were carried out to investigate the possible role of
allelopathy in weed control in intercrops of faba bean.
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Material and methods

Field trials

Four field trials were carried out from 2014 to 2018 in Cordoba (South of Spain) to assess the effect of different
crop combinations on the control of weeds in faba bean (Table 1). The combinations tested were those of faba
bean/wheat, faba bean/barley, and faba bean/pea; the monocrops of the four crops were equally tested, as well
as a monocrop of faba bean at 50% of sowing density (doubling the distance between rows). The cultivars used
were 'Muchamiel' (faba bean), 'Califa’ (wheat), 'Henley' (barley), and 'Messire' (pea). Sowing densities were 80
seeds/m? for legumes and 200 seeds/m? for cereals. Two different intercropping systems were evaluated:
alternate with replacement at 50%, where rows of each crop are alternated, giving a final sowing rate of 50/50,
i.e., half of the normal density of each crop; and alternate with addition, where rows are also alternated, but to a
final rate of 100/100, i.e., the normal density of each crop. Replacement intercropping was evaluated in trials
Cordoba-15 and Cordoba-16, and addition intercropping was evaluated in trials Cordoba-16, Cordoba-17, and
Cordoba-18. The experimental plots had a length of 3 m and comprised eight rows at 35 cm distance between
them in the case of monocrops and replacement intercropping and 16 rows at 17.5 cm in the case of addition
intercropping; the monocrop of faba bean at 50% had four rows at 70 cm per plot (Fig. 1). The experiment was
designed as a randomized complete block with four replications.

Table 1. Field trials conducted to study the control of weeds in faba bean by intercropping.
Cordoba-16 Cordoba- Cordoba-
Trial Cordoba-15
17 18
Location Cordoba Cordoba Cordoba Cordoba
Season 2014/15 2015/16 2016/17 2017/18
Intercropping Replacement . .
Replacement Addition Addition
system & addition
Max. T (2C) 35.3 31.7 32.2 29.7
Min. T (2C) -3.3 2.3 -3.4 3.4
Mean T (2C) 12.3 12.6 14.3 12.0
Precipitation
150 336 143.8 444.6
(ml)
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Figure 1. Different cropping systems evaluated in the field trials. A: Faba bean monocrop. B:
Alternate replacement intercropping. C: Alternate addition intercropping. Row distances in A

and B were 35 cm. and in C 17.5 cm.

Two areas of 0.7 m2 were randomly evaluated in the central part of each plot at the faba bean maturity stage to
assess weed infestation. The weeds were counted and classified by botanic families. Two diversification indices

were calculated in trials Cordoba-16, Cordoba-17, and Cordoba-18:

Richness (R) and Relative density (D):

R =nFi/nFT

R: Richness; nFi: number of weed families present in a given plot (i); nFT: total number of weed families found

in the whole trial
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Dji = (Nji/NTi)x100

Dij: Relative density of weed family j in plot i; Nji: number of plants of weed family j present in plot i; NTi: total
number of weed plants in plot i.

Additionally, two evaluators visually estimated the weed coverage as a percentage of the area covered by weeds.
At the end of the experiment, in trials Cordoba-16 and Cordoba-17, the weeds in a central area of 2 m2 in each
plot were harvested, and their biomass determined by drying them in an oven at 60 °C for three days and
subsequently weighing them.

Controlled-condition experiments

Two experiments were carried out under controlled conditions to investigate a possible allelopathic effect of
barley. Thus, four weeds that had grown in the field trials were selected for this: Polypogon monspeliensis (L.)
Desf., Matricaria camomilla L., Sinapis arvensis L., and Medicago truncatula Gaertm, belonging to the botanical
families Poaceae, Asteraceae, Cruciferae and Fabaceae, respectively. In the first one, 10 seeds of barley were sown
on plastic pots (5% 5 x 10 cm) filled with a mixture of sand and peat at 1:3 rate (v:v) and grown in a growth
chamber with a photoperiod of 12 h of visible light (150 pmol m=2 s photon flux density) at 25 °C, and 12 h of
darkness at 20 °C. Two weeks later, the barley plants were removed, and 20 seeds of the same weed species were
sown in the same pots maintaining the substrate. Weed plants were counted every two weeks for 42 days. Then,
weed plants were removed, dried in an oven at 60°C for three days, and weighed to obtain their biomass. A
treatment control was used, in which weeds were sown in pots where barley has not been previously grown. All
this was done in separate pots for each one of the four weeds. The third experiment was carried out in the same
way as in the first one, only that in this case the barley plants remained in the pots when weeds were sown, and
they grew together till the end of the experiment. The design in the two cases was randomized with seven

replications. Each of these experiments was performed twice.

Statistical analysis

For the analysis of weed coverage and biomass in the field trials, we calculated first the contribution of the
treatment, year, and treatmentxyear to the overall explained variance, calculated as the partial omega-squared
value (wp?) and partial eta-squared values (np?) [25]. Then, considering that the interaction treatmentxyear
explained 79% of the variance and the type of data (counts and percentages), generalized linear mixed models
(GLMMs) were applied to compare the treatments for each year. Model fits were evaluated through the residual
plots. Treatments were then compared according to the Least Significant Differences at P < 0.05. As for the
diversification indices, they were analysed in each field trial by ANOVA, and means were compared by Tukey
test.

In the experiments under controlled conditions, to study how the plant counts depended on the presence or not
of barley plants, Poisson regression procedure was permorfed using the maximum likelihood estimation
method. For weed biomass, and the proportions comparing methods and weeds, ANOVA analyses were carried
out, comparing means by LSD tests.
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Data were analyzed using Statistix software (Version 10; Statistix, Tallahassee, FL) and the R statistical software

package.

Results
Field experiments

A high pressure of weed infestation was present in all field trials. In the experiments where the replacement
intercropping system was used there was no difference in weed coverage between any intercropping treatment
and faba bean monocrop (Supplementary Data Table S1). In these trials, faba bean at 50% density presented the
highest level of weed infestation, not statistically different from wheat and pea monocrops. That is, intercropping
was ineffective in controlling weeds in faba bean when rows of faba bean plants were replaced by rows of other

crops (pea, wheat, or barley).

On the contrary, clear differences were found among treatments according to weed infestation values for the
addition system. In general, pea and faba bean at 50% density presented the highest levels of weed infestation
in all trials, both for weed coverage and weed biomass. The combined analysis of the experiments found the
lowest weed coverage for the combination of faba bean with barley, with a reduction of 92.7% about the faba
bean monocrop (Fig. 2). As for weed biomass, the combinations of faba bean with barley and faba bean with
wheat showed the lowest values, not significantly different from those of barley as a sole crop, getting decreases

in comparison with monocropped faba bean of 76.6% and 46.1%, respectively (Fig. 3).
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Figure 2. Weed coverage in the different treatments evaluated across the three intercropping field
trials where addition alternate intercropping was tested. Different letters mean significant

differences (Friedman'’s test, p<0.05).
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Figure 3. Weed biomass (g/m?) in the different treatments evaluated across the three
intercropping field trials where addition alternate intercropping was tested. Different letters
mean significant differences (Friedman'’s test, p<0.05).

The weeds found were classified into 10 different botanical families along the trials Cordoba-16, Cordoba-17,
and Cordoba-18 (Table 2). No difference was found for Richness (R) between faba bean monocrop and any of
the intercropping mixtures in any of the three trials where it was calculated (Table 3). Equally, no significant
differences for Relative density (D) of any of the ten botanical families of weeds was detected for the different
treatments tested (Supplementary Data Table S2)
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Table 2. Presence of the different botanical families to which the weeds identified belonged in the field
trials Cordoba-16, Cordoba-17 and Cordoba-18.

CORDOBA-16 CORDOBA-17 CORDOBA-18

Amarantaceae X X
Asteraceae X

Convolvulaceae X X X
Cruciferae X X
Cyperaceae X

Fabaceae X X X
Papaveraceae X X
Poaceae X X
Polygonaceae X X X
Quenopodiaceae X
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Table 3. Weed richness (R) for the different treatments tested in three field trials (Cordoba-16,
Cordoba-17, and Cordoba-18). Different letters mean significant differences for each trial (Tukey

test, p <0.05). Richness was not measured for barley, wheat and pea monocrops in Cordoba-16.

Richness (R)
Cordoba-16 Cordoba-17 Cordoba-18

Faba bean 100% 35.7a 78.6 ab 76.2 ab
Faba bean /

e 25.0a 50.0 ab 423 a
Faba bean /wheat 25.0a 46.4 a 61.9 ab
Faba bean / pea 50.0 a 64.3 ab 85.7b
Faba bean 50% 46.4a 75.0 ab 85.7b
Barley 100% 83.3b 76.2 ab
Wheat 100% 75.0 ab 95.0b
Pea 100% 83.3b 80.9 ab

Controlled-condition experiments

The number of emerged weed plants was significantly lower (p <0.05) in the pots where barley had grown
previously (either removed or maintained when weed seeds were sown) than in the pots used as control. The
number of plants did not vary as the experiments progressed, so the counts of the three-time points were very
similar (data not shown). The results for the final count of plants are shown in Table 4, both for the experiment
where barley was removed before sowing the seeds of weeds and for the experiment where barley remained in
the pots after the seeds of weeds were sown. The biomass of weeds at the end of the experiments was

significantly lower in the pots with barley than in the control ones (Table 5).
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Table 4. Number of weed plants per pot for each treatment in the two experiments under controlled
conditions: where barley was removed before sowing the weeds and where barley was not removed after
sowing the weeds. Different letters mean significant differences for each weed in each type of experiment,

i.e., with barley removed or not removed. Differences were significant in all cases (Poisson regression

analysis test, p <0.05).
Barley removed Barley not removed
Control Barley Control Barley
sown sown
Polypogon
monspeliensis 19,9 a 50b 19,7 a 4,6b
Matricaria
chamomilla 18,9 a 59b 18,6 a 51b
Amaranthus
retroflexus 11,1a 3,8b 11,9a 2,7b
Medicago
truncatula 52a 1,4b 7,8a 1,4b

Table 5. Biomass of weed plants per pot (mg) for each treatment in the two experiments under controlled
conditions: where barley was removed before sowing the weeds and where barley was not removed after
sowing the weeds. Different letters mean significant differences for each weed in each type of experiment,

i.e., with barley removed or not removed (LSD test, p <0.05).

Barley removed Barley not removed
Control Barley Control Barley
sown sown

Polypogon 39.9a 20.2b 55.5a 249D
monspeliensis
Matricaria 115.4 a 49.0b 131.6a 25.6b
chamomilla
Amaranthus 70.6 a 41.7b 104.6 a 10.1b
retroflexus
Medicago 16.3a 10.6 b 35.0a 4.8b
truncatula
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The proportion of reduction of the number of weed plants and weed biomass per pot as compared to the control
was calculated in both types of experiments (removing barley before sowing the weeds and not removing it).
There were no significant differences in the proportion of the number of plants for the two types of experiments.
On the contrary, there were differences in weed biomass per pot for Matricaria chamomilla and Amaranthus
retroflexus: final weed biomass was lower when barley remained in the pots till the end of the experiment (Table
6).

Table 6. Proportion of number of weed plants and biomass per pot as compared to the control for both
types of experiments under controlled conditions (removing barley and not removing it just prior to
sowing the weeds). Different letters mean significant differences for each weed and parameter: number
and biomass of weeds (LSD test, p < 0.05).

N° of weeds (%) Biomass of weeds (%)
Barle Barle
Barley g Barley V
not not
removed removed
removed removed
Polypogon 25.2a 23.6a 70.1a 61.9a
monspeliensis
Matricaria 31.1a 27.3a 65.5a 43.7b
chamomilla
Sinapis arvensis 32.1a 23.0a 77.0a 29.3b
Medicago 249a 18.4a 58.9a 319a
truncatula

Additionally, the proportion of reduction of the number of weed plants and weed biomass per pot was compared
between the four weed species in the experiment where barley was removed, to investigate if any one of them

was more affected by barley than the others, and no significant differences were found between them (p > 0.05).

Discussion

In this work, we have evaluated intercropping as a tool to control weeds in faba bean in the South of Spain. The
level of control attained has been very high, reaching reductions of 92.7% in weed coverage when combined with
barley and 76.6% and 46.1% in weed biomass when mixed with barley and wheat, respectively. The mixture of
faba bean and barley, then, might be effective enough to dispense with the application of herbicides in this

agroecosystem.
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Previously only one work had studied the effect of the combination of faba bean and barley on weeds: Dhima et
al. [26] reported that alternate replacement intercropping achieved levels of reduction of corn poppy of around
90%. As for other cereals, the faba bean and wheat mixture has proven to reduce weed biomass by 60% in
alternate and mixed replacement intercropping [27]. Equally, Boutagayout et al. [28] found that an alternate
intercrop of faba bean with wheat and oat got decreases in weed biomass of around 50%. As far as we know, our
work is the first to achieve such a level of weed supression in faba bean, validated across three field experiments.
Equally, barley has proved to be successful in reducing broomrape (Orobanche crenata) infestation in faba bean
[29], and also to be effective in controlling rust disease in faba bean [30]. In these cases, the intercropping systems
were different from those assessed in this work, so it would be necessary to integrate them in the best way to
maximize the benefits of faba bean/ barley intercropping. Furthermore, it is remarkable that the combination of
faba bean and wheat reduced 64% weed biomass compared to the wheat monocrop, making this mixture an

exciting option for farmers that can be combined with some herbicide applications.

We did not find differences in weed diversity among all the tested treatments: no weeds belonging to a particular
botanic family were more affected by any crop combination or monocrops than others. This is in contrast with
what has been found in other intercropping systems [31,32], although there are also situations where weed
diversity has not been influenced by intercropping [32]. In our case, the weed community has proved to be

relatively stable regardless of the crop or crops present.

Of the two types of intercropping we tested, alternate with replacement and alternate with addition, only the
latter was adequate for controlling weeds. The relationship between crops and weeds is based on the competition
for available resources such as water, nutrients or light [33,34]. Plant density is one key factor in the improvement
of crop competitiveness against weeds [35], and that is precisely the difference between both intercropping
systems. In addition, intercropping plant density is doubled in comparison with alternate intercropping. The
high weed pressure levels that we observed in the plots with faba bean sown at half density confirm the

importance of plant density.

Plant density, however, is not the only mechanism that explains weed suppression in intercropping. If that were
the case, we would have gotten similar results with barley, wheat, or pea. Weed pressure levels for them as sole
crops illustrate that not all crops have the same competitive ability against weeds: barley presents very low weed
infestation compared to the other two, with pea ranking the highest. Other factors influence the performance in

the presence of weeds, such as plant architecture, vigor, or allelopathy [36,37].

Barley has been described as one of the most competitive crops against weeds by different authors [38,39]. The
rapid biomass accumulation and high growth rates that barley shows at the beginning of its cycle are some of
the reasons for this [39]. Another reason is the efficiency of barley in taking nitrogen: it has been reported to be
more competitive for nitrogen than pea in intercrops, so depriving weeds of this nutrient. Beyond that, barley is
considered a crop with high levels of allelopathy [40], and as many as 44 potential allelochemicals have been
identified so far [41]. The two more important are the alkaloids Gramine and Hordeine, which appear in barley
plants' leaves, roots, and roots exudates [23,41]. All this has made barley a common partner in crop

diversification for weed control [42].

The experiments under controlled conditions aimed at evaluating the role that barley allelopathy might have on
our results. Different types of bioassays under controlled conditions may be used to assess the allelopathic ability

of a plant species, such as testing extracts from the allelopathic plant [43,44], agar bioassays [38] or pots
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screenings [45], where plants are grown together in Petri dishes or pots with soil, respectively. We opted for pot
screening because it may better reflect the conditions under which allelopathy operates. Besides, our design, in
which removing barley plants is compared with the effect of not removing them, allows for discriminating

allelopathy from competition effects.

The results from the pots where barley was removed before sowing the weeds show a substantial allelopathic
effect against them. All four weed species presented a decrease in plant emergence and biomass that can only be
explained by the presence in the soil of chemical compounds previously released by the barley plants. These
results also suggest that the main allelopathic effect is related to the first stages of seed germination and seedling
development. Remarkably, there were no significant differences between the final number of weed plants in the
pots where barley had been removed and in those where it remained till the end. As for weed biomass, however,
in the case of two species (Sinapis arvensis and Matricaria camomilla) the decrease was higher when barley
remained than when it was removed. This is probably due to additional allelopathic effects, although it is more
difficult to separate them from competition effects in this case. Barley allelopathy had been previously tested on

Sinapis arvensis [46,47]. Still, as far as we know, this is the first time it has been assessed on the other three weeds.

The fact that there has been no difference in the reduction of emerged plants and biomass between four weeds
belonging to such different botanical families points to a global and non-discriminatory effect of barley in our
case. These weeds are a sample of the ten families found in our area, and this global effect could explain the lack
of differences in the composition of weed communities between the barley intercrops and the monocrops in our

field experiments.

In conclusion, this research has established that the combination of faba bean and barley has great potential for
the control of weeds in the agroclimatic region of the South of Spain. Further work should focus on developing
the optimal intercropping strategy to obtain the best advantages from combining these two crops. It would also
be of great interest to identify the allelochemicals behind weed suppression in our experiments and determine

their mechanisms of action.
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Supplementary data

Table S1. Global weed coverage (in % of surface) for the different treatments tested in field trials Cordoba-
15 (A) and Cordoba-16 (B), with alternate replacement intercropping. Different letters mean significant
differences (Tukey test, p <0.05).

A
Coverage (%)
Faba bean 100% 14,1a
Faba bean / barley 9,7a
Faba bean /wheat 9,6a
Faba bean / pea 11,9a
B
Coverage (%)
Faba bean 100% 23.1abc
Faba bean / barley 18.4 ab
Faba bean /wheat 52.4 abcd
Faba bean / pea 50.4 bcd
Faba bean 50% 70.6d
Barley 100% 10.4 a
Wheat 100% 52.4 cd
Pea 100% 69.6d
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Table S2. Relative density (D) of the botanical families of weeds for each of the treatments in the three field trials where addition intercropping was carried out: Cordoba-16

(A), Cordoba-17 (B) and Cordoba-18 (C).

A
Podceas Fabaceae Quenopodiaceae Cruciferae Polygonaceae Convolvulaceae Asteraceae

F. bean 0.0 0.0 13.1 8.2 135 3.8 61.4
F. 30.6 0.0 0.0 0.0 0.0 5.6 63.9
bean/barley ) ' ’ ’ ’ ' ’
F. bean/pea 5.4 5.4 17.7 0.0 5.4 10.3 55.9
F.

11.1 0.0 7.1 0.0 0.0 0.0 81.7
bean/wheat
F. beasn

0.0 9.2 8.2 0.9 62.8
50% 16.5 2.5
SD 14,7 6,5 14,6 8,4 13,1 8,1 21,4
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B Cyperaceae Polygonaceae Amarantaceae Convolvulaceae Fabaceae Papaveraceae

F. bean 24.0 32.8 17.2 4.9 7.1 13.9
F. bean 50% 32.2 345 10.3 4.1 8.8 10.1
F. 9.0 52.1 11.8 4.5 4.2 18.5
bean/barley

F. bean/pea 4.4 47.6 8.3 2.6 6.9 30.1
F. 17.6 37.7 11.2 1.9 10.0 21.6
bean/wheat

Barley 34.8 34.0 4.9 7.0 15.3 4.0
Pea 25.0 33.0 14.9 2.4 111 13.7
Wheat 28.5 40.4 4.8 9.0 7.6 9.7
SD 19.3 23.7 124 5.9 11.9 14.6
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Conclusions

Conclusions

The following conclusions can be derived from the previous work:

1. It has been established that mixing pea with barley or faba bean in alternate intercropping with replacement
may help in the control powdery mildew, with disease reductions reaching 44% and 32% respectively. The
mixture with pea, on the contrary, had no effect on disease severity. The higher biomass and height of barley
in comparison to the other crops seems to indicate that a barrier effect provided by barley plants plays an
important role in the disease decrease.

2. Cultivar mixtures of Messire (susceptible to powdery mildew) and Eritreo (resistant to powdery mildew)
reduce disease levels in cv. Messire, being the reduction higher as higher is the proportion of Eritreo in the
mixture. The decreases in disease severity ranged 30-70%. This is a good strategy to prevent the resistance in
Eritreo to be overcome by the pathogen.

3. The combination of faba bean with barley in alternate intercropping with replacement has achieved a reduction
of rust severity in faba bean of 22%, which makes it a useful tool to help control the disease. No disease decreases
were obtained when faba bean was mixed with pea or wheat. The barrier effect by barley appears to be a major
mechanism behind this effect.

4. The mixture of cv. Joya, which is resistant to rust, with cv. Baraca, susceptible to it, produced reductions in
disease severity which were higher as the proportion of Baraca increased. The barrier effect provided by cv.
Joya seems to explain an important part of the disease reduction, that may be added to other mechanisms like
the effect of dilution of inoculum. Joya produces more biomass and grows higher than Baraca, which stresses
the importance in cultivar mixtures of other factors, like plant architecture, beyond disease resistance.

5. Alternate intercropping with replacement has proved unable to control weeds in faba bean when combined
with pea, wheat or barley. Alternate intercropping with addition, on the contrary, has obtained reductions in
weed pressure when faba bean was combined either with barley or wheat (76.6% and 46.6% decreases in weed
biomass, respectively). This stresses the importance of crop densities in the competition with weeds. Diversity
of weed communities was not affected by any of the treatments tested.

6. Barley has shown a high level of allelopathy under controlled conditions against four weed species that were
present in the field trials: Polypogon monspeliensis, Matricaria camomilla, Sinapis arvensis and Medicago truncatula.
This allelopathic effect seems to interfere with the first stages of development of the weeds.

7. Further research will be necessary to better identify the mechanisms behind the effects of intercropping on
legume diseases. Additionally, it will also be required to develop breeding programs aimed at identifying the
genotypes best suited for intercropping, so maximizing the benefits of this agronomic practise.
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