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Preface

Nowadays there is much concern over environmental and human health impacts on weed
management practices which has led agricultural producers and scientists in many countries to seek
innovative strategies for weed control. This Ph.D. project provides an implementation of the
knowledge regarding the ecological management of the weed in a Mediterranean area of central
Italy. In a recent review, Bastiaans et al., (2008) reflected on the possibilities and limitations of
ecological approaches in weed control practices highlighting the need for research in order to
provide clear insight in effectiveness and applicability with the aim of improving the utilization of
ecological knowledge in practical strategies of weed management. From this point of view, the
theme of this thesis appears to be relevant, linking the questions of how specific ecological
approaches may improve the performance of weed management strategies in the crops. After
examining the principles of weed science and evolution on weed control and/or management, the
Ph.D. thesis provide information regarding ecological approaches of integrated weed management
on chickpea and pepper crops through field and laboratory experiments. Field experiments were
planned for evaluating how tillage and cultivation practices, competitive cultivars, cover crops and
their residue management can be managed to reduce weed germination, growth, and competitive
ability. The results of this thesis are reported as papers, of which one has been already published,

and the remaining three are submitted for publication and are included in the thesis as chapters.
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WEED SCIENCE

1.a. Introduction to Weed Science

Weed Science deals with a serious biotic threat capable of causing heavy economic loss to the
farmer: the weeds (Fernandez-Quintanilla et al., 2008). The nature of weeds and how they interact
with human activities form the basis of the discipline of Weed Science (Monaco et al., 2002). This
topic can be considered as a model to follow in the integration of numerous disciplines, using a
systematic approach to solve practical problems (Fernandez-Quintanilla et al., 2008). The areas of
study range from ecological to agronomical investigation to the design of practical methods for
managing weeds in the environment. Weed scientists deal with a wide range of scientific issues
with the common aim to find practices necessary for an effective and responsible management of
weed species (Jordan et al., 2002). Weed Science has been highly successful in providing efficient,
relatively cheap and safe technology to control weeds in a large variety of crops. Although much of
this success is due to the low cost and extremely efficient herbicides, a variety of physical, cultural
and biological technologies have also been developed and introduced commercially, as a result of
co-evolution with society’s demand of more environmentally sound crop management systems
(Fernandez-Quintanilla et al., 2008). The main goal of weed management is to provide the most
appropriate methods to ensure a sustainable ecosystem and minimum influence of nuisance plants
in various situations. The primary objective of weed research should be to improve our
understanding of the relationship between weeds and crops, with the aim of improving the
management and control of weeds (Moss, 2008). According to Oerke (2006), although weeds are
the cause of the highest potential crop losses (-34%), nowadays weeds are frequently
underestimated since more attention is paid to insect pests (18% loss) or pathogens (16% loss). The

methods used for managing weeds vary, depending on the situation, the available research
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information, the tools, the economics, and the farmers’ experience. Weed management is a process
of reducing weed growth to an acceptable level. Weed management has been defined as “rational
deployment of all available technology to provide systematic management of weed problems in all
Situations” (Fryer, 1985). Based on this definition, weed management could be considered a
systematic approach for minimizing the effects of the weeds and optimizing land use, combining
prevention and control (Aldrich, 1984). The growing demand for food has gradually changed
agricultural practices from intense manual work to methods involving less manual labor and more
fossil fuel (Warren, 1998). Although it is not clear when Weed Science began, over the last century
it has certainly become an important issue concerning the study of weeds and their management.
Breen and Ogasawara (2011) recognized three main eras which have characterized Weed Science
(Table 1):

- Pre-history (Pre-1945)
During the pre-history era, weeds were the main problem of farmers and gardeners. Weeds
were universally considered “undesirable”. The objectives was to remove them whenever
possible in order to avoid loss of crop yield. Weeds were controlled mainly by hand.
Progressively, farmers learned to use hand tools, horsepower, and tractor power to manage

weeds.

- Early-history (1940s to mid 1980s)
The early-history era could be considered the “golden era” of Weed Science. The era was
characterized by the discovery and application of synthetic chemical herbicides (Zimdahl,
2007). The herbicides were considered as universally useful tools, because they enabled us
to achieve the common goal of weed management and control. Although herbicides

succeeded in controlling weeds, the weeds were still growing and present in the fields.

- Present era (mid 1980s to the present day)
In the Present-era, there are several means for controlling the weeds. Most (but not all) types
of weeds can now be controlled by herbicides, applied singularly or mixed with other
herbicides. However, new problems have arisen from our dependence upon herbicides, such
as the arrival of herbicide-resistant weeds and adverse environmental impacts. At the same
time, there has been a decrease in the chemical industry concerning the discovery of new
types of herbicides and new individual herbicide molecules (Kudsk and Streibig, 2003). The
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rise in concern of environmentalism has made it fashionable to criticize pesticides, including
herbicides, as unsafe and/or environmentally unfriendly, despite the fact that the safety of
herbicides is thoroughly reviewed by government regulators on a case-by-case basis.
Besides in agriculture, Weed Science is also important for studying and managing other
sectors of land use, such as gardens, city parks, sports grounds, and natural areas. Even if in
the past farmers could manage weed infestation without much discussion or consensus-
building with non-specialists, Weed Science must now meet the social demands of various

user groups of these land uses.

During these eras, Weed Science has had great success, in basic research, applied research,
extension, practical problem-solving, and education, yet worldwide, as the twenty-first century
unfolds, weeds science appears to be struggling (Breen and Ogasawara, 2011). The arrival of
herbicides changed the way weed control was carried out but it did not change its fundamental
purpose: to improve the yield of crops. Herbicides have replaced human, animal, and mechanical
energy with chemical energy. Although, no other method of weed control efficiently reduced the
need for labor, herbicides rapidly evolved into the standard approach as primary technology,
making the other means far less important (Bastiaans et al., 2008). The heavy reliance on chemical
weed control is nowadays considered objectionable (Liebman et al., 2001), moreover, there is much
concern that herbicides have hindered the progress of Weed Science and may continue to do so
(Zimdahl, 2007). The main problem is that weeds are steady components of agro-ecosystems and
should not be completely eliminated (Fernandez-Quintanilla et al., 2008). These issues have
changed the point of view of many growers from “the good old agriculture” to “agro-industry”
(Zosche and Quadranti, 2002). All these changes call for a change in the perspective of weed
scientists and in the development of new weed management systems. Therefore, it is necessary to
modify our approach to Weed Science in order to move into a new and better era (Breen and
Ogasawara, 2011). This change has been stimulated by a mixture of environmental, social, and
economic pressures caused by the increased cost of production, soil erosion, degradation of water
quality, and concern over the quality of rural life (Wyse, 1994). There is another important issue
regarding weed management aims and plans. The people who are responsible for making decisions
concerning weed management practices are mainly people who have little or no formal training in
Weed Science and it is not always easy to manage weeds successfully as there are many technical

problems and in many cases difficult “social aspects”. Weed scientists can help growers to meet
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such conflicting stakeholder needs. Only in this way it is possible to provide practical solutions for
weed problems.

Table 1. History of Weed Science.

Pre-History Agriculture Weeds are bad and need Mechanical weed control,
(pre — 1945) to be controlled time of planting, etc.,
Early history Weeds are undesirable Herbicide research
(1945 to mid 1980s) Herbicides are good Getting lost: Much overlap
Present Agriculture Natural is good with other plant sciences
(Mid 1980s to Present)  Public Lands Weed Science should study

Parks aspects of wild plants

Recreation, etc. Herbicides are bad
Conflicting goals for

vegetation management

Future Weeds are undesirable Re-focus on topics
Weed management goals unique to Weed Science
are developed by scientists
and farmers Provide useful solutions

to complex

socio-biological problems

Educate society

of the scientific aspects
of herbicides and
Weed Science.

From: Breen and Ogasawara (2011)
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1.b. What is a weed?

Weeds are certainly as old as agriculture, and from the very beginning, farmers realized that the
presence of those unsown species interfered with the growth of the crop they were intending to
produce (Ghersa et al., 2000). This recognition led to the co-evolution of agro-ecosystems and weed
management (Ghersa et al., 1994). Weeds thrive in disturbed habitats and produce an abundance of
seeds that are not useful to humans (Manning, 2004). The European Weed Science Society define
the weeds as “any plant of vegetation, excluding fungi, interfering with the objectives or
requirements of people”. Despite its general acceptance, the term weed is not easily defined, in fact
there have been numerous definitions of weeds such as “a plant not valued for its use of beauty”
and/or “plant whose virtues have yet to be discovered”. However, most modern definitions convey
an option that the plants are considered undesirable in some way. A great variety of reasons can
account for a plant being unwanted but most encompass a view that the plant is a nuisance and in
some way hinders or infers with human activity. Traditionally, weeds are plants that are grow where
they are undesired which often means in areas that have been disturbed or altered intentionally:
“Weeds are unwanted and undesirable plants which interfere with the utilization of land and water
resources and thus adversely affect human welfare ” (Rao, 2000). This definition does not refer to
the biology of weed plants, but suggests that weeds only interfere with the activity of humans.
Moreover, this leads to the understanding that crops may be considered weeds at times, i.e. crop
seeds which are shed in the field can grow in subsequent crops in following years and contaminate
them. Compared to most ecosystems, agricultural fields are less stressful environments for plants, in
fact growers reduce stress through seed bed preparation, fertilization, irrigation, and artificial
drainage. In these conditions crops and weeds prosper because they generally have high growth
rates and occupy the available space. Navas (1991) included biological and ecological aspects on
weed definition: “Weeds are plants that form populations that are able to enter cultivated habitats,
markedly disturbed or occupied by man, and potentially depress or displace the resident plant
populations which are deliberately cultivated or are of ecological and/or aesthetic interest”. Often
people help weeds grow by creating conditions that favour them in natural and farms areas. Many
weeds also have protective features such as thorns and poisons which roaming animals try to avoid.
Aldrich and Kremer (1997) offered a definition that does not deny the validity of others but
introduces a desirable ecological base. A weed is “a plant that originated in a natural environment

and, in response to imposed or natural environments, evolved, and continues to do so, as an
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interfering associate with our crops and activities”. In this definition, weeds are recognized as part
of a “dynamic ecosystem”. Although there is much debate about what a weed is precisely, most
people are aware that they are undesirable, even if those who want to control weeds must consider
their definition (Zimdahl, 2007). Crawley (1997) recognized the difficulties of defining weeds, and
suggested that for a plant to be considered a weed (a problem plant), its abundance must be above a
specific level and cause concern. This refines the definition somewhat because it suggests that a
plant is only a weed if it is present above a specific abundance, therefore a plant could be
considered a weed under specific circumstances, even if the inclusion of a plant into this category is
arbitrarily based on human perception. The effect of the presumed weed in a natural community can
be estimated in terms of management goals such as establishing pre-settlement conditions,
preserving rare species, maximizing species diversity, or maintaining patch dynamics (Luken and
Thieret, 1996). It seems paradoxical that weeds may be also considered valuable. Clearly, in the
right place, a plant species may have properties which are beneficial to man or his activities
(Naylor, 2002). Weeds have numerous interactions with other organisms and some of these
interactions can have direct effects on the functioning of the agro-ecosystem. In particular, weeds
are perceived as valuable indicators of biodiversity because of their role in providing food or shelter
for animal species, much of the decline in farmland birds has been linked to the reduction of weed
occurrence in arable crops (Gibbons et al., 2006). Moreover, weeds also serve as an indirect
resource for predatory species (Hawes et al., 2009), in fact they could provide alternative food
sources for organisms that play a role in pest control (Kromp, 1999). The presence of a plant cover
during the rainy season helps to reduce the negative impact of raindrops and wind on soil erosion
(Hartwig and Ammon, 2002). By limiting weed management measures we can allow populations of
beneficial organisms to develop, i.e. some insects which pollinate cultivated crops need a source of
nectar and pollen when the crop is not in flower, and weeds can provide this. All these issues
highlight the fact that weeds are strongly related to other groups of organisms within the agro-
ecosystems. Considering that these interactions are often species-specific, the services provided by
a weed community will strictly depend on the set of individual species and on their abundances
within the community (Liebman, 2001). For this reason we must reconsider the definition of a weed
as an “undesirable plant”, by considering the weeds as plants that are somewhat desirable, or could

become desirable, or simply a species that is interesting.
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1.c. Crop-Weed interactions: harmful aspects of weeds

Definitions of weeds usually include problems with crops. The optimization of weed control
programs depends on an early and an reliable prediction of the impact of weeds on crop yield
(Zimdahl, 2004; Debaeke et al., 1997). Pure crops without weeds rarely occur in natural
environments. In fact, nature does not recognize the human categories of domesticated plants, or the
inalienable rights of man (Zimdhal, 2004). In natural environments living organisms are engaged in
relentless competition with peers as well as with many other organisms, even plants do not escape
the struggle for existence: “it is impossible to sow a crop without the certainty that other plants will
appear” (Brenchley, 1917). Generally, herbicide use underestimated the importance and the need to
understand weed-crop relationships. Understanding these interactions will lead to a more effective
weed prevention, management, and control (Zimdhal, 2004). Weeds are highly competitive and are
adaptable under adverse conditions. Reproductive mechanism in weeds is far superior to crop plants
particularly in unfavorable conditions; therefore weeds constantly invade the fields and try to
overcome the crops. Moreover, weeds produce a larger number of small seeds compared to crops
which contribute enormously to the seed reserves (seed-bank). Weed seeds germinate earlier,
growing and flowering faster, and mature ahead of the crop they infest. Furthermore weed seeds
possess the characteristic of dormancy, which is an intrinsic physiological power of the seed to
resist germination even under favorable conditions. Based on their characteristics, weeds compete
with crops at every stage of growth for nutrients, moisture, light and space thus reducing the quality
and quantity of the final product (Moolani and Sachan, 1966). Sweet et al. (1974) reported that
there was a great variation in the competitive ability of crop plants with associated weeds. Crops
with a quick start and better establishment effectively suppressed the weed growth, whereas, slow
growing crops tended to become infested with weeds (Campiglia et al., 2009; Paolini et al., 2006),
in accordance with a fundamental principle of plant ecology where “early occupants on a soil tend
to exclude the later ones” and this holds good also in agriculture. Therefore, the timing of events in
plant growth and development is one of the most important factors determining the success of
individual plants in capturing resources (Zimdhal, 2004). If there is an insufficient supply of
resources to meet the combined demand of crops and weeds, resource will be taken by weeds which
will result in a reduced growth and production of the crop. It is clear that competition is the most
important factor in determining the impact of weeds on crop yield (Bastiaans et al., 2008). The

crop-weed interaction can be explained by giving a value to the weeds based on crop vyield
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reduction and by comparing that cost with the cost of weed management in order to decide whether
or not to apply a certain type of management. However, in order to assess the effects (including the
economic aspects) of any weed management practice it is necessary to understand the impact of
weeds on a given crop (Upadhyaya and Blackshaw, 2007). Numerous empirical models describe the
crop loss (or the expected yield) as a single function of one or several factors (Weigelt and Jolliffe,
2003), including weed density, relative leaf area and relative time of weed emergence (Cousens,
1985; Cousens et al., 1987; Kropff and Spitters, 1991). These statistical and static regression
models have been intended for practical applications, even if they often give unrealistic results
because of the initial single calibration and the lack of environmental variables. Although the most
commonly known effects are those that either directly affect the crop through competition are the
increase in production costs and/or decrease the quality of the crop, the lesser effects referring to
animal or human health should also be considered. The harmful impacts of weeds can generally be
classified as land-use effects or as ecosystem effects (Naylor, 2002). Land-use effects are easier to
quantify because they can be measured in terms of decreased control costs. In agro-ecosystems
weeds can hinder the growth of a crop, often in a very predictable and quantifiable way. Zimdhal
(2007) divided the harmful effects of agricultural weeds into different categories according to the
type of damage done:
Plant competition. Weeds compete with crop plants for limited resources, such as nutrients,
water, and light.
Added protection costs. Weeds increase protection costs because they can harbor a wide range
of organisms, thus increasing opportunities for those to persist in the environment and re-infest
crops in the following years.
Reduced quality of farm products. Growers are well aware that weed seeds in grain crops
decrease in quality of the yield making it necessary to sort the seeds. Moreover, weed seeds in
grain crops perpetuate the problem of weed infestation when the crop seed is re-planted. Weeds
reduce the quality of marketable seed crops, therefore it is necessary to carry out an expensive
weed control before selling the crop seeds. Finally, weeds cause loss of forage and reduce the
feeding capacity of pastures and rangeland.
Reduced quality of animals. Weeds affect animals by providing an inadequate diet or a diet
that is unpalatable because of chemical compounds in the weeds. Moreover, these chemical
compounds can directly reduce the quality of animal products by affecting milk production and
through toxins which can cause abortion or kill animals. In addition to direct poisoning, weeds

can cause physical damage to grazing animals.
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Increased production and processing costs. Although all weed management operations cost
money, these operations are often required for preventing a greater crop loss or crop failure.
Considering that the absence of weeds within cultivated fields is rare, the costs for their
management and/or control must be included when calculating profit or loss.

Decreased land value and reduced crop choice. The weeds reduce land value and sale prices
because they limit the choice of the crop and increase the costs of crop production. Severe
infestations of perennial or parasitic weeds reduce the yield of crops.

Aesthetic value. Weeds in recreation areas must be controlled. Weeds represent a fire hazard if
they are close to power substations, oil, or chemical storage areas. Weed control is also

essential near crossroads, where weeds can reduce visibility and may cause accidents.

Table 2. The harmful aspects of weeds.

) Inference with access to plant growth resources of light,
Reduce crop yield water and nutrients.

Admixture of contaminating seeds in arable crops.
Contamination of vegetable crops.

Conservation of moisture may delay ripening and increase
crop moisture level when harvested

Climbing plants make combine operation more difficult.
Vigorous late-growing weeds can interfere with harvesting.
Interfere with animal feeding Plants with spines or thorns inhibit animal foraging.

Taint animal products Impart undesirable flavor.

Act as plant parasites

Reduce crop quality
Delay harvesting

Interfere with harvesting

Act as alternate or alternative hosts for pests and diseases.
Reduce crop health Increased vegetation at base of crop increases moisture
level and levels of disease.
Act as intermediate hosts or a vehicle for ingestion of pest
and parasites.
Reduced vision on roadsides.
Fire risk under electricity lines.

Reduce animal (and human) health

Are a safety hazard

Reduce wool quality Hooked seeds reduce value of fleeces.
Prevent water flow Plant mass blocks ditches and irrigation channels.
Exhibit allelopathy Release of substances toxic to crop plants.

Impact on crop establishment Vegetation prevents establishment of young trees.
From: Naylor, 2002.
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1.d. Weed community dynamics

Weeds are a permanent constraint to crop productivity in agriculture. For the farmers, this justifies
the employment of control tactics aimed at killing as many weeds as possible, even if a zero level of
weed seed-bank is un-achievable (Holst et al., 2007). Although, most weed management practices
are motivated by short-term goals (reduction of weed impact on the current crop and prevention of
seed production that could pose problems in succeeding crops), the effects on long-term changes in
weed species and communities has not been well documented. Weed populations are dynamic in
time, both within and between seasons, and in space, both within and between fields (Holst et a.,
2007). In fact, even if the occurrence of a single weed plant is not important to the yield of the crop,
with uninterrupted growth the single weed plant can give rise to large weed population which can
greatly reduce future yields. This fact justifies the management of even small populations in order
to avoid important yield reductions (Naylor, 2002). Intra- and interspecific competitions are key
processes in weed population dynamics (Blom, 1988). A sound knowledge of weed population
dynamics and how it is affected by different weed management strategies is fundamental for
developing an optimum crop management strategy (Clements et al., 1994). Moreover, knowledge of
the processes determining population dynamics would also be required in order to determine
whether the decision to manage the weeds or not would cause an unmanageable or costly problem
in the future (Naylor, 2002). The role of biodiversity in the functioning of agro-ecosystems has been
discussed for many years (Altieri, 1999), but it is only recently the concept of the functional group
has boosted research on the relationship between biodiversity and its role in ecosystems (Hooper et
al., 2002). The composition of a weed community is generally determined by multiple interacting
factors (Clements et al., 1994): (i) the species present as vegetative plant, (ii) species in the seed
bank, and (iii) species that disperse into the field from neighboring habitats such as roadsides but
which are incapable of surviving the agricultural practices in use in the field (Liebman and
Gallandt, 1997). A major objective of most weed community ecological studies has been to identify
patterns of species composition and distribution and to interpret how these patterns evolve in
relation to the gradients present in the environment (Fried et al., 2008). In agricultural systems,
characterized by continuous operations carried out in order to modify and control the environment,
management success is based on crop yield (Booth and Swanton, 2002), but each modification is a
driving force for a new succession. The main factors which generally influence the establishment of

weed communities include abiotic factors, such as climate or soil properties (Andesen et al., 1991),
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biotic factors such as competition from the crop or other weed species (Caussanel, 1989),
agricultural practices (Dale et al., 1992), and landscape heterogeneity (Weibull et al., 2003; Buotin
et al., 2008). Agricultural weed communities are generally unstable because the eradication of some
weed species creates a vacuum that may encourage future weed outbreak (Zimdhal, 2007).
Although there is no direct relationship between diversity and stability (Goodman, 1975),
stabilizing influences on community dynamics can be found. Consequently changes resulting in
increased/decreased diversity under different types of weed management may support an
improved/declined change of community stability (Clements et al., 1994). Usually, a few weeds
dominate cropped fields in modern agriculture. Already mentioned, their removal creates open
niches that other species will colonize, this explains why weed control is a never-ending process.
Therefore, the best weed management systems may combine technigues to gain the desired level of
control but not in a completely open environment that encourages arrival of new weeds which
cannot be controlled with present techniques and therefore may be more difficult to manage
(Zimdhal, 2007). Furthermore, the growing problem of weed resistance to herbicides indicates that
weeds adapt to management practices (Powels et al., 1997; Powels et al., 1994). Although, tools for
managing weeds have improved greatly during the last century, weed communities have also

changed rapidly, and floristic changes are likely to continue (Clements et al., 1994).

18



ECOLOGICAL WEED MANAGEMENT

Emanuele Radicetti

19



ECOLOGICAL WEED MANAGEMENT

Emanuele Radicetti

WEED MANAGEMENT

2.a. Non-chemical weed management

From the beginning of agriculture until the introduction of herbicides, weed management on
agricultural land depended largely on crop rotation, soil cultivation and seed cleaning. The
increased availability and acceptability of highly effective and selective synthetic herbicides in the
decades following World War Il diverted the focus of weed researchers and managers away from
non-chemical weed management (Upadhyaya and Blackshaw, 2007). In this context, weeds were
not considered components of agro-ecosystems and so sustainability issues were easily ignored and
preventive or suppressive approaches to weed management were put aside. Although, several non-
chemical weed management options were considered “uneconomical” or “impractical” (Moss,
2008; Rask and Kristoffersen, 2007), the lack of research on these options of weed management has
made the weeds a serious problem, particularly where chemical weed management was avoided, as
organic farming. Furthermore sustainability of our food production systems and the health and
environmental consequences of pesticide use are rapidly becoming important global issues
renewing interest in non-chemical weed management. Nowadays a number of developments in non-
chemical weed control techniques and systems have been made (Rasmussen and Ascard, 1995;
Rasmussen, 1996), and a wide range of weed control options is becoming available to growers as
new techniques are developed, and established methods are improved. The following are common
techniques available to non-chemical weed management strategies for organic or low input growers

to manage weeds in vegetable production operations (Zimdhal, 2007).

Cultural weed control
For a successful long-term weed management it is necessary to change our traditional approach and

instead of simply controlling weeds we must try to reduce weed establishment thus minimizing
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weed competition with crops (Blackshaw et al., 2007). Globally, cultural control has been one of
the most widely used control options and includes crop rotation, increase the competitive ability of
the crop, time of seeding, type of irrigation, inclusion of cover crops, and intercropping (Shrestha et
al., 2004). Methods of cultural weed management include conscious use of crop interference, use of
cropping pattern, intercropping, and tillage systems (Zimdhal, 2007). Although these means used
individually do not offer a sufficient level of weed control, the degree of control can be increased by
integrating several of these options in a perspective of long term weed management strategy (Bond
and Grundy, 2001). It is for this reason that cultural weed management should be included in
strategies even if it should not be regarded as the solution to all weed problems (Upadhyaya and
Blackshaw, 2007). A successful strategy could be improved by selecting the right crops and
cultivars bearing in mind the weeds present as well as the climate, ensuring rapid and uniform crop
emergence through proper seedbed preparation, and by using the right seed and establishing the
right seeding depth, increasing plant density and adapting planting patterns wherever possible to
crowd out weeds, localizing resource application, and optimizing the management of the crop. The
main cultural techniques used by farmers and weed scientists for improving weed control and
management are listed below:
- Crop rotation. Generally, crop rotation is carried out for economic, market and agronomic
reasons. Weeds tend to associate with crops that have similar life cycles (Moyer et al.,
1994). Rotating crops with different life cycles can disrupt the development of weed-crop
associations, through different planting and harvest dates preventing weed establishment and
therefore seed production (Derksen et al., 2002).
- Crop competition and cultivar selection. Planting a crop is a sure way to reduce weed
growth because of crop interference. Crop competition is an important and cost-effective
tactic for enhancing weed suppression and optimizing crop yield (Blackshaw and al., 2007).
“The role of crop genotype in weed management has received growing attention over the
past 30 years” (Zimdhal, 2004). The competitive ability of a crop can be measured both as
weed suppression (i.e. the suppression of weed growth and weed seed-bank) and weed
tolerance (i.e. the ability of the crop to maintain yield in the presence of weeds). An earlier
crop establishment is crucial for the success of the crop, therefore poor seed quality can
negatively affect the competitiveness of the crop. Finally, some agronomical factors, such as
cultivar, seed rate, row spacing, seed placement in the soil, and fertilizer management can be
manipulated for favoring crop competitiveness. Cultivars within species differ in

competitiveness with weeds (Lemerle et al., 2001). This phenomena is due to morphological

21



ECOLOGICAL WEED MANAGEMENT

Emanuele Radicetti

and physiological differences between types and can also interact strongly with
environmental factors. Taller crop cultivars are generally more competitive against weeds,
therefore greater benefits would probably be gained from selecting or breeding for
competitiveness.

Planting pattern. Early planting provides a competitive edge to adapted crop cultivars. This
advantage could be due to the fact that the crop emerged before the weeds and therefore the
weeds did not receive sufficient sun light for their emergence and growth (Cici et al., 2008).
By increasing crop density and reducing row spacing, the competitive ability of crops with
weeds is improved (Lemerle et al., 2001). Closer row spacing will improve crop competition
for limited resources due to a rapid canopy closure (Whish et al., 2002).

Fertility manipulation. Fertilizers alter the nutrient level in the soil of agro-ecosystems and
therefore they may directly affect weed population dynamics and crop-weed competitions
(Blackshaw and al., 2007). Nitrogen fertilizer generally causes the principle changes and
many weeds are high consumers of nitrogen (Qasem, 1992) and therefore able to reduce the
availability of nitrogen for crop growth. Strong effects can be observed by manipulating
fertilizer timing, dosage, and placement in order to reduce weed interference in crops
(DiTomaso, 1995). Clearly, by manipulating crop fertilization it is not only possible to
protect the crop yield but it is also possible to achieve long-term weed management.

Cover crops. Cover crops include a wide range of plants that are grown for various
ecological reasons other than to cover the soil (Hartwig and Ammon, 2002; Sarrantonio and
Gallandt, 2003). They may be grown in rotation at times when cash crops are not being
grown or simultaneously during part or all of a cash-cropping season (Hatcher and
Melander, 2003). Cover crops have been used for weed management for centuries (Caamal-
Maldonado el al., 2001). Living cover crops suppress weeds by competing for resources,
and their aboveground residues inhibit weeds through physical, biotic and allelopathic
interactions (Hartiwig and Ammon, 2002). Many weeds require light or fluctuating
temperature and moisture conditions to trigger germination (Sarrantonio and Gallandt,
2003), furthermore cover crop residues left on the soil surface can be strong physical
barriers to weed emergence and establishment (Teasdale, 1996). The cover crop species can
inhibit weed seed germination through allelochemical compounds that may be secreted both

from living plants and decaying cover crop residues.
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Mechanical weed control

Weed control has always been closely associated with farming. Mechanical weed control methods
have a long history (Bond and Grundy, 2001), It is very likely that the first method of weeding was
by hand-pulling. This was followed by using a stick which became a hand-hoe. As agriculture
became more mechanized, weed management in fields was successfully carried out with
mechanical tools pulled first by animals and later by tractors (Zimdhal, 2007). Although new
technologies have been added in large-scale agriculture, old ones are still used effectively,
especially in small-scale agriculture. The most effective mechanical method of weed management is
complete burial of seedling weeds to 1 cm depth, or to cut them at or just below the soil surface
(Bond and Grundy, 2001). Mechanical weeders range from basic hand-held tools to sophisticated
tractor-driven devices. For a successful mechanical weed management strategy it is necessary to
have a good knowledge of crop-weed interaction, precise timing, frequency of application, and it is
important to select the proper mechanical tool (Kurstjens et al., 2000). It is also essential to improve
one’s knowledge regarding mechanical methods of weed control if they are to become acceptable
alternatives to chemical control.

- Primary tillage. Primary tillage is the first soil-working operation in conventional cropping
systems which is carried out to prepare the soil for planting. Primary tillage is always
aggressive and carried out at a considerable depth (Cloutier et al., 2007) in order to control
annual and/or perennial weeds by burying a portion of germinable seeds and/or propagules
at depths at which weed seeds are not able to emerge (Kouwenhoven, 2000). The main tools
used to perform primary tillage are mould-board ploughs, disc ploughs, diggers, and chisel
ploughs (Leblanc and Cloutier, 2001).

- Secondary tillage. With secondary tillage the soil is not worked aggressively or deeply
(Cloutier, 2007). The aim of secondary tillage is to prepare the soil for planting or
transplanting or it is used for carrying out the false seedbed technique (Leblanc and Cloutier,
2006). The equipment used to perform secondary tillage are cultivators, harrows (disc,
spring tine, radial blade, and rolling) and power take-off machines (Cloutier et al., 2007). In
conservation tillage this equipment could be used as a substitute for ploughs in primary
tillage. Conservation tillage is useful for conserving or increasing the organic matter content
in the soil and for saving time, fuel and money (Peruzzi and Sartori, 1997). Although,
reduced tillage techniques could cause some problems with weeds (Zimdhal, 2007), farmers

can optimally alternate primary and secondary tillage in order to optimize soil management
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by changing mechanical actions year after year and thus improving annual and perennial
weed species control (Barberi, 2002).

Cultivation tillage. Cultivating tillage is carried out after crop planting in order to achieve a
shallow tillage which loosens the soil and controls weeds (Cloutier and Leblanc, 2001) For
this purpose cultivators are used which can control weeds in different ways. The complete or
partial burial of weeds and their seeds can be an important cause of mortality (Rasmussen,
1996). Another mode of action is by uprooting and breakage of the weed root contact with
the soil (Kurstjens and Perdok, 2000; Kurstjens and Kropff, 2001). It is preferable to carry
out cultivation tillage when the soil is not too wet because it can damage the soil structure
and favor the spread of perennial weeds (Leblanc and Cloutier, 2001). Cultivators are
generally classified according to their application in a crop (Cloutier et al., 2007): broadcast
cultivators could be used both on and between the crop rows; inter-row cultivators are used
only between crop rows; and intra-row cultivators which are used for removing weeds from
the crop rows.

Hand tools. Removing weeds or patch of weeds by hand is often the most effective way to
prevent that weed from spreading and therefore from becoming a serious problem (Zimdhal,
2007). Hand-weeding is more effective for annual rather than perennial weeds due to its
capacity of vegetative reproduction. Hand hoes, push hoes and other traditional methods of
hand-weeding are still used worldwide on horticultural crops. Hand-weeding is often used
after mechanical inter-row weeding to deal with the weeds left in the crop row.

Cutting and mowing. These methods are commonly used in turf, and can be used in
vineyards, in orchards, in pastures and in forage crops if used in the appropriate way
(Cloutier et al., 2007). Although, cutting and mowing techniques enable us to control the
size of weeds and their seed production and to minimize the competition between weeds and
crops (Donald, 2007a, Donald, 2007b). These techniques are seldom efficient enough to
obtain a total weed control. Cutting and mowing weeds reduces their leaf area, slows their
growth and decreases or prevents seed production (Zimdhal, 2007).

Thermal weed control

Thermal weed means include use of fire, flaming, hot water, steam and freezing (Ascard et al.,

2007), which provide rapid weed control without leaving chemical residues in the soil and water.

Furthermore thermal methods are selective towards the weeds, they do not disturb the soil therefore

do not bring the buried seeds to the soil surface as in the case of cultivation methods. Although
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thermal weed methods do not leave chemical residues in the soil and water, this approach uses large

amounts of fossil fuels per unit area. The effectiveness of thermal means on weeds can be

influenced by several factors including temperature, exposure time and energy input (Zimdhal,
2007; Hatcher and Melander, 2003; Ascard et al.,2007). Since many of these methods only kill the

shoots of target plants, they may regenerate and repeated treatments may be necessary.

Flaming. High-temperatures can damage many plant processes through coagulation and the
denaturation of the proteins, the increase of membrane permeability and enzyme inactivation
(Zimdhal, 2007). The thermal dead point for most plant tissues is between 45°C and 55°C
after prolonged exposure. Plant size at treatment influences flaming effectiveness much
more than plant density. The most tolerant species cannot be controlled with one flaming
regardless of the applications (Ascard, 1994). By controlling the direction of the flamer it is
possible to eliminate drift and to achieve some degree of insect and disease control.
Although flaming is a successful type of weed control, it is not used much in crops due to its
high cost and the effectiveness of other methods.

Steaming. Although steam was widely used for disinfecting soil in the past (Sonneveld,
1979; Runia, 1983), it has recently been found to be effective for weed control (Upedhyaya
et a., 1993). The use of steam for weed control leads to a minor reduction in water quantity
and provide better canopy penetration compared to hot water (Ascard et al., 2007). Weed
damage is related to weed species, steam temperature, duration of exposure, and plant size.
In the case of perennial weed species it is necessary to repeat exposure to steaming due to
their ability to regenerate, while in the case of annual weed species the seed coat can offer
some protection to stream (Ascard et al., 2007). Mobile soil steaming is commercially used
to manage weeds and pathogens in the field (Bond and Grundy, 2001; Pinel et al., 1999).
Solarization and Heat. Solarization is a process which uses the heat of the sun for
controlling the weeds (Ascard et al., 2007). This technique consists in placing a cover
(usually black or clear plastic) over the soil surface to trap solar radiation and cause an
increase in soil temperatures to levels that kill plants, seeds, plant pathogens, and insects
(Zimdhal, 2007). In order to be effective for weed control there should be warm, moist soil
and intense radiation throughout the day in order to raise the soil temperature enough to Kill

weed seeds and seedlings.

Cultural, mechanical and thermal control methods for weeds have developed independently and

also have focused on weed control in different systems (Hatcher and Melander, 2003). A common
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problem concerning non-chemical methods is that effective control needs more frequently repeated
treatments than chemical weed management (Elmore, 1993; Kristoffersen et al., 2004), in fact non-
chemical tools mainly affect the aboveground part of the plants, whereas systemic herbicides Kill
the entire plant and therefore only require one or two applications per year (Popay et al., 1992).
Different factors could affect the frequency of the treatments such as weed species composition,
weed cover, weed acceptance level, weed control methods, climate and type of soil surface.
Although in reduced and low-input farming systems, the use of herbicides remains an integral part
of the approach for managing the weeds, cultural and direct non-chemical weed management can
make an important contribution to reducing chemical inputs within such systems (Bond and
Grundy, 2001). For this reason the integration of cropping and weed management strategies is vital
for the future success of a farming system that relies on non-chemical methods of weed

management.

2.b. Chemical weed management

Herbicides constitute the principal component of chemical weed management and can be defined as
crop-protecting chemicals used to kill weedy plants or interrupt normal plant growth. Herbicide
development came at a time when world agriculture was entering an era of increased mechanization
and intensive cropping programs to increase yields and reduce production costs. Since then,
herbicides have played a very vital role in augmenting these efforts. Weed control in modern
agriculture includes a range of physical and cultural practices, even if herbicides have been used as
the main weed control tool due to agronomic and economic reasons. Herbicides are a convenient,
economical, and effective way for managing weeds. In fact, herbicides are not only beneficial and
profitable where labor is scarce or expensive, but they may also be advantageous where labor is
plentiful and cheap. Many factors determine when, where, and how a particular herbicide can be
used most effectively, therefore they cannot be used casually and knowledge and experience is
required in order to use them and dispose of surplus chemicals and empty containers properly.
Understanding some of these factors enables us to use herbicides to their maximum advantage.
However, herbicides can also have negative environmental and ecological effects and cause damage
to human health. For these reason herbicides, like any technology, have advantages and
disadvantages that must be pondered carefully in order to evaluate intended and unintended

consequences before use. Herbicides allow crops to be planted with less tillage, allow earlier
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planting dates, and provide additional time to perform the other tasks that farm management
requires (Moss, 2008). Furthermore, while cultivation or other mechanical weed management
practices can injure crop roots and foliage, selective herbicides enable us to control weeds by
reducing the need for tillage, thus the possibility of destroying the soil structure. Pre-emergence
herbicides provide early weed control when competition results in the greatest yield reduction and
when other methods are less efficient or impossible to use. Herbicides save labor and energy by
reducing the need for hand labor and mechanical tillage. Furthermore, by eliminating the
competitive weeds, they can reduce fertilizer and irrigation requirements. Finally, the use of
chemical means for weed control reduces harvest costs because weedy plant material is absent.
Other methods of weed control will also achieve these results but not as efficiently and often not as
cheaply (Zimdhal, 2007). However, the use of herbicides for controlling the weeds that infest crop
fields is neither economical nor practically achievable. Although, most herbicides are relatively
non-toxic to human beings, they should be handled with due caution. The greatest health hazards
can be borne by people who handle or are otherwise exposed to large quantities of herbicides, even
if indirect exposure of the general public to low levels of a herbicide may occur through the
ingestion of contaminated food or water. However, this indirect exposure to herbicides is not very
dangerous because the levels of exposure and mammalian toxicity are generally low, moreover the
safe level or absence of herbicides in food and animal feed are assured by residue analysis
established by the registration procedures (Monaco et al., 2002). Some herbicides remain in the
environment. Although none persist forever, all of them have a measurable environmental life
(Zimdhal, 2007). Therefore, it can be dangerous to plant crops after using herbicides in field
because they can affect no-target plants by drift or inappropriate application. However, warm
temperatures and adequate soil moisture enhance microbial degradation of the herbicides and
reduce the possibility of crop damage. A number of weed species that were once susceptible to and
easily managed by certain herbicides have developed resistance. Resistance, as defined by the Weed
Science Society of America as “the inherited ability of a plant to survive and reproduce following
exposure to a dose of herbicide normally lethal to the wild type”. Senecio vulgaris (L.) was the first
weed to show resistance to triazine herbicides (Ryan, 1970). Since then several types of weeds have
been reported to show resistance to various classes of herbicides and in a recent report 233 different
weed species have been seen to be resistant (Heap, 2000). Therefore, herbicide resistance in weeds
is the consequence of an evolutionary process driven by complex interactions among a series of
selective factors, such as dosage of herbicide, growth stage of the plants and environmental

conditions (Vila-Aiub et al., 2003). There are a number of factors that can determine a reduction of
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herbicide dosage from those recommended, such as farmer cutting rates, herbicide drift due to
windy conditions, heterogeneity of target plant stages, and intrinsic variability associated with
herbicide applications on weed canopies (Caseley and Walker, 1990). This source of variability
leads to a variation in the quantity of active ingredient that arrives on target plants, promoting sub-
lethal conditions and leading to poor weed control (Wauchope et al., 1997; Vila-Aiub et al., 2003).
Holding all factors comparable, a variation in the rate or dosage of the herbicide dramatically
changes the intensity of selection pressure over target populations that can show a variation in
susceptibility causing an increase of “survivors” (Bravin et al., 2001; Hidayat and Preston, 2001,
Whalsh et al., 2001). This effect suggests that “susceptible” weeds possess the ability to tolerate
herbicide when exposed to sub-lethal doses. Furthermore, nowadays there is a worldwide
intentional reduction of herbicide dosage for both economical and environmental concerns (Gressel,
1995; Kudsk and Streibig, 2003). Considering the fact that the widespread use of herbicides in
agriculture makes the need for recurrent applications within a growing season highly advisable,
therefore intentional or unintentional exposure to sub-lethal herbicide doses is a common event in
target weed populations. Overtime, resistant biotypes become the dominant biotypes in a
population. However, in most cases herbicide resistance is the result of relying on herbicides as the
sole weed control method (Matthews, 1994). Research and development programs on chemical
weed management are necessary for a better understanding of the mechanisms of herbicide
resistance. For this reason, knowledge of how herbicide resistance develops is important in planning
cropping systems that prevent or decrease its occurrence. A poor understanding in weed
management programs could result in an increase in selection pressure and therefore a greater
tendency towards herbicide-resistant weeds. Furthermore, the use of herbicides should be based on
the biological and evolutionary realities of the weed involved. However, research focused on weed
ecology and biology should allow the user of herbicides to understand the management strategies

necessary for avoiding the development of the weeds’resistance to herbicides.

2.c. A need for ecological approaches

Agriculture is the process of managing plant communities to obtain useful material from the small
set of species called “crops”. Weeds include the “other” set of plant species found in agro-
ecosystems. The role of weeds can be seen in very different ways depending on one’s perspective,

from an agro-ecosystem point of view, weeds are perceived as unwanted plants able to compete for
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limited resources, reducing crop yield, and make the use of large amounts of human labor and
technologies necessary in order to avoid even greater crop losses (Moolani et al., 1966). However,
weeds can be viewed as valuable agro-ecosystem components since they provide services
complementing those obtained from crops (Liebman et al., 2001). In fact, certain weeds may limit
insect damage to crops by interfering with pest movement or by providing habitat for natural
enemies of pests. Weed species can reduce soil erosion, serve as important sources of fodder and
medicine, and provide habitats for game birds and other desirable wildlife species (Liebman et al.,
2001 ). All of these beneficial effects indicate that weeds are not just agricultural pests, but can also
play beneficial roles in agro-ecosystems. Although weeds are not intentionally sown, weed species
are well adapted to environments dominated by humans and have been associated with crop
production since the origins of agriculture (Harlan, 1992). Weeds share certain ecological
characteristics that distinguish them from other plants. Specifically, “weeds are plants that are
especially successful at colonizing disturbed, but potentially productive, sites and at maintaining
their abundance under conditions of repeated disturbance (Liebman et al., 2001)”. Therefore,
weeds are non cultivated plants that thrive where soil and climate are favorable to plant growth.
Nowadays, ecology (study of the reciprocal arrangements between plants and their environment)
and weed science (how weed management affects weed and crop growth and development) are
aware of the importance of the role that agricultural activities play in ecological interaction. This
interaction increases the advantages of both disciplines. Weed ecology (study of the growth and
adaptations that enable weeds to exploit niches in environments disturbed by people who must
practice agriculture) gives special emphasis to the adaptive mechanisms that enable weeds to
survive and prosper under conditions of maximum soil disturbance. The most successful weed
management programs will be developed on a foundation of adequate ecological understanding.
However, in developing countries, the amplification of crop production has been viewed as
dependent on the increased use of agrochemicals (Conway and Barbier, 1990). The increased
reliance on herbicides has generally led to marked improvements in crop productivity and farm
labor efficiency. For this reason, chemical weed control rapidly evolved into the standard approach,
making other management options for regulating weed population size far less important (Bastiaans
et al., 2008). However, herbicide-based control has failed to achieve long-term weed management
(Mortensen et al., 2000; Weber and Gut, 2005) forcing producers to use more expensive
management tactics, thereby increasing production costs. Therefore these factors have led to
reappraisal of heavy emphasis on chemical weed control technology and to a growing interest in

alternative management strategies that are less reliant on herbicides and more reliant on

29



ECOLOGICAL WEED MANAGEMENT

Emanuele Radicetti

manipulations of ecological phenomena, such as competition, allelophaty, and response to soil
disturbance (Liebman and Gallandt, 1997). However, weed management is a focal point for all
farming systems and the reduction or exclusion of herbicides in these systems can lead to situations
where weed competition against crops rises to unacceptable levels unless large amounts of
mechanical cultivation or hand labor are used (Rasmussen and Ascard, 1995). As weed
management systems are being developed, ecological knowledge will become more and more
important and the complexity of weed management must be considered (Figure 1). All levels of life
are interdependent, and no level can exist independently of another, for this reason weed
management systems only focused on weeds are wrongly devised and even if they may succeed
temporarily, they are doomed to fail. Therefore understanding weed-crop ecology will lead to more
effective weed prevention, management, and control through a full range of factors regulating weed
density, growth, and competitive ability (Liebman and Gallandt, 1997). These alternative
approaches to suppressing weed growth and reproduction is called “ecological weed

management”.
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Figure 1. The interaction of weeds and other components of the agricultural
production system (Modified from Norris, 1992).
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The shift toward ecologically based weed management systems is occurring for the following
reasons (Zimdhal, 2007):

- Weeds highly susceptible to available herbicides have been replaced by species more
difficult to control.

- Herbicide resistance has developed in many weed species, and some weeds are resistant to
several herbicides. Multiple resistance to herbicides from chemical families with different
modes of action has occurred.

- There are weed problems in monocultural agriculture that cannot be solved easily with
present management techniques.

- New weed problems have appeared in reduced and minimum tillage systems.

- Economic factors have forced us to consider alternative control methods.

- There is an increased awareness of the environmental costs of herbicides.

The development of ecological weed management depends on the collective ability of farmers and
scientists to convert local weed information into an improved understanding of weed ecology.
Special attention must be paid when developing principles of weed ecology that are applicable in
improved farm planning and decision-making. Ecological weed management involves the use of
different types of information and various control tactics for developing strategies for subjecting
weeds to multiple, temporarily variable stresses. The selection pressure exerted by most ecological
management tactics is less severe than the selection pressure from herbicides (Liebman and Davis,
2000). Hence, “flexible management using multiple ecological weed control tactics within a diverse
cropping system may present sufficiently weak and contradictory selection pressures to avoid
adaptation of weed species to management” (Liebman et al., 2001). Herbicides are not excluded
from the toolkit but are viewed as options rather than absolute requirements for crop production.
They are used only when and where the application of other control tactics fails to reduce and
maintain weeds at acceptable levels, and they are used in a manner that poses minimal risks to

humans, other no-target organisms, and the environment.
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Figure 2. Five components of a approach to reduce weed density. Weed management in each component
reduces the weed population density by minimizing weed seed survival in soil (seed bank), seedling
establishment, or seed production (Modified from Anderson, 2007)

Ecological weed management differs from traditional weed management in that the primary focus is
on creating an environment un-favorable for weed establishment, growth and reproduction rather
than on specific control tactics. Many of the components of an ecological management system are
inextricably intertwined, thereby making it difficult to measure the individual contributions of
specific elements of the systems. A better understanding of the underlying mechanisms that
influence the success or failure of weeds in agro-ecosystems will further the development and
adoption of ecological weed management systems for agricultural crops. The main purpose for
developing ecological weed management strategies is to integrate the options and tools that are
available to make the cropping system un-favorable for weeds and to minimize the impact of any
weeds that survive. No single weed management tactic has proven to be the “magic bullet” for
eliminating weed problems given the nature of weed communities. The best approach may be to
integrate a cropping system plan and knowledge of ecological processes with all available weed

control strategies into a comprehensive weed management system. The integration of ecological
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principles into weed management decision-making is a major challenge for weed science
researchers and growers. Weed science must play a more important role in leading ecological
research in agricultural systems. An expanded theory of applied ecology provides an excellent
framework for expanded approaches to weed management because it allows for new and creative
ways of meeting the challenge of managing weeds in ways that are environmentally and

economically viable over the long term.

2.d. Integrated Weed Management

The increase of the world population will demand a higher food production, which can be achieved
by increasing crop yields and applying a sustainable approach through a responsible use of land and
water and enhanced food diversity. Relying solely on chemical weed management can be
unsustainable both to the environmental impact of herbicides and their residues and when weed
populations develop resistance to herbicides (Mace et al., 2007). No single management technique
is perfect for all weed control situations, a multiple management actions is preferable for an
effective control. One alternative is to apply current knowledge of agricultural practices on weed
populations in order to design new cropping systems that would require small quantities of
herbicides to manage weeds. Since the mid-1960s, integrated pest management has been promoted
by the FAO worldwide as preferred strategy for pest control (Singh et al., 2006). Integrated pest
management is “a decision support system for the selection and use of pest control tactics singly or
harmoniously coordinated into a management strategy, based on cost-benefit analyses that take
into account the interests of and impacts on producers, society, and the environment” (Norris et al.,
2003). According to this definition it is necessary to evaluate all the available pest control
techniques and the integration of appropriate measures that discourage the development of pest
populations and keep pesticides and other interventions to levels that are economically justified and
reduce or minimize risks to human health and the environment. Consequently an integrated pest
management aids the growth of a healthy crop with the least possible disruption to agro-ecosystems
and encourages natural pest control mechanisms (FAO, 2003). The strategy of using an integrated
selection of management techniques has been developed for use in a variety of pest control
situations, including plant pests, or weeds. Integrated weed management is what is known as
integrated pest management with the focus on weeds. Integrated weed management relies on weed

management principles that have proved to be suitable for long-term weed containment (Barberi,
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2002), by combining the use of cultural, mechanical, thermal, and chemical means based on
ecological approach (Figure 3).
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Figure 3. Panorama of Integrated Weed Management (IWM).
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According to an integrated weed management, a farmer needs to predict the likely outcome of
different strategies, so that rational decisions can be made. Critically, weed management advice
needs to be tailored to the individual field conditions, because weed infestations vary substantially,
both within and between fields (Moss, 2008). From the standpoint of crop protection, integrated
weed management has three principal objectives (Liebman et al., 2001):

a. Weed density should be reduced to tolerable levels. Several experimentations have
demonstrated that the relationship between crop yield loss due to weed competition and
weed plant density could be described by a rectangual hyperbola (Cousens, 1985, Moffitt
and Bhowmik, 2006). However, this relationship is strongly affected by different factors
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such as weather and soil conditions (Lindquist et al., 1996; ). Despite this relationship, the
total eradication of weeds may be excessively expensive depriving farmers of the ecological
services that certain weeds provide.

b. The amount of damage that a given density of weeds inflicts on an associated crop
should be reduced. The crop yield damage caused by weeds could be reduced, not only by
reducing weed density but also by minimizing the resource consumption, growth, and
competitive ability of each surviving weed. These objectives can be reached by delaying
weed emergence compared to crop emergence and increasing the proportion of available
resources captured by crops.

c. The composition of weed communities should be shifted toward less aggressive easier-
to-manage species. Weeds act differently in their relationship with the crops. As a
consequence, it is desirable to balance the weed community composition within a agro-
ecosystem toward a preponderance of species that crops and farmers can tolerate. This can
be achieved by selectively and directly suppressing undesirable weed species, while

manipulating environmental conditions to prevent their re-establishment.

An integrated weed management strategy minimizes the affect of weeds but certainly does not
eliminate them all (Liebman et al., 2001). Weeds will be accepted as a normal and manageable part
of the agricultural community. One goal of integrated weed management is to maintain weed
populations below an economic threshold level by reducing emphasis on strategies of eradication
and promoting a strategy of containment for potential increase in weed diversity (Cousen, 1987).
The level of effectiveness depends on the balance between the characteristics of the weeds present
and the management tools available to growers. The balance between weed communities and
management tools could deteriorate if attention is not given to management of weeds at landscape
level, and to preservation of herbicides and ecological control tactics in the face of evolutionary
response of weeds. Management of weeds over large areas and long periods of time requires an
expanded perspective on weed community dynamics and weed evolution (Cardina et al., 1999).

Integrated weed management attempts to address the underlying causes of a weed infestation, rather
than just focusing on controlling visible weeds. This is done by targeting the different stages of the
weed’s lifecycle and undertaking measures that will prevent weed reproduction, reduce weed
emergence, promote seed bank depletion and minimize weed competition with the desired crop
(Streibig, 1979; Ferron and Deguine, 2005). This point of view provides an opportunity for

producers to develop weed management systems that integrate prevention with control tactics
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(Figure 4). According to this approach, an integrated weed management may provide a more
sustainable techniques for crop production by reducing the reliance on external inputs that

characterizes conventional agriculture.

Figure 4. A conceptual framework for developing a broader perspective with weed management that
integrates prevention with control tactics (Anderson, 2007).

In order to reach the desired level of weed suppression it is necessary to use specific weed
management practices. An integrated weed management plan must be individual, practical,
economically sound and flexible. It is important to note that the most effective and economical
weed control plan always requires several types of approach. In an ideal integrated weed
management strategy it is essential to consider the cultural, mechanical, biological and chemical
methods contained in the weed management toolbox and each component contributes to the overall
level of weed control like several “little hammers” (Liebman and Gallandt, 1997). All successful
weed control programs analyze the various tactics available to control the existing weed problem
(Figure 5) and this is followed by making a plan to integrate the various tools into an effective weed
control system according to the crop, the environment, and the objectives of the farm. Without this
knowledge it is impossible to evaluate the impact of weed control tactics on a given weed
population. When the strategy is well defined, growers must consider “what can be done” (scientific
question) and “what should be done” (moral question). Indeed, some methods that could be
scientifically possible may not be socially, culturally, politically, or environmentally desirable
(Zimdhal, 2007). A final important step is to evaluate the yearly success of a weed management
program to verify and identify tactics to consider in the future. As expected the long term objective
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is to decrease the problems cause by weeds and if these weed problems continue or increase it will

be necessary to modify the original management plan (Figure 5).

2ax
-

Figure 5. A possible framework for developing decision systems to improve weed management. (Clarke, 2002).
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OBJECTIVES AND BACKGROUND

3.a. Project objectives and planning

The Ph.D. project lasted for three years from 2009 to 2011 and provided four field experiments.
These trials were connected to an on-going long-term experiment (started in 2001) where a three
year crop rotation [cereal (winter wheat) — summer vegetable (tomato) — grain legume (chickpea)] is
managed both in conventional and in organic systems. In the conventional cropping system,
traditional agricultural practices (e.i. pesticides, chemical fertilizer, etc.) are used, while the organic
cropping system is managed according to the Council Regulation N 834/2007 (EC, 2007)
concerning organic production. In the organic cropping system, the crop rotation is implemented
with cover crops (hairy vetch and canola), which where green manured about 10 days before tomato
transplanting and chickpea sowing. In these cropping systems, weeds represent the main limiting
factor of crop yield, especially in summer vegetable and grain legume, where weed control is very
difficult and/or expensive. For this reason, several ecological approaches were considered in order
to optimize the management of weeds in these crops. The PhD project started with a careful
examination of scientific papers regarding the potential of a series of ecological approaches that
could be used to manage the weeds in the cropping systems of the Mediterranean environment.
After this analysis, field experiments were planned in order to find suitable integrated weed
management strategies to control the weeds in both summer vegetable and winter grain legume
crops. Although the ecological weed management strategies tested in these experiments mainly
referred to organic cropping systems, which are the most susceptible cropping systems to crop loss
due to weeds, it is conceivable that the same approach could be also used in conventional cropping
systems causing a substantial reduction in the quantity of herbicide and/or number of applications.

Therefore the main objective of this study was to evaluate and optimize the contribution of several
ecological approaches for enhancing weed management in both organic and conventional cropping
systems in order to reduce the crop loss due to weed competition and to monitor the evolution of

weed community composition.
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CHICKPEA

Although chickpea is an important pulse crop in the Mediterranean area, its competitiveness against
weeds is very low. This legume usually develops slowly and has a low stature characterized by an
open canopy architecture (Cici et al., 2008), therefore several weeds are able to strongly compete
with the chickpea for soil nutrients and water causing severe seed crop loss in weedy situations
(Paolini et al., 2006). In this perspective detecting highly competitive genotypes could be a useful
means for increasing or sustaining chickpea productivity in a strategy of integrated weed control, as
already found in other crops (Mohammadi, 2007; Lemerle et al., 2001; Christensen, 1995).
Different aspects, such as time of emergence, transplanting, row placement and fertilization
management can be used to improve the relative competitive ability of crop plants (Petersen, 2005;
Paolini et al., 2006). A number of eco-physiological models of competition between weeds and
crops have been developed with 4
the aim of improving our

knowledge  of  competition vt oo
processes (Vitta and Satorre,
1999; Ryel et al.,, 1992). An
increased competitiveness can be
obtained through breeding. The
ecological approaches based on

improved crop competitiveness

are focused on the recognition of Nw

the characteristics responsible for Sw

competitiveness (Lemerle et al., Figure 6. The alteration of crop-weed competitive relations to the benefit

: :4ine Of the crop on the hyperbolic yield loss (YL) - weed density relation
2001), by selecting characteristics (Bastiaans et al., 2008). Nw is a weed plant density and Sw is the seed-

that allow for a balance between bank density

competitiveness against weeds and crop yield and/or implications for the agronomic practices in the
crop. For instance, although a quick growth rate enables a crop to obtain an early soil cover thus
improving the competitive ability against the weeds (Lotz et al., 1991), the downside is the
possibility of reduced mechanical weed control due to crop damage (Rasmussen et al., 2010).

Figure 6 reports the effects of competitive genotypes on the hyperbolic curve used to compare the
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yield loss of the crop to weed plant density. Although high competitive ability has never achieved
satisfactory weed control, by choosing an appropriate competitive chickpea genotype and
integrating it with other means for managing the weeds, could represent an efficient strategy for
managing and/or suppressing the weeds in both intra-row and inter-row spaces, and for improving
chickpea crop establishment, growth and yield. Figure 7 summarizes the experimental approach
used for the chickpea crop by means of an improved crop competitiveness.

Figure 7. The experimental approach used for the chickpea crop by means of an improved crop

competitiveness.
Inter-row I
« Genotypes ‘ tillage «Crop
e Growth rate e Number of COmpetltlveneS.S
* Crop canopies application e Weed suppression
* Timing

Effects on crop |
and weeds

| Chickpea 1 — '* T
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EXPERIMENT 1

Chapter 5.a. describes a field study which was carried out in order to evaluate the competitive

ability and the yield response of different chickpea genotypes against one of the main key-weeds

(Polygonum aviculare L.) of the Mediterranean environment. The specific objectives of this

experiment were:

To evaluate the competitive ability of different chickpea genotypes against P. aviculare in
order to select high yielding chickpea genotypes tolerant to weed pressure and able to
maintain a high yield in weedy field conditions;

To quantify the response (yield and aboveground biomass) of different chickpea genotypes

at various densities of P. aviculare under field conditions.

EXPERIMENT 2

Chapter 5.b. reports a field experiment carried out in order to assess the competitive ability of

selected chickpea genotypes grown as pure stand and in mixture with natural weed infestation

partially suppressed by inter-row tillage. The objectives of this study were:

To quantify the importance of chickpea genotypes in terms of chickpea seed yield and
competitive ability;

To verify if one or more mechanical inter-row weed managements (hoe weeding) are
sufficient for controlling the weeds and maintaining the chickpea grain yield at a level
similar to that obtained in the weed-free crop;

To assess the feasibility of using both ecological and mechanical means together for

obtaining an efficient IWMS in the chickpea crop.
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PEPPER

Pepper (Capsicum annum L.) is an important vegetable crop world-wide both in terms of
commercial value and the role it plays in rural economies (Gonzalez-Diaz et al., 2009). It could
occupy the same place as other summer vegetable crops within a crop rotation like the tomato in the
Mediterranean cropping systems of central Italy. This horticultural crop competes poorly with the
weeds (Adigun et al., 1991). Immediately after transplanting the pepper seedlings grow slowly and
become susceptible to the competition with weeds for light, nutrients, water, and space (Isik et al.,
2009). Furthermore, abundant irrigation after crop transplanting stimulates a fast growing of weeds
resulting in losses of yield and plant density at harvest up to 90% (Amador-Ramirez, 2002).
Therefore, weeds are recognized as the foremost production-related problem in both conventional
and organic pepper crops. A promising strategy for improving weed control in vegetable crops is to
grow cover crops when the main crops are absent (Kruidhof et a., 2008). In the Mediterranean
environment, annual winter cover crops are planted in late summer or early autumn, they grow
before winter and reach the

highest level of biomass by i
early spring (Campiglia et al., YL
2011). In order to avoid
competition with a subsequent

cash crop, winter cover crops

are usually suppressed in spring

by chemical and/or mechanical
means and their residues could

be tilled into the soil as green

manure or killed and left on the _ Nw

soil surface as organic dead \ Sw

mulches in no-till  crop Figure 6. The alteration of reduced weed seedling recruitment on the
hyperbolic yield loss (YL) - weed density relation (Bastiaans et al., 2008).

production systems. In both
situations cover crop residues can affect weed emergence and establishment. In fact when
incorporated into the soil, many species of cover crops are known to release considerable amounts
of allelochemicals that reduce weed emergence and growth (Kruidhof et al., 2009), while organic
dead mulches can inhibit weed growth not only by releasing allelochemicals (Barnes and Putnam,

1987), but also by providing a physical barrier to weeds (Campiglia et al., 2010; Teasdale and
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Mohler, 2000) which intercept light before it can reach the seed of the weeds (Teasdale and Mohler,
1993) and reduce temperature fluctuations (Kruk et al., 2006). Figure 8 reports the effects of cover
crop residues on the hyperbolic curve used to describe the yield loss of the crop due to weed plant
density. In this perspective, cover crops can be a part of an integrated weed management (IWM)
strategy which combines the cover crop effect with other means in order to obtain a satisfactory
weed control. Furthermore, an Integrated Weed Management Strategy (IWMS), which involves the
combination of two or more weed control practices, has been identified as a viable alternative both
for reducing the use of chemical means for controlling weeds and for increasing biodiversity in
agro-ecosystems (Bastiaans et al., 2008). Therefore, the type of cover crop and their residue
management could have an interactive effect on weed community composition and species
diversity. Figure 9 summarizes the experimental approach used for the pepper crop by using cover

crops.

Figure 7. The experimental approach adopted in summer vegetable crop (pepper) by the used of cover
crops.

Residue
management
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EXPERIMENT 3

Chapter 5.c. reports the results of a cover crop/pepper sequence in order to evaluate the effect of
different cover crop species and their residue managements on weed control and fruit yield of a
pepper crop. The main purpose of this study was:
- To evaluate the efficiency of different cover crop species on weed control throughout their
growing season;
- To identify the best cover crop residue management in order to control the weeds in the
following crop;
- To assess the feasibility of combining cover crop residue management and inter-row tillage
for improving weed control in an integrated weed management perspective;
- To determine the yield response of a pepper crop in different cover crop residue

management conditions.

EXPERIMENT 4

Chapter 5.d. describes the results of a field experiment planned in order to evaluate the effect of
cover crop species and their residue management on weed community composition and weed
species diversity in a winter cover crop/pepper sequence. The main objectives were:

- To evaluate the effects of different cover crop species on weed species composition;

- To identify the best cover crop residue management in order to improve weed diversity;

- To determine the association of weed species with cover crop residue management.
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3.b. Experimental area

Description of experimental site

The experiments were carried out at the experimental farm “Nello Lupori” of Tuscia University in
Viterbo, situated in the region of Latium in the western part of central Italy (Figure 10). The
experimental site is situated at 310 m above sea level, latitude 42°24°53”” North and longitude
12°03°55”” East of Greenwich. The soil is clay loam and classified as Typic Xerofluvent (Soil

Taxonomy).

Figure 10. Geographical location of the experimental site.
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Weather conditions at experimental site

The region of Latium has a Mediterranean climate with a humid, mild winter and hot, dry summer.
Rainfall ranges from 700 to 900 mm per year and falls mainly between October and April. The
annual average temperature is 14 °C, with a maximum of 35 °C recorded in August and a minimum

of -2°C recorded in February (Figure 11).

Figure 11. Long-term value (30-year mean values) of rainfall, minimum and maximum air temperatures at 10-day
intervals at the experimental site.
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ABSTRACT
Polygonum aviculare L. is a troublesome weed in chickpea cultivated in the Mediterranean

environment of Central Italy. A 2-year field study was carried out to evaluate the competitive ability
and the yield response of different chickpea genotypes against P. aviculare. Experimental
treatments consisted in six chickpea genotypes (Alto Lazio, C1017, C133, C134, C6150 stable lines
and cultivar Sultano) and four different P. aviculare densities (4, 8, 16, 32 plants m?). The
competitive ability of chickpea against P. aviculare was assessed on the basis of (i) the relative
biomass total (RBT); (ii) the competitive balance index (Cb), and (iii) the competitive index (CI).
The chickpea seed yield in weed-free conditions ranged from 2.6 and 2.0 t ha™ of DM and was
higher in Sultano and C6150. P. aviculare caused an average chickpea seed yield loss of 14, 46, 74
and 88% at the density of 4, 8, 16, 32 plants m? compared to the weed-free crop, although
significant losses on yield depended on the combined effect of chickpea genotypes and P. aviculare
densities. RBT was higher than 1 in all chickpea genotypes at 4 plants m™ of P. aviculare, while at
the higher P. aviculare densities it was similar to 1 suggesting that there is not resource use
complementarity between chickpea and the weed. Generally, at the density of 50 plants m™ the
chickpea crop was more competitive than P. aviculare at 4 plants m? (Cb >0), equally competitive
at 8 plants m? (Cb =0), and less competitive at 16 and 32 plants m? (Cb <0). At the lowest weed
infestation, Sultano and C6150 showed both high values of Cb and CI (on average 0.91 and 1.12,
respectively), C1017 only showed a high value of the competitive ability (Cb = 0.93), while C133
showed a high weed-tolerance (ClI = 1.02). Based on chickpea seed yield and the indices of
competition, Sultano and C6150 seemed to be the most suitable genotypes among those tested for
cultivation in moderate P. aviculare infestation due to their high seed yield potential, competitive
ability and weed-tolerance. However the results suggest that P. aviculare should have a plant
density less than 4 plant m™ in order to prevent severe chickpea seed yield loss, although the use of

high competitive and weed-tolerant chickpea genotypes could reduce the seed yield loss up to 10%.

KEY WORDS: Chickpea, Polygonum aviculare L., Competition indices, Competitive ability,

Cultural weed control, Weed density.
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1. INTRODUCTION

Chickpea (Cicer arietinum L.) is an important world-wide legume crop which is cultivated in dry
and semi-dry areas (Avola and Patane, 2010). In chickpea seeds the proteins are characterized by a
high quantity and digestibility in comparison to several other seeds used for human and animal feed
(Mohammadi et al., 2005). In recent years, the cultivation of this legume has increased especially in
sustainable cropping systems (Pala et al., 2007) due to its ability to enhance soil nitrogen content
and to break graminaceous crop disease cycles (Whish et al., 2002). One of the main obstacles for
chickpea cultivation is its poor ability to compete against weeds, because this legume develops
slowly and has a low stature characterized by an open canopy architecture (Cici et al., 2008). For
these reasons several weeds are able to strongly compete with the chickpea for soil nutrients and
water causing severe seed crop losses in weedy situations (up to 92%, Paolini et al., 2006). The
weeds can also reduce grain quality, make the harvest difficult and host insects and pathogens
which may negatively affect the crop (Whish et al., 2002). Under field conditions, the chickpea
could harbour a large weed community with many dominant species (Paolini et al., 2006). One of
these weed species is the Polygonum aviculare considered a common annual summer weed, which
colonizes a range of open, man-made habitats that differ in type and intensity of disturbance regime
(Meets and Garnier, 1996). In warmer and drier areas, like those in Central Italy, Polygonum
aviculare is considered one of the most common weeds in the spring-summer crops, and its seed
emergency is connected to thermal regulation capable of making persistent seedbanks (Batlla et al.
2009). Polygonum aviculare could complete its life cycle at the same time as the chickpea harvest
or even before due to the short biological cycle and in this situation a large amount of seeds could
be dispersed (Verdu and Mas, 2004). Moreover, considering chickpea a low crop, P. aviculare with
long and procumbent stems could negatively affect the mechanical harvest of the chickpea crop
(Costea and Tardiff, 2004). Unfortunately, the lack of registered herbicides in chickpea reduces the
options for weed management, and the mechanical weeding carried out in post-emergence in the
chickpea inter-rows cannot control the weeds emerged in the chickpea rows, therefore the control of
Polygonum aviculare is very difficult and requires alternative strategies (Datta et al., 2009). Jannink
at el. (2000) reported that the ability to maintain high yields in the presence of weeds, and to reduce
weed biomass and seed production are the main two factors that contribute to crop competitiveness
against weeds. In this perspective detecting highly competitive genotypes could represent an useful
means for increasing or sustaining chickpea productivity in a strategy of integrated weed control, as
already found in other crops (Mohammadi, 2007; Lemerle et al., 2001; Christensen, 1995).

Generally the effects of weed competition on crop growth could be evaluated by means of
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competition indices (Weigelt and Jolliffe, 2003) which are useful tools for providing information on
the competitive ability of the crops against the weeds in breeding programs (Bastiaans et al., 2008).
In this study, the competitive ability of a series of stable lines and cultivar of chickpea was tested
against different levels of P. aviculare infestation. The competitive ability was performed on the
basis of the following competition indices: (i) the relative biomass total (RBT), which indicates
presence or absence of resource use complementarity between crop and weeds (Snaydon, 1991); (ii)
the competitive balance index (Cb), which indicates the competitive ability of the crop against the
weeds (Wilson, 1988); and (iii) the competitive index (Cl), which represents the crop tolerance to
the weed competition (Safahani Langeroudi and Kamkar, 2009). The main objectives of this
experiment were (i) to evaluate the competitive ability of different chickpea genotypes against P.
aviculare in order to select high yielding chickpea genotypes tolerant to weed pressure and able to
maintain a high yield in weedy field conditions and (ii) to quantify the response (yield and
aboveground biomass) of different chickpea genotypes at various densities of P. aviculare under
field conditions.

2. MATERIALS AND METHODS

A field experiment was carried out in 2009 and 2010 at the Experimental Farm of Tuscia University
in Viterbo, Italy (85 km NW of Rome, 1at.42°25’, long. 12°04°, alt. 310 m a.s.l.). The experimental
site area has a typical Mediterranean climate with a mild and wet winter season and a long dry
summer. The average annual temperature is around 14.3°C, and the average rainfall is about 750
mm annually. The soil type was silty clay, pH 6.9 (H,O, 1:2.5) and organic matter content 2.3%
(Lotti). The soil was prepared according to the local practice for chickpea production consisting of a
late summer ploughing (30 cm deep) followed by disked twice before chickpea sowing. Just before
the seed-bed preparation, 100 kg ha™ of P,Os as triple superphosphate was broadcast over the soil
surface. Chickpea genotypes were planted on 22 February 2009 and 4 March 2010 in rows 50 cm
apart placing 60 seeds m™. One week after chickpea emergence the seedlings were thinned by hand
in order to reach the density of 50 plants m™ (target density). Ripe P. aviculare seeds were collected
at the time of their natural dispersal during the previous summer (2008 and 2009) near the
experimental site and were stored in paper bags at 5°C until used in the experiment to remove
dormancy and synchronize germination (Batlla et al., 2009). One month before starting the
experiment, samples of 50 seeds were placed in a Petri dish (replicates four times) with two layers
of filter paper (Whatman® n°5) and wetted with 5 ml of distilled water, and kept at 15°C for one
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week. After this period, the germinated seeds were counted for determining the germination rate of
the seeds. Just after chickpea sowing the seeds of P. aviculare were mixed with dry sand and hand-
sown at the density of 3 times higher than the expected seeding density on chickpea rows and in
pure stand in rows 50 cm apart, slightly buried by gentle harrowing (max depth 2 cm, Froud-
Williams et al., 1984). Starting one month after the emergence, P. aviculare seedlings were thinned
by hand to the target densities (Sheibany et al., 2009). The distance among P. aviculare seedlings
on the chickpea rows after thinning was about 50 — 25 — 12.5 and 6.3 cm corresponding at 4-8-16
and 32 plants m™ of P. aviculare, respectively. Natural weeds were removed manually throughout
the chickpea growing season to avoid interference with the P. aviculare plants sown. At the
chickpea maturity stage (13 July 2009 and 2 August 2010), the chickpea and P. aviculare
aboveground biomass were harvested by hand using a 100 cm x 200 cm (2 m?) rectangle placed in
the adjacent middle rows of each sub-plot for measuring the following data: aboveground biomass
(oven dried at 70° C until constant weight) and chickpea seed yield in both presence and absence of
P. aviculare.

The treatments were organized in a split-plot design with three replications. The main plots were the
chickpea genotypes and the sub-plots were the P. aviculare densities. The sub-plot size was 3 m
wide by 4 m long (12 m?). Pure stands of chickpea genotypes and P. aviculare densities were also
included in each block to allow the calculation of competition parameters (see below).

The following three indices of competition were used for assessing the competitive ability of

chickpea genotypes and the effect of the P. aviculare densities:

1) The relative biomass total (RBT, Snaydon, 1991):
RBT = (Bew/Bc)+(Buwe/Bw) = RB+RBy,

Where By, Bwc, Bc and By, are the aboveground biomass per unit area of the chickpea genotype in
mixture with the P. aviculare, of the P. aviculare in mixture with the chickpea, of the chickpea and
P. aviculare in pure stand, respectively. RBc and RBw are the relative biomass (RB) of chickpea
and Polygonum aviculare, respectively. RBT is a measure of the level to which the components of a
mixture capture more resources or use the available resources more effectively than pure stands.
RBT > 1 indicates presence or absence of resource use complementarity between the components of
the system. In general, complementarity crop-weed is always undesired as it tends to give surviving
weeds more chance to set seeds, enhancing the soil seed bank and determining problems for the

next crops (Paolini et al., 2006).
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2) The competitive balance index (Ch, Wilson, 1988):
Cb = In[(Wcw/Wc)/(Wwc/Ww)]

Where W is the aboveground biomass per plant and subscripts have the same meaning as above (see
RBT index). For the statistical analysis, the ratio was In transformed in Competitive balance (Cb),
which measured the competitive ability of the chickpea compared to the P. aviculare L. in
crop/weed mixture. If Cb is higher, equal or lower than 0, the crop is more, equally or less

competitive compared to the weed.

3) The competitive index (Cl, Safahani Langeroudi and Kamkar, 2009):
Cl = (Yi/Ymean)x(Bi/Bmean)

Where Yi is the seed yield of each chickpea genotype in mixture with P. aviculare, Ymean is the
mean seed yield of all chickpea genotypes in mixture with P. aviculare, Bi is the aboveground
biomass of P. aviculare in mixture with each chickpea genotype, and Bmean is the mean
aboveground biomass of P. aviculare in mixture with all chickpea genotypes. If CI is greater than 1
the weed-tolerance of the crop genotype is higher than the mean weed-tolerance of all crop
genotypes.

The data analysis, including analysis of variance, means comparison, and correlation analyses, were
carried out using JMP statistical software package version 4.0 (SAS, Institute, Cary, NC). A split-
split plot in time with chickpea genotypes as the main factor, the P. aviculare densities as the split
factor, and the year as the split-split factor was adopted for P. aviculare aboveground biomass,
chickpea seed yield reduction under weedy conditions, and the competition indices (RBT, Cb, and
ClI), while a split plot in time with chickpea genotypes as the main factor and the year as the split
factor was adopted for the chickpea characteristics in chickpea weed-free crop. Mean values of the
treatments were compared using Fisher’s protected LSD test at the 0.05 probability level. In order
to homogenize the variance an arcsin-square root data transformation was applied to the percentage
data before the analysis (Gomez and Gomez, 1984). Linear regressions were performed for selected

chickpea characteristics and competition indices.
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3. RESULTS

3.1. Weather conditions

Over the cropping chickpea period (February/March — beginning of July) which lasted for 123 days
in 2009 and 132 days in 2010, precipitation was higher in 2010 than in 2009 (375 vs 252 mm),
which was mainly the result of abundant rainfall in the period April — May 2010 (276 vs 31). In the
same period the average daily air temperature was lower in 2010 compared to 2009, especially in
May 2010 when the maximum temperature was on average 5°C less than in May 2009. Generally
the spring, which was the season in which the most part of the growing and reproductive period of
the chickpea was included, was colder and wetter in 2010 than in 2009, and in comparison with the
historical trend of the site.

3.2. Interference of Polygonum aviculare L. on chickpea aboveground biomass and seed yield
The aboveground biomass of chickpea in weed-free conditions was influenced by the year and the
genotype, while the seed yield was only influenced by genotype (Table 3). In 2010 the chickpea
aboveground biomass was higher than in 2009 (6.79 vs 6.41 t ha™ of DM), while the seed yield was
similar in both years (on average 2.31 t ha™ of DM). Among chickpea genotypes C6150 showed the
highest aboveground biomass and seed yield (7.39 t ha™ and 2.55 t ha™ of DM), followed by
Sultano, C133 and C134 (on average 6.65 t ha™ and 2.34 t ha™ of DM aboveground biomass and
seed yield, respectively), while C1017 gave the lowest values (Table 3).

As expected, in weedy conditions the chickpea seed yield decreased with the increase of the P.
aviculare plant density (on average 14.1 %, 45.5 %, 73.5 %, and 87.8 % with 4, 8, 16, 32 plants m™
of P. aviculare, respectively), however there were genotype x weed plant density and year x weed
density interactions (Table 4). The seed yield reduction at 4 plants m™ of P. aviculare was the
highest in C134 and lower in Sultano and C1017, while it was intermediate in Alto Lazio, C133 and
C6150 (on average 20.0 %, 15.1 % and 9.5 %, respectively). Moreover at 4 plants m? of P.
aviculare the chickpea seed yield reduction was higher in 2010 compared to 2011 (17.7 % and 10.4
%, respectively). At 8 plant m™ of P. aviculare it ranged between 55.0 and 37.7 % and it was higher
in Alto Lazio and lower in C133, C134, C1017 and Sultano (on average 55.0 % and 41.0 %,
respectively). At 16 plants m™ and even more so at 32 plants m™ of P. aviculare, there was a severe
chickpea seed yield reduction compared to the weed-free crop. The highest decrease for both P.
aviculare densities was observed in C6150 (79.8 % and 93.0 %, respectively) and the lowest in Alto

Lazio (on average 68.1 % and 82.7 %, respectively, Table 5).
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Table 3. Mean effect of chickpea genotypes on the aboveground biomass, seed yield in the absence of Polygonum
aviculare L., and related analysis of variance. Values belonging to the same column without common letters are
statistically different according to LSD (P < 0.05). SE = standard error and d.f. = degrees of freedom.

Aboveground Chickpea
biomass seed yield
Genotype  d.f. of chickpea

(t ha™ of DM) (t ha™ of DM)
Alto Lazio 6.43 b 220 c
C1017 583 ¢ 206 d
C133 6.77 b 233 b
C134 6.84 b 2.27 bc
C6150 7.39 a 255 a
Sultano 6.35 Dbc 2.43 ab
S.E. (d.f) 0.53 (30) 0.17 (30)
Genotype (A) 5 ** **
Error a 12
Year (B) 1 * ns
AXxB 5 ns ns
Error b 12

*, ** ns: significance at P<0.05, P<0.01 or P>0.05, respectively

Table 4. Analysis of variance of aboveground biomass of Polygonum aviculare L..chickpea genotypes seed yield
reduction, relative biomass of the crop and Polygonum aviculare L. (Rbc and RBw, respectively), relative biomass total
(RBT), competitive balance (Cb) and competition index (Cl) calculated between chickpea and Poligonum aviculare L.
Aboveground biomass Chickpeaseed RBc RBw RBT Cb CI
d.f. of Polygonuma.L. yield reduction

(g m™* of DM) (%)

Genotypes (A) 5 ** * * ns * **ns
DenSIty (B) 3 ** ** ** ** ** ** ns
A X B 15 ** * ns ** * ** *
Errora 48

Year (C) 1 * ns * ns ns * ns
AXxC 5 ns ns ns ns ns ns ns
BxC 3 ** * ns * ns ns ns
AxBxC 15 ns ns ns ns ns ns ns
Errorb 48

*, **, ns: significance at P<0.05, P<0.01 or P>0.05, respectively
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Table 5. The effects of the interaction of the year x Polygonum aviculare L. density and chickpea genotypes x
Polygonum aviculare L. density on chickpea seed yield reduction. Values without common letters are statistically
different according to LSD (P<0.05) in rows for each year and/or chickpea genotypes (upper case letter) and each
Polygonum aviculare L. density (lower case letter). SE = standard error and d.f. = degrees of freedom.

Decrease (%) of chickpea seed yield
in the presence of Polygonum aviculare L.

plants m?of P. aviculare

4 8 16 32

Year

2009 10.4 bD 473 aC 75.7 aB 89.9 aA
2010 17.7 aD 436 aC 71.2 aB 85.7 aA
Genotypes

Alto Lazio 16.9 aD 55.0 aC 68.1 bB 82.7 DbA
C1017 9.6 bD 455 abC 72.9 abB 86.7 abA
C133 14.3 abD 38.3 bC 67.9 bB 86.6 abA
C134 20.0 ab 426 bC 73.0 abB 89.3 abA
C6150 14.1 abD 53.7 aC 79.8 aB 93.0 aA
Sultano 9.3 bC 37.7 bB 78.9 aA 88.5 abA

Significant interactions (P<0.01) between chickpea genotype x P. aviculare densities and year x P.
aviculare densities on aboveground biomass of P. aviculare were observed (Table 6). The P.
aviculare aboveground biomass increased with the increase of its plant density (on average 36.8,
81.4, 168.2, and 285.5 g m™ of DM at 4, 8, 16, and 32 plant m™ of P. aviculare , respectively), and
was higher in 2010 compared to 2009 only at 32 plants m™ of P. aviculare (296 vs 275 g m™ of
DM, respectively). Generally, at 4 plants m™ it was similar among the chickpea genotypes (on
average 36.8 g m? of DM), while it differed at higher weed densities. At 8 plants m? the
aboveground biomass of P. aviculare was higher in Alto Lazio, C1017, and C133, intermediate in
C134 and C6150, and it was lower in Sultano (on average 85.8, 79.7, and 72.0 g m™ of DM,
respectively). At 16 plants m™ the aboveground biomass of P. aviculare was higher in C6150
(183.0 g m? of DM), followed by Sultano (172.7 g m™ of DM), while the other genotypes did not
differ among one another (163.4 g m of DM). At 32 plants m™ of P. aviculare it was the highest in
C6150 and the lowest in Alto Lazio (309.7 and 264.5 g m™ of DM, respectively, Table 6).
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Table 6. The effects of the interaction of the year x Polygonum aviculare L. density and chickpea genotypes x
Polygonum aviculare L. density on aboveground biomass of Polygonum aviculare L.. Values without common letters are
statistically different according to LSD (P<0.05) in rows for each year and/or chickpea genotypes (upper case letter) and
each Polygonum aviculare L. density (lower case letter). SE = standard error and d.f. = degrees of freedom.

Aboveground biomass of
Polygonum aviculare L. (g m? of DM)
plants m™ of P. aviculare

4 8 16 32
Year
2009 37.97 ab 83.14 aC 170.75 aB 274.83 bA
2010 35.63 ab 79.75 aC 165.68 aB 296.17 aA
S.E. (d.f.) 8.85 (54)
Genotypes
Alto Lazio 40.85 aD 8459 aC 157.63 bB 264.49 dA
C1017 35.28 ab 84.46 aC 160.87 bB 276.97 CcA
C133 38.51 aD 88.25 aC 165.44 bB 285.93 bcA
Cl34 35.20 ab 80.09 abC 169.72 bB 284.32 bcA
C6150 31.09 ab 79.23 abC 182.98 aB 309.69 aA
Sultano 39.88 aD 72.04 bC 172.66 abB 291.60 bA
S.E. (d.f.) 9.39 (90)

3.3. Measures of competition

The effects of the interaction of the chickpea genotype x P. aviculare density on relative biomass
total (RBT) are reported in Table 7. At the lowest density of P. aviculare RBT ranged between 1.33
and 1.12 and it was higher in Sultano and C1017, intermediate in Alto Lazio, and lower in C134,
C6150, and C133. A high RBT was generally determined by a high relative biomass of the crop
(RBc) and a medium-high relative P. aviculare biomass (RBw, Table 7). At 8 plants m™ of P.
aviculare the RBT was generally lower than at 4 plants m™ of P. aviculare and similar among
chickpea genotypes, except for C133 and C6150 which showed the highest and the lowest values
(1.12 and 1.00, respectively). At the other plant densities of P. aviculare, RBT was similar and
close to 1 in all chickpea genotypes. Generally, RBc decreased with the increase of the P. aviculare
density, while RBw showed an opposite trend, in fact there was a significant negative correlation
between RBc and RBw (r = -0.82). As expected, there was also a positive association between
chickpea seed yield reduction and RBw (r = 0.81), while the seed yield reduction was negatively
correlated with RBc (r = - 0.94. Table 10).
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The Cb index decreased gradually with the increase of P. aviculare plant density (on average 0.81,
0.08, -0.77, -1.75, at 4, 8, 16, and 32 plants m™ of P. aviculare, respectively, Table 8). However at
the lowest plant density of P. aviculare all chickpea genotypes showed a Cb index higher than 0 in
particular C6150 showed a higher Cb value (1.00) similar to C1017 and Sultano (on average 0.87),
while lower values were observed in and C133, C134, and Alto Lazio (on average 0.70). At 8 plants
m of P. aviculare Sultano and C134 showed higher values of Cb (0.30 and 0.17, respectively),
although for the other chickpea genotypes Cb was similar to zero, which means that the crop and
the weed were equally competitive. At 16 and 32 plants m™ of P. aviculare the crop was always less
competitive than the weed (Cb ranked from -0.58 to -1.05 and from -1.33 to -2.57, respectively).
C6150 showed lower values of Cb at both weed densities while Alto Lazio had higher Cb values. A
strong negative association was found between Cb and RBw (r = - 0.90), while Cb was positively
associated with RBc (r = 0.91, Table 10). As expected Cb was also negatively correlated with
chickpea seed yield reduction (r = - 0.86, Table 10).

The competitive index (CI) differed among the chickpea genotypes at different plant densities of P.
aviculare (Table 9). At 4 plants m of P. aviculare, Cl was higher in C6150 (1.18), intermediate in
Sultano and C133 (on average 1.04), and lower in C1017, C134 and Alto Lazio (on average 0.86).
At 8 plants m™ of P. aviculare CI was similar among all chickpea genotypes except in Alto Lazio
which was lower than the others (on average 1.05 and 0.82 respectively). The chickpea genotypes,
which showed a high weed-tolerance at low weed densities, such as C6150 and Sultano, had a low
weed-tolerance at higher densities of P. aviculare, while Alto Lazio showed an opposite trend. In
fact the average of P. aviculare at 16 and 32 plants m™ the CI was higher in Alto Lazio (on average
1.32), and lower in C6150 (on average 0.54). It is interesting to note that no significant correlation
was found between the Cb and CI indices (Table 10).
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Table 7. The effects of the interaction of the chickpea genotypes x Polygonum aviculare L. density on relative biomass
total (RBT). Values without common letters are statistically different according to LSD (P<0.05) in rows for each
chickpea genotypes (upper case letter) and each Polygonum aviculare L. density (lower case letter). SE = standard error
and d.f. = degrees of freedom.

Relative biomass total, RBT

(RB¢ + RB,,)
plants m™of P. aviculare
4 8 16 32
Genotypes
- 1.23 abA 1.03 abB 0.98 aB 0.99 aB

AltoLazio 0700 1) (0.50+ 0.53) (0.35 +0.63) (0.21+0.78)
C1017 1.28 aA 1.09 abB 1.00 aB 1.01 aB

(0.92+0.36) (0.56 + 0.53) (0.36 + 0.64) (0.19 +0.82)
C133 1.18 bA 1.12 aA 1.01 aB 1.02 aB

(0.79+0.39) (0.57 +0.55) (0.35 +0.66) (0.17 +0.85)
C134 1.12 bA 1.09 abAB 1.01 aB 0.99 aB

(0.76+ 0.36) (0.59 + 0.50) (0.33 +0.68) (0.15 + 0.84)
C6150 1.17 bA 1.00 bB 0.99 aB 0.99 aB

(0.85+ 0.32) (0.50 + 0.50) (0.26 +0.73) (0.07 +0.92)
Sultano 1.33 aA 1.06 abB 0.97 aB 1.03 aB

(0.92+0.41) (0.61 + 0.45) (0.28 +0.69) (0.17 + 0.86)
S.E. (d.f) 0.45 (90)

Table 8. The effects of the interaction of chickpea genotypes x Polygonum aviculare L. density on competitive balance
index (Cb). Values without common letters are statistically different according to LSD (P<0.05) in rows for each year
and/or chickpea genotypes (upper case letter) and each Polygonum aviculare L. density (lower case letter). SE =
standard error and d.f. = degrees of freedom.

Competitive balance, Cb
(Relative crowding coefficient, RCC)
plants m?of P. aviculare

4 8 16 32

Genotypes

Alto Lazio 0.66 bA -0.07 bB -0.58 aC -1.33 ab
C1017 0.93 abA 0.05 bB -0.61 aC -1.47 abD
C133 0.69 bA 0.01 bB -0.64 aC -1.62 bD
C134 0.74 bA 0.17 abB -0.75 aC -1.79 bD
C6150 1.00 aA 0.02 bB -1.05 bC -2.57 cD
Sultano 0.81 abA 0.30 aB -0.98 bC -1.70 bD
S.E. (d.f) 0.26 (90)
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Table 9. The effects of the interaction of the chickpea genotypes x Polygonum aviculare L. density on competition index
(CI). Values without common letters are statistically different according to LSD (P<0.05) in rows for each chickpea
genotypes (upper case letter) and each Polygonum aviculare L. density (lower case letter). SE = standard error and d.f.
= degrees of freedom.

Competition Index, CI

plants m™of P. aviculare

4 8 16 32

Genotypes

Alto Lazio 0.79 bB 0.82 bB 1.29 aA 1.34 aA
C1017 0.92 bA 0.99 aA 1.05 DbA 1.02 bA
C133 1.02 abA 1.07 aA 1.11 aA 0.99 bA
Cl34 0.87 bA 0.99 aA 0.96 bA 0.96 bcA
C6150 1.18 aA 1.04 aA 0.69 cB 0.39 dC
Sultano 1.05 abAB 1.14 aA 0.89 bcB 0.80 cB
S.E. (d.f) 0.17 (90)

Table 10. Correlation coefficients between competitive indices and chickpea seed yield reduction.

* k%

, ™%, ns: significance at P<0.05, P<0.01 or P>0.05, respectively

SYR RBc RBw  RBT Cb Cl

Seed yield reduction (SYR) 1 -0.947 0817 -058" -0.86  -001™
RBc 1 -0.82” 066 0917 0.02™
RBw 1 -0.24" -0.90"  0.00™
RBT 1 043"  0.08
Cb 1 0.02™
Cl 1

4. DISCUSSION

In 2009 the weather conditions and the growing cycle of chickpea (from sowing to physiological
maturity) were representative of the chickpea crop cultivated in Central Italy, while in 2010 the
weather was unusually wet and cold throughout the spring. Probably, the abundant rainfall and the
low temperatures during the growing and reproductive period of the chickpea were the main causes
of a higher aboveground biomass and longer crop cycle of chickpea observed in 2010 compared to
2009 (+ 6%). Under weed-free conditions the chickpea grain yield did not differ between the years
and all genotypes produced a higher grain yield compared to that obtained in other experiments

carried out in the Mediterranean environment (Oweis et al., 2004), even if only C6150 and C133
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chickpea stable lines showed a similar grain yield to Sultano, which is the most common chickpea
cultivar grown in Italy (Saccardo et. al., 2000). Although chickpea genotypes vary in their ability to
compete with P. aviculare, showing an extensive genetic variation of chickpea on their competitive
ability, the presence of P. aviculare caused a substantial seed yield loss. Even at the lowest density
of P. aviculare (4 plants m?) a consistent seed yield reduction was observed which ranged among
chickpea genotypes from 9 to 20% compared to weed-free treatments. At higher weed densities (8,
16 and 32 plants m?) the grain yield losses were more severe (on average 45, 75 and 90%,
respectively) and difficult to justify from an agronomical point of view. However similar values of
chickpea grain reduction were found by Whish et al. (2002) with infestation of wild oat (Avena
sterilis ssp. ludoviciana) and turnip (Rapistrum rugosum) at different weed densities. Therefore
weed density appears to be a key factor which determines the amplitude of weed-crop interference
and consequently the magnitude of the chickpea seed yield reduction (Cousens, 1985). In this study
the effects of P. aviculare densities on chickpea seed yield and aboveground biomass were strictly
correlated (data not shown) and according to Paolini et al. (1998), the increase in weed density
could have caused the reduction of crop growth rates and resource allocation.

At the lowest plant density of P. aviculare (4 plants m?), the RBT index showed values
significantly higher than 1 in all chickpea genotypes. This result could be interpreted as resource
use complementarity between chickpea and weed. However, the fact that RBT was higher than 1 at
the lowest weed density is also a typical density response, quite common for additive designs in
which plants in monoculture are grown at suboptimal densities to obtain the maximum aboveground
biomass. In fact, at the other weed densities (8, 16, 32 plants m™ of P. aviculare) RBT was
generally similar to one, meaning that any increase in the relative yield of P. aviculare (RBw) was
offset by a similar decrease of the relative yield of chickpea crop (RBc) (Hooper, 1998). This
suggests that there is no resource complementarity between the two species.

The Cb index showed a different competitive ability among the chickpea genotypes and this implies
the possibility of establishing a range of optimum crop density based on the competitive ability of
different genotypes (Paolini et al., 2006). For the chickpea density used in this experiment (50
plants m?) Cb index values suggest that 8 plants m™ of P. aviculare is the threshold value up to
which the weed is more competitive than the chickpea crop. It is possible that by increasing the
chickpea crop density to over 50 plants m™, the competitive ability of the crop could increase as
observed by McDonald et al. (2007) in lentil. However, it is clear that from an agronomical point of
view it is preferable to keep the density of P. aviculare well below this value in order to reduce seed

yield loss (less than 4 plants m™). Therefore the chickpea genotype that showed a high Cb value at a

75



ECOLOGICAL WEED MANAGEMENT

Emanuele Radicetti

low weed density, such as C6150, C1017 and Sultano, are the most suitable to be cultivated in open
field conditions in order to suppress the weeds within an Integrated Weed Management strategy
(Bastiaans et al., 2008).

The competitive index (CI) is considered an appropriate criterion for comparing the ability of
different crop genotypes to limit the yield losses due to the weeds. In this study Sultano, C6150 and
C133 showed values higher to 1 at the lowest and intermediate P. aviculare densities (4 and 8 plants
m?), meaning that the weed-tolerance of these genotypes was greater than the mean of all
genotypes tested in this study under a moderate weed infestation. However, it should be noted that
the chickpea genotypes which were relatively tolerant at low weed densities, were highly sensitive
at higher weed plant densities and vice versa. This behavior is difficult to interpret and there is
limited information available from studies on crop performance in severe weed infestation and
further studies are required for testing crop genotypes under high weed competition levels.
Considering the competition indices used in this study for selecting chickpea cultivars characterized
by a high crop yield in presence of P. aviculare infestation, the RBT should be close to one in order
to avoid the complementary use of resources between crop and weed, while the values of Cb and CI
should be as high as possible both for suppressing and/or tolerating the weeds. Assuming that there
is no resource complementarity between the two species, because all genotypes tested in this study
showed similar behavior regarding the RBT, which was around one at medium and high weed
infestation, the evaluation of the competitive ability of different chickpea genotypes against P.
aviculare was mainly based on Cb and CI. Therefore among the genotypes with the same yield
potential it is preferable to choose those with a higher competitive ability underlined by a greater
ability both for suppressing (Cb) and tolerating (CI) the weeds. A high level of Cb and CI combined
with an elevated yield potential permitted Sultano and C6150 to have the highest seed yield
production both in weed-free conditions and in the presence of moderate P. aviculare infestation. ClI
values were almost always higher than one in C133, which showed a similar seed yield to Sultano
in weed-free conditions but it was a poor weed-competitor especially at low P. aviculare density. It
IS interesting to note that there was not a significant correlation between the Cb and CI (r = 0.02)
suggesting that the chickpea genotypes with a high competitive ability are not necessarily more
weed-tolerant.

However a high competitive ability and weed-tolerance of Sultano and C6150 never achieved
satisfactory weed control considering that the chickpea yield loss was already about 13 and 43 %
compared to the weed-free crop at 4 and 8 plants m™ of P. aviculare respectively. It is evident that

the development of high competitive chickpea genotypes is only a component of a wider integrated
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weed management strategy for increasing chickpea productivity in field conditions. Considering
that P. aviculare was sown in the chickpea rows the interaction between chickpea and P. aviculare
plants was at its maximum and the weed could have probably exerted the highest competition
towards the crop. If the P. aviculare had been sown in the chickpea inter-rows instead of in the rows
we could have expected a lower chickpea yield reduction due to a higher ecological niche
differentiation between the two species. However, even if further research are required to improve
our understanding of the implications of P. aviculare competitiveness on chickpea crop, the results
of this study, obtained in different years and with contrasting weather conditions, suggest that P.
aviculare should have a plant density less than 4 plant m™ in order to prevent severe chickpea seed
yield loss, although the use of chickpea genotypes with a high competitive ability could reduce the
seed yield loss up to 10%.
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ABSTRACT

Chickpea is an important pulse crop in the rainfed Mediterranean area, but its competitiveness
against the weeds is very low. The combination of high competitive chickpea genotypes and inter-
row cultivations could be a feasible strategy for increasing weed control. A 2-year field experiment
in a typical rainfed Mediterranean environment of Central Italy was carried out to assess the
competitive ability of selected chickpea genotypes grown as pure stand and in mixture with natural
weed infestation partially suppressed by inter-row tillage. Experimental treatments consisted in six
chickpea genotypes (Alto Lazio, C1017, C133, C134, C6150 stable lines and cultivar Sultano) and
four different weed managements [no weed control (weedy); 1-hoeing performed at 25 DAE (days
after chickpea emergence); 2-hoeings, one performed at 25 and one at 50 DAE; weed-free].
Chickpea aboveground biomass at 25 and 50 DAE, chickpea traits at harvesting, weeds, and
competition parameters were recorded at final chickpea harvesting. C6150, C1017, Sultano, and
Alto Lazio gave the best seed yield in the absence of weeds (on average 2.30 t ha™® of DM). In
weedy field conditions, the natural weeds reduced seed yield from 56.1% to 75.1%, while thel-
hoeing and 2-hoeing treatments reduced the yield loss from 32.5% to 56.9% and from 5.3% to
54.9%, respectively depending on the chickpea genotypes. A good level of competitive ability
combined with an elevated yield potential allowed Alto Lazio to reach the highest grain yield
production in weed presence. The competitive balance index (Cb) was positively correlated with the
chickpea aboveground biomass and ground coverage especially in the early stage (25 DAE), and
with the chickpea plant height. 2-hoeings were more effective in reducing weed infestation than 1-
hoeing, even if at chickpea harvesting the weed infestation was however high (on average 223 g m™
of DM and 65 plants m? of weed aboveground biomass and density, respectively). The weed
aboveground biomass was mainly made up of Polygonum aviculare L. and it was positively
correlated with the number of chickpea fruitless pods and negatively correlated with the chickpea
seed yield. Our findings suggest that in the rainfed Mediterranean environment of Central Italy,
combining highly yielding competitive chickpea genotypes with 2 inter-row hoeings, applied at 25
and 50 DAE, is a feasible strategy in order to prevent consistent chickpea seed yield reduction

caused by the weeds.

Key words: Chickpea genotypes; Inter-row cultivation; Crop-weed competition; Integrated weed

management
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1. INTRODUCTION

The chickpea (Cicer arietinum L.) is one of the oldest and widest cultivated pulses in the world
(Avola and Patane, 2010), its seeds are used for both human and animal nutrition, because they
contain a high level of proteins, carbohydrates, and dietary fibres, as well as vitamins and mineral
elements (Meiners et al., 1976; Williams and Singh, 1987). In the rainfed Mediterranean
environment, the chickpea is commonly grown in rotation with wheat or other vegetables to
enhance soil nitrogen and break graminaceous crop disease cycles (Stagnari and Pisante, 2010).

One of the major obstacles in growing the chickpea successfully is its poor ability to compete with
weeds (Whish et al., 2002), which are considered as the major worldwide biological constraint in
both conventional and organic cropping systems (Datta et al., 2009). Wherever herbicides have
been available and permitted, they have improved chickpea weed management, even if their
extensive use may affect human health, cause environmental damage and lead to a rapid build-up of
herbicide resistance in weeds, as observed in other grain crops such as rice and wheat (Stagnari and
Pisante, 2010; Van der Weide et al., 2008). Whenever herbicides are not allowed, such as in organic
agriculture, weed management has been identified by farmers as a major constraint for seed
production and manual weeding is still common for weed control in small fields (Johnson et al.,
2010). However, chickpea weed management on large scale production represents an even greater
challenge because the strategies used in small scale production are neither practical or economical,
due to the amount of human labor hours required (Melander et al., 2005). It is now widely accepted
that the best approach for weed management is through the development and implementation of
Integrated Weed Management Systems (IWMS) (Zoschke and Quadranti, 2002; Buhler, 2002),
especially in chickpea where there are very few herbicides permitted for the crop (Paolini et al.,
2006). Therefore, choosing an appropriate competitive chickpea genotype and integrating it with an
appropriate  mechanical means, could represent an efficient strategy for managing and/or
suppressing the weeds in both intra-row and inter-row spaces, and for improving chickpea crop
establishment, growth and yield (Lemerle et al., 2001a). The use of high competitive chickpea
genotypes especially in weedy field conditions, should not only be able to maintain similar grain
yields to that observed in weed free crops, but should also be able to reduce weed seed production
through competition rather than weed tolerance (Bastiaans et al., 2008). A high crop competitive
ability is desirable because it decreases weed seed production, which in turn reduces the amount of
weed infestation in the following years (Jordan, 1993). An evaluation of these effects is particularly
important in view of the growing interest in reducing the reliance on chemical weed management
(Blackshaw et al., 2006).
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A common mechanical means used for suppressing the weeds in the wider row crops is the rotary
hoe which is generally used between the rows, after crop emergence, for controlling weeds
throughout the crop growing season. However, inter-row cultivation after crop emergence can cause
damage to the crop and reduce the crop yield if the hoeing is carried out late in the cropping season
(Van der Weide et al., 2008), therefore timing is essential for mechanical hoeing in growing crops
for reducing crop injury and improving weed management. Leblanc et al. (2006) reported that the
rotary hoe should be used early in the cropping season to avoid severe yield reduction due to
cultivator damage. Moreover, Rasmussen et al. (2010) observed that the best results of mechanical
means on weed management is in the earlier weed stages, because old weed plants become more
resistant to the rotary hoe. However Brainard et al. (2008) reported that only two cultivations in
snap bean resulted in a comparable yield to a herbicide program, despite a greater weed density in
the cultivation treatment. Mohammadi et al. (2005) found that the critical period of weed
interference in chickpea ranged from the four-leaf to the full flowering stages. During this period
the crop should be kept weed-free to prevent yield losses, therefore it is important to optimize the
mechanical weed control (Hall et al. 1992; Martin et al., 2001). In chickpea there is little knowledge
regarding the effects of timing and the number of operations with the rotary hoe on weed control
and seed yield response. The objectives of this study were (i) to quantify the importance of chickpea
genotypes in terms of chickpea seed yield and competitive ability; (ii) to verify if one or more
mechanical inter-row weed managements (hoe weeding) are sufficient for controlling the weeds and
maintaining the chickpea grain yield similar to that obtained in the free weed crop; (iii) to assess the
feasibility of using both ecological and mechanical means together for obtaining an efficient IWMS

in the chickpea crop.

2. MATERIALS AND METHODS

2.1. Site and experimental design

The research was carried out at the Experimental Farm of Tuscia University in Central Italy (upper
Latium, 85 km NW of Rome, lat. 42°25°, long. 12°04’, alt. 310 m a.s.l.). The area is typical of the
Mediterranean region, where rainfed cropping is the standard practice. The experiments were
carried out at the same site over a two-year period (2009 and 2010), in two adjacent fields
previously cropped with durum wheat. The soil characteristics in the 0 — 30 cm layer were on
average: 15.3 % clay, 33.4 % silt, and 51.3 % sand; pH 6.9 (water, 1:2.5); 2.1% organic matter
(Lotti) and 0.19 % total nitrogen (Kjeldahl). Rainfall and air temperature data during the
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experimental period were collected by an automatic weather station located near the experimental
fields. The treatments consisted in six chickpea genotypes (Alto Lazio, C1017, C133, C134, C6150
stable lines and Sultano cultivar) and four levels of weed management (weed-free, 2-hoeings, 1-
hoeing, and weedy). For each year the experimental design was a split-plot with three replicates in
randomized blocks, where the main plots were represented by the chickpea genotypes, and the sub-
plots were the levels of weed management. Furthermore for each genotype in each block there was
a plot where the chickpea was not sown and the weeds were left to grow undisturbed (hereafter
called weed pure stand) to allow the calculation of competition indices (see below). The

experimental main plot size was 96 m? (24 m x 4 m), and the sub-plot size was 24 m? (6 m x 4 m).

2.2. Crop and weed management

In October 2008 and 2009 the soil was plowed in at depth of 30 cm, then it was left bare throughout
the winter season by means of disc harrow cultivation whenever necessary. Two weeks before the
chickpea sowing, the field was fertilized with 100 kg ha™ of P,Os as triple superphosphate, the
fertilizer was incorporated into the soil and the soil clods were broken into smaller pieces by disking
(about 15 cm in depth) for seed bed preparation. Chickpea genotypes were sown on February 22™
2009 and March 4™ 2010, placing 60 seeds m? in rows 0.5 m apart. Ten days after the emergence
the chickpea seedlings were thinned by hand in order to reach the target density of 50 plants m™.
For evaluating the effects of genotypes and inter-row tillage on weed management, spontaneous
weed flora was used in both 2009 and 2010. In chickpea pure stands (hereafter called weed-free),
the weeds were hand weeded after emergence (from two to four true leaf weed stages) until
chickpea harvesting whenever necessary. The inter-row weeds were controlled by rotary hoe at 25
days after emergence of chickpea (hereafter called DAE) corresponding to four-leafed chickpea
plants in both 1-hoeing and 2 hoeing treatments (April 15", 2009 and 16" April, 2010), and at 50
DAE only in the 2 hoeing treatments (May 11", 2009 and May 11", 2010). Driving speed and
implement setting were constant in each combination of experiments and growth stages (25 and 50
DAE). All hoeing operations were carried out in the same orientation along the chickpea rows.
Chickpea density did not significantly differ across chickpea genotypes at the first hoeing
cultivation (25 DAE). The chickpea genotypes were harvested after physiological maturity, on July
13™ 2009 and August 2", 2010, when about 90% of plants were completely dry. The weeds were
left to grow undisturbed both in chickpea weedy plots and in weed pure stand and harvested at

chickpea harvesting.
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2.3. Measurement

In both years, at 25 and 50 DAE, ground coverage of each chickpea genotype grown in weed-free
plots was visually estimated (Brandsaeter and Netland, 1999). At the same time and in the same
plots, 50 plants of each chickpea genotype (1 m?), grown in the two adjacent middle rows of each
plot, were hand-clipped on the soil surface then the chickpea aboveground biomass was collected
and oven dried at 70°C until constant weight. At chickpea maturity stage, in the two adjacent
middle rows of each sub-plot, a set of 50 chickpea plants were uprooted manually, and the
following parameters were determined: plant height, total number of pods, fruitless pods, total
number of seeds, the straw (leaves + stems) and seeds were oven dried at 70°C until constant
weight. The total aboveground biomass was calculated as seeds + straw. Natural weeds were
sampled at chickpea harvesting in all chickpea plots and in weed pure stands. The weeds were
sampled on chickpea rows using a 50 cm x 200 cm (1 m?) rectangular placed in the same area
where the chickpea plants where sampled and in the middle of the weed pure stand plots. Weed
aboveground biomass was hand-clipped at the soil surface and the following parameters were
determined: weed density and weed aboveground biomass by species and total, respectively, were

oven dried at 70°C until constant weight.

2.4. Indices of competition

The following indices of competition were used for assessing the competitive ability of chickpea
genotypes and the efficacy of the hoeing in reducing weed competitive ability (Weigelt and Jolliffe,
2003):

1) The Relative Biomass Total (RBT):
RBT = (Bcw/Bc) + (Bwc/Bw) = RBc + RBw

Where Bcw, Bwc, Bc, and Bw are the aboveground biomass per unit area of the chickpea genotype
in mixture with the weeds, of the weeds in mixture with the crop, of the crop in pure stand, and of
the weeds in pure stand, respectively. RBc and RBw are the relative biomass (RB) of crop and
weeds. RBT is used to quantify the effect of competition on growth and it is considered as a
measure of the level to which the components of a mixture capture more resources or use the
available resources more effectively than pure stands. RBT higher than or equal to 1 indicates the
presence or absence of resource use complementarity (Snaydon, 1991), RBT lower than 1 indicates

a mutual antagonism between components (Keddy et al., 1994).
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2) The Competitive Balance index (Chb):
Cb = In(RCC) = In[(Wcw/Wc)/(Wwc/Ww)]

Where RCC is the Relative Crowding Coefficient and W is the aboveground biomass per plant and
the subscripts have the same meaning as above. RCC was In transformed in Competitive Balance
index (Cb) which shows the competitive ability of the crop compared with the weeds in the
crop/weed mixture. The Cb index is used to quantify the intensity of competition. Cb higher, equal
to or lower than O indicates that the crop compared to the weeds is more, equally or less
competitive, respectively (Wilson, 1988).

2.5. Statistical analyses

The data on chickpea, weeds, and competition indices were subjected to analysis of variance
(ANOVA) using JMP statistical software package version 4.0 (SAS Institute, Cary, NC). The
analysis was carried out for the 2-year period, considering the year as a random variable. A split
plot in time with chickpea genotype as the main factor and year as the split factor was adopted for
chickpea seed yield and aboveground biomass, plant height, number of pods, and number of seeds,
for chickpea in weed-free conditions. A split-split plot in time with chickpea genotype as the main
factor, weed management strategy as the split factor, and the year as the split-split factor was
adopted for chickpea yield reduction, weed aboveground biomass, weed species densities, and the
competition indices (RBT and Cb). Fisher’s protected least significant difference test at P<0.05
(LSD 0.05) was used to determine the significance among treatment means. In order to homogenize
the variance of the percentage data, they were subjected to arcsin-square root transformation prior
to ANOVA analysis and then back transformed for presentation (Gomez and Gomez, 1984). A
covariance analysis was performed to assess the influence of weed biomass on chickpea yield seed
reduction. Linear regressions were performed for selected chickpea parameters, weed density and

aboveground biomass, and competition indices.
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3. RESULTS

3.1. Weather conditions

Marked variations in rainfall and air temperatures were recorded over the study period and in
comparison to the historical trend (30-year mean value). Table 11 shows that the rainfall during the
chickpea cropping period was higher in 2010 than 2009 (497 vs 270 mm, respectively), which was
mainly due to the result of a higher rainfall in the period April — May (276.2 vs 56.6 mm,
respectively). Generally, the air temperature trend was similar in both experimental years (on
average 20.8 and 9.0 mean maximum and minimum temperatures, respectively), except during the
chickpea flowering period (May) where the average maximum temperature was 5°C higher in 2009
compared to 2010. In general the 2009 chickpea cropping season was drier and hotter compared to
2010 but similar to the historical trend, while 2010 was exceptionally wet throughout the chickpea
cropping period. The cropping season of chickpea averaged 141 and 151 days in 2009 and 2010,

respectively.

Table 11. Weather data (monthly average of the daily minimum and maximum temperatures, monthly rainfall) over the 2-
year study period (2009 and 2010) and long-term mean values for the experimental site (30-year mean values).

Tem?fg;tures Rainfall

Month Mean max Mean min (mm)
2009 2010 30-year 2009 2010 30-year 2009 2010 30-year

January  10.0 9.2 10.5 28 19 1.8 50.8 121.4 55.8
February 10.8 11.1 11.6 1.3 31 1.7 57.2 918 62.3
March 148 14.1 14.5 40 3.3 3.8 95.2 67.2 49.3
April 19.2 18.8 17.3 75 6.1 6.2 450 874 61.3
May 260 21.0 224 11.3 10.2 10.1 11.6 1888 56.2
June 26.1 26.2 26.6 13.7 13.3 13.2 101.0 73.0 53.9
July 29.7 313 304 16.4 17.4 16.3 04 812 31.2
August 32.2 29.9 30.8 18.2 16.2 17.2 126 9.6 53.1

3.2. Chickpea seed yield and traits

The aboveground biomass and the ground coverage of chickpea genotypes observed at 25 DAE in
weed-free conditions was higher in 2010 than 2009 (on average 30 vs 25 g m™ of DM and 16.1 vs
13.6 %, respectively). Moreover, they were generally higher in Alto Lazio and C1017, lower in
C134, C6150, and Sultano. At 50 DAE the chickpea genotypes showed a similar trend compared to
that observed at 25 DAE, although the chickpea aboveground biomass and the ground coverage
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increased by about 10 times and 3 times, respectively (on average 225.5 g m? of DM and 45.0 %,
Table 12). The chickpea seed yield in weed-free conditions was influenced by years and by
genotypes (Table 13) and it was higher in 2010 than in 2009 (227 vs 196 g m? of DM,
respectively). Among the chickpea genotypes the chickpea seed yield was the highest in C6150
(242 g m? of DM) although it was not significantly different to that observed in C133, Sultano, and
Alto Lazio, while C134 showed the lowest chickpea seed yield (150 g m™ of DM). The chickpea
seed yield reduction showed a year x weed management and genotype x weed management
interaction effect (Table 13). In general, it was higher in 2009 compared to 2010 except in 2-
hoeings where it was similar in both years, while it was the highest in weedy conditions,
intermediate in 1-hoeing, and the lowest in 2-hoeings (on average 66.8, 46.6, and 25.8%). A similar
trend was observed among the chickpea genotypes regarding the weed management treatments,
although there were significant differences above all in 2-hoeings. In fact the chickpea seed
reduction showed a wide range of variation from 5% (C134) to 55% (Sultano). It is interesting to
note that when chickpea seed yield reduction was subjected to the analysis of covariance with
genotype as a class variable and weed biomass as covariate variable, the chickpea genotype effect
was still significant (P < 0.03).

The average of the chickpea aboveground biomass, the plant height, the number of pods, the
number of seeds, and the weight of 1000 seeds of the genotypes in weed-free conditions at chickpea
harvesting were higher in 2010 compared to 2009 (Table 14). Among chickpea genotypes, C6150
showed the highest aboveground biomass (610 g m of DM), followed by Alto Lazio and Sultano
(on average 590 g m™ of DM), C1017 and C133 (on average 527 g m™ of DM), while C134 showed
the lowest values (416 g m™ of DM. The chickpea plant height at harvesting was the highest in Alto
Lazio, intermediate in C1017 and C133, and the lowest in C134, C6150, and Sultano (on average
68.5, 63.5, and 56.7 cm, respectively, P < 0.05). The number of pods and the number of seeds
showed a similar trend among chickpea genotypes. Generally, they were higher in Sultano (43.5
and 56.1 n. plant™, respectively), intermediate in C6150 (39.0 and 48.8 n. plant™, respectively), and
lower in Alto Lazio, C133, C1017, and C134 (on average 30.1 and 35.9 n. plant™, respectively).
The weight of 1000 seeds was the highest in Alto Lazio (227.4 g) and the lowest in Sultano (162.5
g, Table 14).
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Table 12. Mean effect of the year and the chickpea genotype on chickpea aboveground biomass and chickpea ground
coverage at 25 and 50 DAE (days after emergence) under weed-free conditions. Values belonging to the same
characteristic and treatment without common letters are statistically different according to LSD (0.05). SE = standard
error and d.f. = degrees of freedom

Treatments Chickpea Chickpea
aboveground biomass ground coverage
(g m? of DM) (%)
Weed free
—25DAE— —50DAE— —25DAE— —50DAE—
Year
2009 245D 212.0b 13.6b 43.8b
2010 29.8 a 239.0a 16.1a 46.2 a
S.E. (d.f) 1.2 (18) 7.9 (18)
Genotype
Alto Lazio 30.1a 268.8 a 17.7a 50.2 a
C1017 33.0a 285.1a 18.3a 51.2a
C133 28.3 ab 262.8 ab 155b 45.7b
Cl34 23.0b 245.2 ab 11.3c 40.7 ¢
C6150 25.3Db 248.2 ab 12.3¢c 42.0c
Sultano 23.4b 224.0Db 14.0 bc 41.3c¢C
S.E. (d.f) 1.3 (30) 7.1 (30)

Table 13. Mean effect of the year and the chickpea genotype on chickpea seed yield in weed free conditions and the
effect of the year x weed management and the chickpea genotype x weed management interactions on the chickpea
seed yield reduction at chickpea harvesting. Values belonging to the same characteristic and treatment without common
letters are statistically different according to LSD (0.05), in columns for year or chickpea genotype (lower case letter)
and rows for weed management (upper case letter). SE = standard error and d.f. = degrees of freedom.

Treatments Chickpea Chickpea seed yield reduction in

seed yield in respect to weed free

weed free (%)

(gm?of DM) 2-hoeings 1-hoeing  Weedy
Year
2009 196.0 b 226aC 50.8aB  75.3aA
2010 226.8 a 289aC 423bB  58.2bA
S.E. (d.f) 21.7 (18)
Genotype
Alto Lazio 224.7 ab 21.3cC  42.0bcB  56.1 bA
C1017 198.6 b 14.4cdC 448bB  64.4 abA
C133 228.0 ab 249bcC 49.7abB  65.6 abA
Cl34 149.7 ¢ 53dC 325cB  65.0 abA
C6150 241.6 a 340bC 535abB 75.1aA
Sultano 225.8 ab 549aB 56.9aB 74.4 aA
S.E. (d.f.) 33.3 (30)
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Table 14. Mean effect of the year and the chickpea genotype on chickpea aboveground biomass and chickpea traits
under weed-free conditions at chickpea harvesting. Values belonging to the same characteristic and treatment without
common letters are statistically different according to LSD (0.05). SE = standard error and d.f. = degrees of freedom

Treatments Chickpea Plant Number Number 1000-seed
aboveground height of pods of seeds weight
biomass
(g m? of DM) (cm) (n. plant®)  (n. plant™) (@)
At harvesting
Year
2009 509.4 b 56.4 b 31.0b 346D 168.8 b
2010 5773 a 65.5a 36.7a 48.2 a 206.9 a
S.E.(d.f) 48.0 (18) 6.5 (18) 4.0 (18) 9.6 (18) 24.1 (18)
Genotype
Alto Lazio 590.3 ab 68.5 a 32.3b 39.9b 227.4 a
C1017 527.1b 64.9 ab 29.6 b 33.3b 205.6 b
C133 526.1b 62.1 ab 304D 389b 182.1¢c
Cl34 4159¢c 57.4b 28.2Db 314b 175.6 cd
C6150 610.4 a 55.8b 39.0 ab 48.8 ab 173.8 cd
Sultano 590.2 ab 57.0b 435a 56.1 a 162.5d
S.E. (d.f) 71.7 (30) 5.1 (30) 6.1 (30) 9.4 (30) 26.9 (30)

3.3. Weed biomass and density

The weed density and the weed aboveground biomass at chickpea harvesting showed a weed
management X year interaction effect (P < 0.05, Fig. 12). As expected, both weed density and weed
aboveground biomass were higher in weedy conditions (on average 212 plants m? and 522 g m of
DM, respectively), intermediate in 1-hoeing (88 plants m? and 328 g m™ of DM, respectively), and
they were lower in 2-hoeings (65 plants m™ and 223 g m™? of DM, respectively). Generally, the
weed density was similar in 2009 and 2010 in weedy treatments, while it was higher in 2010
compared to 2009 in 1-hoeing (95 vs 34 plants m?, respectively) and 2-hoeings (129 vs 46 plants
m2, respectively). The weed aboveground biomass showed a different trend, in fact it differed in
weedy conditions between the years (631 and 413 g m™? of DM in 2010 and 2009, respectively),
while it was similar 1 and 2-hoeings for both years (Fig. 12). Moreover the weed aboveground
biomass was higher in 2010 compared to 2009 in the weed pure stand treatment (803.9 and 601.2 g
m? of DM in 2010 and 2009, respectively). In both years the weed aboveground biomass was
positively correlated with the percentage of fruitless pods observed at chickpea harvesting (r> = 0.49
and 0.59 in 2009 and 2010, respectively; P < 0.05, Fig. 13).
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Figure 12. The effect of year x weed management interaction on the weed density and the weed aboveground biomass
on the weeds at chickpea harvesting averaged over the chickpea genotypes. Values belonging to the same
characteristic and treatment without common letters are statistically different according to LSD (0.05). SE = standard
error and d.f. = degrees of freedom
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Figure 13. Relationship between the weed aboveground biomass and the chickpea fruitless pods at chickpea harvesting
averaged over chickpea genotypes and weed management treatments. Data correspond to the 2009 and 2010 growing
seasons and the significance level is () significant at P < 0.05 level.
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The main effects of chickpea genotypes on weed density and weed aboveground biomass observed
at chickpea harvesting are reported in Fig. 14. The weed density ranged from 82 to 138 plants m?,
while the weed aboveground biomass ranged from 280.6 and 433.1 g m™ of DM. In general,
Sultano showed a higher weed infestation both in density and aboveground biomass, while the Alto
Lazio a lower infestation (Fig. 14). The total aboveground biomass of the weeds observed at
chickpea harvesting was mainly represented by the Polygonum aviculare L., the Chenopodium
album L., and the Lolium spp which together accounted for about 94% of the total weed
aboveground biomass. However, the Polygonum aviculare L. and the Lolium spp. were more

abundant in 2010, while the Chenopodium album L. was more abundant in 2009. The aboveground
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biomass of the other weed species was mainly made up of Amaranthus retroflexus L., Solanum
nigrum L., and Sinapis arvensis L.. A similar trend was also observed in weed pure stand regarding

the main weed species and the other weeds (data not shown).

Figure 14. Mean effects of chickpea genotypes on the weed density and the weed aboveground biomass observed at
chickpea harvesting averaged over the years and weed managements. Values belonging to the same characteristic and
treatment without common letters are statistically different according to LSD (0.05). SE = standard error and d.f. =
degrees of freedom.
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3.4. Measures of competition

The RBT showed a chickpea genotype x weed management interaction effect (Table 15). In weedy
conditions the RBT was always higher than one and, although it ranged from 1.09 to 1.18, it was
similar among all chickpea genotypes. Generally 1 or 2-hoeings determined an lower RBT
compared to the weedy treatment, even if there were significant differences among chickpea
genotypes. In fact, with 1-hoeing the RBT was higher in Sultano (1.20), intermediate in C134
(1.06), and lower in the other genotypes (on average 1.00), while in 2-hoeings the RBT was higher
in C134 (1.23) and lower in Alto Lazio, Sultano and C6150 (on average 0.98). The RBc increased
from weedy conditions to 1 and 2-hoeings (on average from 0.39 to 0.57 and 0.73, respectively),
while the RBw showed an opposite trend (on average 0.74, 0.47 and 34 in weedy condition, 1 and
2-hoeings, respectively, Table 15). The Cb was the highest in 2-hoeings, intermediate in 1-hoeing,
and the lowest in weedy conditions (on average 0.91, 0.26, and -0.69, respectively). Among the

chickpea genotypes the Cb ranged from 1.57 to 0.47 in 2-hoeings and it was higher in Alto Lazio
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and C1017 compared to the other genotypes (on average 1.46 and 0.63, respectively). In 1-hoeing
the highest value of Cb was observed in Alto Lazio (0.82), followed by C1017 (0.50), C133, C134,
C6150 (on average 0.13), and Sultano (-0.18). In weedy treatments all chickpea genotypes showed a
Cb considerably lower than 0, in fact it ranged from -0.31 (C1017) to -0.96 (Sultano).

Table 15. The effect of the chickpea genotype x weed management interaction on the Relative Biomass Total (RBT
index) and the Competitive balance (Cb index) at chickpea harvesting. In brackets the relative biomass of the crop
(RBc), the relative biomass of the weed (RBw), and the Relative Crowding coefficient (RCC). Values belonging to the
same characteristic and treatment without common letters are statistically different according to LSD (0.05), in columns
for chickpea genotype (lower case letter) and rows for weed management (upper case letter). SE = standard error and
d.f. = degrees of freedom.

Relative Biomass Total (RBT)

Competitive balance (Cb)

(RB; + RBy) (Relative Crowding Coefficient, RCC)
Genotype 2-hoeings  1-hoeing Weedy 2-hoeings  1-hoeing Weedy
Alto Lazio 0-98 bB 0.93bB 1.17 aA 1.57 aA 0.82aB  -0.49abC
(0.78 +0.20) (0.61+0.32) (0.45+0.72) (5.57) (2.21) (0.62)
c1017 1.10abA  1.03bA 1.07 aA 1.36 aA 0.50 bB -0.31aC
(0.86 +0.24) (0.64 +0.39) (0.45+0.62) (3.78) (1.74) (0.74)
C133 1.10 abA 1.04 bA 1.17 aA 0.77 bA 0.16 cB -0.82 bcC
(0.75+0.35) (0.56 +0.48) (0.39 +0.78) (2.20) (1.24) (0.55)
C134 1.23 aA 1.06 abB  1.09 aAB 0.47 bA 0.17 cA -0.64 bB
(0.75+0.48) (0.56 +0.50) (0.37 +0.72) (1.64) (1.13) (0.52)
C6150 1.00 bA 1.00 bA 1.09 aA 0.69 bA 0.07cdB  -0.92 bcC
(0.70 +0.30) (0.51+0.49) (0.32+0.77) (2.59) (1.11) (0.43)
Sultano 0.97 bB 1.20 aA 1.18 aA 0.58 bA -0.18 dB -0.96 cC
(0.53+0.44) (0.55+0.65) (0.34 + 0.85) (1.66) (0.91) (0.42)
S.E. (d.f) 0.10 (60) 0.16 (60)

At 25 DAE in both years, Cb was significantly correlated with chickpea aboveground biomass in
weed-free conditions (linear positive correlation, r* = 0.46 and 0.74 in 2009 and 2010, respectively,
Fig. 15), and with ground coverage (linear positive correlation, r* = 0.42 in both experimental years,
Fig. 16). Furthermore, there was a linear positive correlation between the Cb index and the plant
height observed at chickpea harvesting (r* = 0.73 and 0.75 in 2009 and 2010, respectively; Fig. 17,
P <0.01).
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Figure 15. Relationship between the Competitive balance index (Cb) and the chickpea aboveground biomass at 25 DAE
(Days after emergence) in weed-free conditions. Data correspond to the 2009 and 2010 growing seasons and the
significance level is (), () and () significant at P < 0.01, P < 0.05 and not significant (P > 0.05) level, respectively.
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Figure 16. Relationship between the Competitive balance index (Cb) and the ground coverage of chickpea genotypes at
25 DAE in weed-free conditions. Data correspond to the 2009 and 2010 growing seasons and the significance level is )
significant at P < 0.05.
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Figure 17. Relationship between the Competitive balance index (Cb) and the chickpea plant height at chickpea
harvesting in weed-free conditions. Data correspond to the 2009 and 2010 growing seasons and the significance level is
() significant at P < 0.01 level.
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4. DISCUSSION

Weather patterns differed greatly over the two-year study period (Table 1). In general the cropping
environment was particularly wet in 2010 considering the rainfall historical trend observed during
the chickpea reproductive period when the accumulated cropping season rainfall (May — July) was
twice as much compared with the long term value for the site (352 mm vs 194 mm respectively).
Under weed-free field conditions, the chickpea genotypes produced on average seed yields of 2.1 t
ha* of DM. C6150, C133, and Alto Lazio achieved the best yield similar to Sultano which is the
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most widespread chickpea cultivar in Italy. The highest chickpea seed yield, observed in 2010
compared to 2009 (+16%), was probably due to the different rainfall trend between the years, in
particular during the flowering stage of the chickpea genotypes (on average last week of April and
first week of May 2010) when the rainfall probably satisfied the water needs of the crop (Leport et
al., 1999). Moreover, the natural weed species which were grown on both pure and mixed plots,
took advantage of the abundant rainfall, in fact they started to emerge about 5 days before chickpea
emergence and their aboveground biomass was higher in 2010 compared to 2009. Even if
Polygonum aviculare L. was the most abundant weed species which represented about 65% of the
weed aboveground biomass at chickpea harvesting, the natural weed infestation varied among the
weed management treatments. In general, in both years, in 2-hoeings treatments the natural flora
was also composed of late emerging and maturing weeds such as Amaranthus retroflexus and
Solanum nigrum (data not shown). The hoeing operations, which did not cause damage to the
chickpea, probably reduced the amount of spring weeds, such as Polygonum aviculare L and
Lolium spp, and exposed the buried seeds of summer weeds to favorable conditions for germination
(Vangessel and Renner, 1990). Weed competition did not appear to affect the length of the chickpea
cropping period, but resulted in both chickpea aboveground biomass and grain losses, even if the
negative effect of weed competition was firstly reflected in the seed yield reduction and then in the
accumulation of the dry matter, as confirmed by the significant and positive correlations between
the weed aboveground biomass and the number of fruitless pods (Fig. 2). However, the chickpea
yield losses due to natural weed infestation, varied according to the level of mechanical weed
management. In fact under weedy conditions the chickpea genotypes showed a severe seed
reduction, on average 67% compared to weed-free crops. One hoeing applied at 25 days after
chickpea emergence (25 DAE) reduced the seed yield loss, although the seed yield reduction was
still consistent on average 47%, while 2-hoeings performed at 25 and 50 DAE reduced the chickpea
seed loss even more reaching an average of 26%. Even if Mohammadi et al. (2005) established the
critical period of weed interference between the five-leafed (25 DAE) and full flowering stages of
the chickpea (50 DAE), our findings suggest that in the rainfed Mediterranean environment the
mechanical hoeings applied in these stages were not enough to prevent severe seed yield losses. It is
advisable to include emergence and density thresholds of the weed species in order to apply timely
inter-row tillage (Martin et al., 2001; Lindquist et al., 1999). In this study the chickpea canopy was
not able to shade the inter-row area completely (data not shown), even in full growth, and thus the
emergence of the weeds continued after the second hoeing, especially in 2010 favored by numerous

precipitations. However, the main limitation for reducing the weed competition by inter-row tillage
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was due to the impossibility to control the weeds in the chickpea rows. In fact, the rotary hoe left a
15-cm-wide untilled strip of the soil, in the center of which the chickpea row was placed, in order to
avoid crop injury. In this untilled strip the competition exerted by the chickpea plants was the only
limitation to the growth of emerged weeds.

In weedy plots the high weed density resulted in a lower competitive ability of the chickpea
compared to the weeds (Cb < 0) and in a relative biomass total (RBT) always higher than one.
Although the RBT could be subjected to density dependence (Weigelt and Jolliffe, 2003) it is likely
that a wide inter-row (50 cm) favored the resource use complementarity between the chickpea and
the weeds due a large ecological niche differentiation. As expected the mechanical weeding
determined a general reduction of weed density and biomass, an increase both of the competitive
ability (Cb) and the relative biomass of the crop (RBc), and a decline of the relative biomass of the
weeds (RBw), although the chickpea genotypes greatly differed in their competitive ability against
the weeds at different weed management levels. Alto Lazio and C1017 could be considered to be
the most competitive of the chickpea genotypes examined in this experiment, on the basis of their
yield production at different weed management levels and their weed infestation compared to the
other genotypes. In fact, Alto Lazio and C1017 showed a low relative biomass total (RBT) in inter-
row tillage conditions which was determined by a higher relative crop biomass (RBc), and by a
lower relative weed biomass (RBw) in respect to the other chickpea genotypes. These results
indicate a high ability of the Alto Lazio and C1017 to detract the limiting resources from the weeds
and thus to contrast the growth of the weeds more effectively than other chickpea genotypes.
Moreover, Alto Lazio and C1017 have always had the highest competitive balance index values at
all levels of weed control (on average Cb = 0.58) and the lowest weed aboveground biomass and
weed density at chickpea maturity (average 305 g m™ of DM and 95 plants m™ respectively) thus
showing a higher ability for suppressing the weeds. Sultano and C6150, which had a similar seed
yield production in weed-free conditions to Alto Lazio, showed the lowest Cb and their low
competitive ability was confirmed by the highest seed yield reduction in weedy conditions. C134,
which was the less yielding genotype in weed-free conditions, showed a low seed reduction in inter-
row tillage conditions even if it was less capable for suppressing the weeds especially in 2-hoeings
(low Cb). This suggests both a high weed tolerance and weed-crop resource use complementarity
(RBT of C134 = 1.23) which are unwanted because they could lead the weeds to set more seeds and
therefore increase the soil seedbank (Paolini et al., 2006). A good level of competitive ability
combined with an elevated yield potential allowed Alto Lazio to reach the highest grain yield

production both in weed absence and weed presence. Therefore, among the genotypes with the
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same yield potential, it is better to choose those with a higher Cb. These results indicate that the
selection for improved competitiveness in chickpea is feasible (Lemerle et al., 2001b). The chickpea
aboveground biomass in the earlier stages, the ground coverage and plant height were the traits that
positively associated with Cb index, and the increase of these parameters could lead to the
improvement of the competitive ability of chickpea genotypes against the weeds (Cici et al., 2008).
The Authors suppose that an high early crop growth rate associated to taller plants, as observed in
Alto Lazio and C1017, could reduce the critical period of weed interference by means of a rapid
canopy closure at least on the untilled strip. In general the weeds that emerge following crop canopy
closure accumulate little biomass, show a poor competitive ability against the crop, and do not
affect seed yield (Stagnari and Pisante, 2010; Swanton and Weise, 1991; Malik et al., 1993). This
was also supported by the highest values of weed density and weed aboveground biomass observed
in Sultano, which also showed the lowest values of the aboveground biomass, the ground coverage
in the earlier stages and the plant height. Therefore, our results highlight that these screenable traits
could be positively evaluated in breeding programs with the aim of developing high competitive
chickpea cultivars. It is clear that competitive ability alone is not sufficient for suppressing weeds in
chickpea crops and it needs to be combined with other types of weed management such as
mechanical weeding. The results of this research show that seed yield loss due to incomplete weed
control performed with inter-row tillage, could be considerably reduced by choosing highly
competitive chickpea genotypes which could be an integral part of an environmentally-friendly

weed management strategy.

5. CONCLUSION

In the rainfed Mediterranean environment weeds are very competitive with the chickpea and could
cause considerable yield losses. Our findings suggest that 2-hoeings applied at 25 and 50 DAE are
not always sufficient for controlling weeds throughout the cropping season and preventing
considerable chickpea seed yield reduction. However yield loss due to incomplete mechanical weed
control can be reduced by highly competitive chickpea genotypes which could be a integral part of a
weed management strategy for managing the weeds in both the intra-row and the inter-row space. In
this study the chickpea aboveground biomass, the ground coverage in the early stage (25 DAE) and
the plant height were positively correlated with the competitive ability of the chickpea (Cb),
therefore their inclusion in breeding programs could enable us to predict genotype performance in

field conditions where weeds are always present.
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ABSTRACT

A cover crop/pepper sequence was adopted for two growing seasons (2009/2010 and 2010/2011) in
Central Italy to evaluate the effect of different cover crop species and their residue managements on
weed control and fruit yield of a pepper crop. The treatments consisted in: (a) three winter cover
crops [hairy vetch (Vicia villosa Roth.), oat (Avena sativa L.), canola (Brassica napus L.)] and bare
soil; (b) three cover crop residue managements [residues left in strips on soil surface in no-tillage
(NT), green manure residues at 10 cm of soil depth in minimum tillage (MT), and green manure
residues at 30 cm of soil depth in conventional tillage (CT)]; (c) three levels of weed management
applied to the pepper crop [weed free (WF), inter-row mechanical control applied at 30 days after
pepper transplanting (WH), and weedy (W)]. The mulch strips in NT covered 50% of the ground
and were used as transplanting bed for pepper seedlings. At cover crop suppression, hairy vetch
showed a higher aboveground biomass compared to oat and canola (on average 792 vs. 526 g m™ of
DM, respectively), even if oat showed the lowest level of weed infestation. In pepper the lowest
weed density was found in NT compared to MT and CT (on average 22, 33, 37 plants m™). Oat
residues always caused the lowest weed density and weed aboveground biomass, while hairy vetch
showed an efficient weed suppression only inside the pepper rows in NT where the soil was
mulched. An inter-row hoeing, carried out 30 days after pepper transplanting, determined a general
reduction of weed density and weed aboveground biomass (on average -60 and —86 %, respectively)
and a higher pepper yield (on average + 84 %) compared to weedy pepper. Hairy vetch showed the
highest marketable pepper yield regardless the weed management treatments (on average 26.8 t ha™
of FM), even if in WH and W weed management the yield was higher in NT than MT and CT (on
average 31.4 vs. 14.2 t ha™ of FM, respectively). The pepper yield was positively related to the
chlorophyll concentration of the pepper leaves (SPAD readings) which was higher and more
constant throughout the pepper cropping period in hairy vetch residues. Therefore, the use of hairy
vetch residues placed in mulch strips combined with an inter-row cultivation enable us to obtain a

satisfactory weed control and fruit yield in a pepper crop.

KEY WORDS: No-Tillage; Minimum tillage; Conventional tillage; Green manuring; Mulching;

Weed control; Integrated Weed Management; Sustainable vegetable production.
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1. INTRODUCTION

Weeds act at the same trophic level of the crops, therefore they use a part of limited resources that
are essential for crop growth, for this reason weeds are considered a significant constraint in modern
agricultural production systems (Oerke, 2006). Although the knowledge of the competitive
interaction between weeds and crops has been an integral part of traditional weed control, the
availability and widespread use of herbicides has supplanted this knowledge in favour of
prescriptive management practices (Liebman, 2001). However, the excessive use of herbicides in
vegetable production systems, with large use of fossil energy, strongly contributes to environmental
risks (Isik et al., 2009a; Kropff and Walter, 2000). Therefore, even if the use of herbicides has
simplified weed management, several doubts have arisen regarding the sustainability of production
systems which heavily rely on off-farm purchased inputs (Tilman et al., 2002). Nowadays, more
environmentally friendly weed management strategies include multiple approaches which strive to
minimize weed emergence and weed crop interference, in order to develop highly effective weed
control systems and limit or avoid the use of synthetic chemicals (Bond and Grundy, 2001). Recent
interest in cover crops has been motivated by the increase of the cost of commercial fertilizers and
pesticides, the decline in soil fertility, and the loss of soil, nutrients and chemicals that become
major contaminants to water sources (Hartwig and Ammon, 2002; Teasdale et al., 2008). Although
the use of cover crops and their residues is a common practice among organic vegetable growers
(Beveridge and Naylor, 1999), their use is also increasing on conventional farms, especially where
an integrated weed management is required (Nyiraneza and Snapp, 2007). In the Mediterranean
environment, annual winter cover crops are planted in the late summer or early autumn, become
established before winter, and reach the highest level of biomass by early spring (Campiglia et al.,
2011a). The can generally provide biological weed control throughout their growing period by
replacing an unmanageable weed population with manageable cover crop aboveground biomass
(Teasdale, 1996). To avoid competition with a subsequent cash crop, winter cover crops are usually
suppressed in spring by chemical and/or mechanical means. Before planting spring vegetables,
cover crop residues could be tilled into the soil as green manure or killed and left on the soil surface
as organic dead mulches in no-till crop production systems. Cover crop residues whether they
remain on the soil surface or are incorporated with tillage, affect weed emergence and
establishment. In fact, many species of cover crops when incorporated into the soil, are known to
release considerable amounts of allelochemicals that reduce weed emergence and growth (Kruidhof
et al., 2009). Different cover crops can have selective effects on weed species (Mennan et al., 2009),

for this reason cereal (Smith et al., 2011; Barnes and Putman, 1983), legume (Campiglia et al.,

106



ECOLOGICAL WEED MANAGEMENT

Emanuele Radicetti

2011b; Caamal-Maldonado et al., 2001), and crucifer (Alcantara et al., 2011; Haramoto and
Gallandt, 2004) cover crops are widely used in various cropping systems. A higher efficiency in
suppressing weeds can be obtained if the cover crop residues are concentrated in the soil surface
layer (Bilalis et al., 2003), and if their mineralization is delayed as long as possible (Teasdale and
Shirley, 1998). In no-till systems, the cover crop could be killed by chemical or mechanical means
to create a mulch layer (Campiglia et al, 2012; Carrera et al., 2004). These organic dead mulches
can inhibit weed growth not only by releasing allelochemicals (Barnes and Putnam, 1987), but also
by providing a physical barrier to weeds (Campiglia et al., 2010; Teasdale and Mohler, 2000) which
intercept light before it can reach the seed of the weeds (Teasdale and Mohler, 1993) and reduce the
temperature fluctuations (Kruk et al., 2006). Generally, the level of weed suppression depends on
the amount of the mulch biomass with an exponential relationship between mulch mass and weed
emergence (Teasdale and Mohler, 2000). Campiglia et al. (2012) showed that the use of cover crop
residues placed in strips as organic dead mulch in no-tillage systems could be adopted successfully
in both organic and conventional cropping systems for reducing the weeds in summer vegetable
production. Furthermore, mulched cover crops can provide favorable microhabitats for beneficial
insects (Stinner and House, 1990), including entomophagus insects and weed seed predators, such
as granivoros carabid beetles which are important seed consumers in temperate ecosystems
(Westerman et al., 1993). However, the cover crop residue alone cannot lead to an effective weed
control, many studies indicate the necessity to provide additional weed control means for reducing
the competitive effects of the weeds toward the crop (Teasdale and Mohler, 1993). In this
perspective, cover crops can be a part of an integrated weed management (IWM) strategy which
combines the cover crop effect with mechanical or chemical means in order to obtain a satisfactory
weed control. However, as suggested by Kruidhof et al. (2009), cover crop residue management
remains a key factor in weed management and control, even if very few studies have compared the
effect of different cover crop residue management on weed suppression and yield on the following
cash crop.

The main purpose of this study was to evaluate the effects of different cover crop species and their
residue management in no-tillage (residue left on soil surface), minimum tillage (shallow green
manuring), conventional tillage (deep green manuring) conditions on weed control and fruit yield of
a pepper crop in the Mediterranean environment of central Italy. The specific objectives of this
study were: (i) to evaluate the efficiency of different cover crop species on weed control throughout
their growing season; (ii) to identify the best cover crop residue management in order to control the

weeds in the following crop; (iii) to assess the feasibility to combine cover crop residue
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management and inter-row tillage for improving weed control in an integrated weed management
perspective; (iv) to determine yield response of a pepper crop in different cover crop residue

management conditions.

2. MATERIALS AND METHODS

2.1. Site description, soil characteristics and experimental design

The experiment was carried out at the Experimental Farm of the University of Tuscia, in Viterbo,
Italy (latitude 42°24°53”> N — longitude 12°03’55’’ E — altitude 310 m asl). A winter cover
crop/pepper sequence was adopted for two growing seasons (2009/2010 and 2010/2011) in two
adjacent fields previously cropped with durum wheat (Triticum durum Desf.). At the beginning of
the experiments the average soil characteristics in the 0-30 cm layer were: 76.3% sand, 13.3% silt,
and 10.4% clay; pH 6.9 (water, 1:2.5); 1.32% organic matter (Lotti) and 0.094% total nitrogen
(Kjeldahl). The climate of the region is typically Mediterranean with rainfall concentrated in
autumn and spring, the temperature rarely drops below 0 C° in winter, while the summer is usually
dry. The cover crops were grown during the wet season and then suppressed about one week before
pepper transplanting. The treatments consisted in: (a) three cover crop treatments [hairy vetch
(Vicia villosa Roth., var. Capello), oat (Avena sativa L., var. Donata), canola (Brassica napus L.,
var. Licapo)] and bare soil (hereafter called bare soil); (b) three different cover crop residue
managements [residues left on soil surface in no-tillage system (hereafter called NT), green manure
residues at 10 cm of soil depth in minimum tillage (hereafter called MT), and green manure
residues at 30 cm of soil depth in conventional tillage (hereafter called CT)]; (c) three different
levels of weed management applied to the pepper crop [weed free (hereafter called WF), inter-row
mechanical control applied at 30 days after pepper transplanting (hereafter called WH), and weedy
(hereafter called W)]. The experimental design was a split-split-split (4 cover crop treatments x 3
cover crop residue management levels x 3 weed management levels), where the cover crop was the
main factor, the cover crop residue management was the split factor, and the weed management was
the split-split factor. The main plot size was 216 m? (18 m x 12 m), the sub-plot size was 72 m? (6
m x 12 m), and sub-sub-plot size was 24 m? (6 m x 4 m). The treatments were replicated 3 times for
a total of 108 basic plots.
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2.2. Cover crop and pepper establishment

In both years, before the beginning of each cover crop/pepper sequence, the soil was ploughed in at
a depth of 30 cm in the first week of September. It was then fertilized with 100 kg P,Os ha™ as
triple super phosphate and harrowed twice in order to break the soil clods and homogenize the
fertilizer into the soil profile for seed bed preparation. The cover crops (hairy vetch, oat, and canola)
were sown manually and the seeds were superficially buried by harrowing on 24 September 2009
and 13 September 2010. The seed rate was the same in both years (60, 100, and 15 kg ha™ for hairy
vetch, oat, and canola, respectively). In the bare soil plots, after seed bed preparation, the soil was
kept bare throughout the cover crop growing season by hand weeding. One week before pepper
transplanting, the aboveground biomass of cover crops was suppressed (21 May 2010 and 4 May
2011), thereafter cover crop residues were arranged as follows: (i) the residues were mowed about 5
cm above the soil surface and placed in strips using a hay-conditioner farm machine in order to
manage the cover crop residues in no-tillage system; (ii) the residues were chopped using a straw
chopper and immediately incorporated into the soil at 10 cm with a rotary hoe in order to manage
the cover crop residues in minimum tillage system; (iii) the residues were chopped using a straw
chopper and immediately incorporated into the soil at 30 cm with a mould-board plough and disked
twice in order to manage the cover crop residues in conventional tillage system. The mulch strips
formed a uniform layer of residues about 50 cm wide placed at a distance of 1.0 m center strip from
one another alternating a strip of mulch with a strip 0.5 m wide with unmulched soil (Campiglia et
al., 2011). Therefore the percentage of ground area covered by cover crop residues was 50 % of the
total ground area and the mulch strips were used as transplanting bed for the pepper seedlings. In
the bare soil the transplanting bed was prepared with a herbicide (glyphosate), rotary hoe, and
mould-board plough and disked twice in order to simulate a no-tillage, minimum tillage, and
conventional tillage system, respectively. One week after the bed transplanting preparation, pepper
seedlings (Capsicum anuum L.) cv. Cleor were transplanted by hand in rows on 27 May 2010 and
12 May 2011. The distance between the pepper plants in the rows was 33 cm, and the density was 3
plants m2. In the mulched plots the pepper seedlings were transplanted with minimal disturbance of
the mulch layer. The same geometry was maintained in all cover crop residue management
treatments. Drip irrigation started immediately after pepper transplanting in order to prevent
moisture stress. Irrigation was supplied by a single line of drip irrigation tape with 30 cm spaced
emitters laid over the mulch layer (in no-tillage system), and the soil surface (in minimum tillage
and conventional system) on pepper rows at a distance about of 5 cm from plant rows. Each pipe

had on line emitters with a capacity of 3 | h™. The amount of water input was determined by
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evapotranspiration estimated by a class A pan evaporimeter and adjusted by crop coefficients
during the pepper growing seasons as suggested by Allen et al. (1998). In both years, irrigation was
stopped 10 days before the last harvest when the pepper growing season was over. Fertilization was
not applied to the pepper crop. Weed free pepper (WF) was hand weeded whenever necessary in
order to assess the effects of cover crop and their residue management on pepper yield. In weedy
conditions (W), the weeds grew undisturbed throughout the pepper cropping seasons, while in the
inter-row mechanical control (WH) the weeds were controlled at 30 days after pepper transplanting
(hereafter called DAT) between the pepper rows using a rotary hoe. All hoeing operations were
carried out in the same orientation with the same driving speed and setting along the pepper row. In
both years, repeated copper treatments were applied during the pepper cultivation in order to control
disease. The ripening of the pepper fruits was gradual therefore the pepper crop was harvested twice
a year on 20 September and 4 October 2010 and 25 August and 13 September 2011.

2.3. Sampling and Measurements

The rainfall and temperature data throughout the study period were collected from a weather station
located near the experimental site. In both years in the middle area of each plot, at 75, 150 days
after cover crop sowing (hereafter called DAS) and at cover crop suppression cover crop and weed
aboveground biomass was hand-clipped at the soil surface using a 50 cm x 50 cm quadrat (0.25 m?)
placed randomly four times on each center plot. Then the weed aboveground biomass was separated
from the cover crop aboveground biomass and the samples were oven dried at 70 °C until constant
weight. In order to evaluate the suppressive effect of the cover crops and their residues, total weed
density and total weed aboveground biomass (oven dried at 70 °C until constant weight) were
assessed at 30 DAT and at final pepper harvesting. The weeds were sampled within and between
pepper rows using a 50 x 100 rectangular placed randomly twice in the middle of each pepper sub-
sub-plot to avoid border effects. At the first pepper harvest the ripened fruit of 10 pepper plants
were harvested from the two middle pepper rows (5 plant per row) of each sub-sub-plot. At final
pepper harvest the same plants were harvested and cut manually at the soil surface in order to
determine the marketable pepper yield (number and fresh weight) and the straw weight (stems +
leaves) was oven dried at 70°C until constant weight. The small, over-mature, and damaged fruits
were considered non-marketable. The SPAD-502 meter (Minolta, Osaka, Japan) was used to obtain
readings estimating chlorophyll concentration of pepper crop on the 4™ fully grown leaf down from
the top of the plant. The chlorophyll content was measured every 15 days throughout the pepper
crop period in the weed free plots, while it was measured in all sub-sub-plots at 30 DAT and at final
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pepper harvesting. Ten readings, one reading per plant, were taken in each replication and averaged
(Minotti et al., 1994). All SPAD reading values measured throughout the pepper cropping period
were added to determine the total amount of SPAD reading score (sum of SPAD readings) achieved

by the pepper in the different treatments.

2.4. Statistical analyses

All data were subjected to analysis of variance (ANOVA) using JMP statistical software package
version 4.0 (SAS Institute, Cary, NC). The analysis of variance was carried out for the 2-year
period, considering the year as a random variable. The total aboveground biomass and weed content
of cover crops at 75 DAS, 150 DAS, and at cover crop suppression were analyzed as a split-plot
experimental design, where the year was considered as the main factor and the cover crop as the
split factor. A split-split-split-plot experimental design was adopted for the pepper and weed
characteristics, where the year was treated as main factor, the cover crop as the split factor, the
cover crop residue management as the split-split factor, and the weed management or weed position
in pepper cultivation as the split-split-split factor. In order to homogenize the variance, after the
Bartlett test and before the statistical analysis the data were transformed, in particular weed density
as square root (x + 0.05), and percentages as angular transformation (Gomez and Gomez, 1984).
The data reported in the tables were back transformed. Fisher’s protected least significant difference
at 5 % level of probability (LSD 0.05) was used to compare the main effect and interaction means.
Linear regressions were performed on data between SPAD readings and pepper/weed

characteristics.

3. RESULTS

3.1. Weather conditions

Minimum and maximum air temperatures and rainfall observed throughout the experimental period
are reported in Figure 18. The daily average air temperature varied from a minimum of 1.5 °C in
January and — 2.2 °C in December to a maximum of 33.1 °C in July and 33.2 °C in August in
2009/2010 and 2010/2011, respectively. In the cover crop growing period (from September to May)
the total rainfall was 964 mm in 2009/2010 and 594 mm in 2010/2011. In the same period the
average air temperature was generally lower in 2010/2011 (on average 9.9 °C) compared to
2009/2010 (on average 10.8 °C), especially in December and February when the minimum

temperature dropped below 0 °C several times. In the growing period of pepper the total
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precipitation was higher in 2011 than 2010 (422 vs. 194 mm, respectively), mostly concentrated in
June and July when abundant rainfall was observed. The average air temperature of the same period
was slightly higher in 2011 than 2010 (22.1 vs. 21.0 °C), especially in August when the maximum

temperature went over 35 °C.

Figure 18. Rainfall, minimum and maximum average air temperatures at 10-day intervals at the experimental site from
September 2009 to September 2011.
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3.2. Cover crop aboveground biomass and weed content

The growing period of the cover crops (September — May) lasted for 239 and 233 days in
2009/2010 and 2010/2011, respectively. In general, the total aboveground biomass (cover crop +
weeds) observed at 75 DAS, 150 DAS, and cover crop suppression was similar between the two
growing seasons, although the weed content was higher in 2010/2011 than 2009/2010 (on average
23 vs. 6 % of total aboveground biomass, Table 16). At 75 DAS, the total aboveground biomass
(cover crop + weeds) was similar among the cover crop species (on average 182 g m™ of DM), even
if the weed content varied among the cover treatments, in fact it was higher in hairy vetch than in

canola and oat (on average 32 vs. 9 %, respectively). At 150 DAS, oat showed the highest total
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aboveground biomass even if it had the lowest weed content (338 g m™ of DM of which 5 % were
of weeds), while hairy vetch and canola had a similar total aboveground biomass and weed content
(on average 174 g m™ of DM of which 19 % were of weeds). At cover crop suppression, the total
aboveground biomass was higher in hairy vetch than canola and oat in both cover crop growing
seasons (on average 792 and 526 g m? of DM), while the weed content was lower in oat (2 %),
intermediate in vetch (10 %) while it differed between the years in canola (8 and 57 % in 2009/2010
and 2010/2011, respectively).

Table 16. Total aboveground biomass (cover crop + weeds) and weed content at 75, 150 days after sowing (DAS) and
at cover crop suppression, and interaction effect of cover crop x year on weed content of cover crop at cover crop
suppression. Values belonging to the same characteristic and treatment without common letters are statistically different
according to LSD (0.05), in rows per year (upper case letter) and in columns per cover crop (lower case letter).

75 DAS 150 DAS Cover crop suppression
Cover Cro Aboveground Weed  Aboveground Weed  Aboveground Weed
p . : i

biomass content biomass content biomass content

(gm?ofDM) (%) (gm?ofDM) (%) (gm?of DM) (%)
2009/2010 2010/2011
Hairy vetch 1722 a 316 a 1604 b 159 A 791.7 a 8.7 aA 10.8 bA
Canola 181.7 a 105 b 1875 b 222 A 5323 b 7.9 abB 56.6 aA
Oat 192.7 a 76 b 3379 a 46 B 520.1 b 2.6 bA 1.6 cA

3.3. Pepper

Table 17 reports the results of the analysis of variance on pepper characteristics. Generally all
treatments affected the pepper as main effects (P < 0.01), however there were significant
interactions cover crop x cover crop residue management X weed management and year X cover

crop x weed management for most of the pepper characteristics.
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3.3.1 Pepper yield characteristics

Generally pepper yielded more in WF (weed-free conditions) than in WH (Inter-row hoeing) and W
(Weedy conditions), just as the hairy vetch showed the highest values of pepper yield characteristics
compared to the other cover treatments and the bare soil (Table 18). In WF conditions the
marketable pepper yield ranged from 8.4 to 41.4 t ha™ of FM and it was similar in hairy vetch
among the cover crop residue management treatments (on average 40.4 t ha™). In canola and bare
soil it was higher in MT and CT than NT treatments (on average 25.4 and 13.9 vs. 21.4 and 10.1 t
ha™ of FM, respectively), while in oat the highest value of marketable pepper yield was observed in
NT (21.1 t ha™ of FM) compared to MT and CT (on average 9.2 t ha™ of FM). A similar trend was
observed in the number of pepper fruits and in the straw weight. The number of pepper fruits ranged
from 16.2 to 46.9 n° m™, while the straw weight ranged from 0.9 to 2.9 t ha™ of DM in oat MT and
hairy vetch MT, respectively (Table 18). In WH conditions NT showed a higher marketable yield,
number of fruits, and straw weight than MT and CT except in bare soil where there were no
differences among weed management treatments. Hairy vetch always determined a higher pepper
yield and straw weight (on average 24.9 t ha™ of FM and 1.9 t ha™* of DM, respectively) compared
to canola, oat and bare soil (on average 10.6, 10.4 and 5.9 t ha™ of FM and 0.9, 1,0 and 0.8 t ha™* of
DM, respectively). A similar trend was observed in W conditions although a generalized loss of
production was noticed in all residue management treatments. In hairy vetch, where the pepper
performed better than in the other cover crop treatments, the marketable pepper yield was 25.3, 9.3
and 10.2 t ha of FM in NT, MT and CT, respectively. In canola, oat and bare soil the pepper yield
characteristics were very poor, in particular the marketable pepper yield ranged from 2.2 t ha™ of
FM in CT bare soil to 8.6 of t ha™ of FM in NT oat (Table 18).

In Table 19 the effects of interaction of the year x cover crop x weed management on the straw
weight, marketable yield and fruits of the pepper are reported. Pepper performed generally better in
2010 than 2011 especially in oat and canola where the marketable pepper yield was higher in WF
conditions. In WF hairy vetch showed the highest marketable pepper yield and straw weight in both
years (on average 40.4 t ha™ of FM and 2.8 t ha™ of DM, respectively), while in presence of weeds
hairy vetch yielded more in 2010 than 2011 (Table 19). Bare soil showed a different trend to hairy
vetch, in fact pepper yield was higher in 2010 compared to 2011 in WF conditions (Table 19).
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Table 19. The effect of interaction of the year x cover crop x weed management on the marketable pepper yield, number
of marketable fruits and pepper straw at pepper harvesting. Values belonging to the same characteristic without common
letters are statistically different according to LSD (0.05) in rows for each weed management (upper case letter) of each
year and columns for each cover crop (lower case letter).

Marketable pepper yield (t ha™ of FM)

Weed-free Inter-row hoeing Weedy
Cover crop 2010 2011 2010 2011 2010 2011
Hairy vetch  41.1 aA 39.7 aA 28.8 aA 21.0 aB 176 aA 124 aB
Oat 154 cA 10.9 cB 11.1 bA 9.6 bA 6.6 bA 4.8 bA
Canola 28.3 bA 19.8 bB 11.7 bA 9.4 bB 50 bcA 2.7 cB
Bare soll 14.4 cA 10.7 cB 6.9 CA 49 cA 41 cA 29 cA

Number of marketable pepper fruits (n° m™)

Weed-free Inter-row hoeing Weedy
2010 2011 2010 2011 2010 2011
Hairy vetch  46.8 aA 42.3 aA 34.2 aA 28.2 aB 20.0 aA 17.8 aA
Oat 23.3 cA 17.2 cB 17.4 cA 138 bA  11.6 bcA 9.4 bA
Canola 35.9 bA 25.3 bB 22.7 bA 129 bB 12.2 bA 8.0 bB
Bare soil 22.1 cA 19.6 cA 13.4 cA 10.0 bA 8.0 cA 7.3 bA

Straw weight (t ha™ of DM)

Weed-free Inter-row hoeing Weedy
2010 2011 2010 2011 2010 2011

Hairy vetch 2.7 aA 2.8 aA 21 aA 15 aB 18 aA 13 aB

Oat 13 dA 10 cB 1.2 bA 0.8 bB 1.0 bA 06 bB
Canola 19 bA 15 bB 1.1 bcA 0.7 bcB 0.8 bcA 0.6 bA
Bare soil 16 cA 1.3 bB 09 cA 06 cB 06 cA 04 bA

3.3.2 SPAD readings in pepper

Cover crops and their residue management affected SPAD readings in pepper throughout the
growing cycle of the crop (Figure 19). In weed-free conditions, it generally tended to increase after
pepper transplanting reaching higher values in the middle of the cropping period of the pepper and
then it tended to decrease until pepper harvesting. This trend was similar in all cover crops and
cover crop managements except in hairy vetch which showed quite similar values throughout the
cropping period in NT, MT and CT. The SPAD reading values observed in canola and bare soil
were generally lower in NT compared to MT and CT throughout the cropping period. In oat the
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SPAD reading values were lower in CT and MT at the beginning of the cropping period of the
pepper, while it increased and became higher than in NT at pepper harvesting. In oat maximum
amplitude in SPAD reading values were also observed throughout the cropping season (from 38.7
to 58.8), while hairy vetch showed the minimum amplitude (from 51.7 to 62.1). At the end of the
cropping period of the pepper the total SPAD reading score was higher in hairy vetch, intermediate
in canola and bare soil and lower in oat (on average among residue management treatment 512, 464,
and 451, respectively). The total of SPAD readings, measured during the pepper growing cycles,
was positively correlated with the marketable pepper yield (r* = 0.61, P < 0.001, Figure 20).

The interaction effect of the cover crop x residue management x weed management on the pepper
chlorophyll content (SPAD readings) at 30 DAT is reported in Table 20. As expected, in WF
conditions higher values of SPAD readings were observed compared to weedy conditions (on
average 50.0 vs. 45.1). Among the cover crop treatments, hairy vetch showed the highest values of
SPAD in WF in all residue management treatments (on average 55.7), while in the other cover crop
treatments it ranged from 51.3 in CT canola to 44.2 in CT oat. In weedy conditions the SPAD
reading values were similar among cover crop treatments in CT (on average 44.2) while they
considerably differed in NT. In fact the highest value was observed in hairy vetch (53.9) followed
by oat (47.4) and the lowest in canola and bare soil (on average 43.2).

The SPAD readings measured at pepper harvesting were influenced by cover crop X residue
management X weed management (Table 21). The SPAD readings generally showed a similar trend
observed at 30 DAT. Among weed management treatments they were higher in WF, intermediate in
WH, and lower in W conditions (on average 48.5, 44.8, and 41.2, respectively). Furthermore, SPAD
readings were higher in hairy vetch compared to the other cover crop treatments (on average 50.4
vs. 43.0). In WF conditions SPAD readings varied from 44.1 in NT oat to 56.1 in NT hairy vetch
and were similar among NT, MT, and CT in oat, canola and bare soil (on average 45.1, 47.4, and
47.5, respectively, Table 21. A similar trend was observed in WH, although the SPAD reading
values were lower than in WF, in fact they ranged from 39.0 in NT canola to 53.8 in NT hairy
vetch. In W conditions the SPAD reading values were generally at their minimum and similar
among cover crops and residue management treatments (from 36.6 to 42.5) except in hairy vetch

which showed high values especially in NT (49.1).
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Figure 20. Relationship between the sum of the SPAD readings of pepper measured throughout the pepper growing
season in weed-free conditions and the marketable pepper yield. Data correspond to the 2010 and 2011 growing

Emanuele Radicetti

seasons and the significance level is (***) significant at P < 0.001 level.
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Table 20. The effect of interaction of the cover crop x residue management x weed management on the pepper leaf
chlorophyll content (SPAD readings) measured at 30 days after pepper transplanting (DAT). Values belonging to the
same characteristic without common letters are statistically different according to LSD (0.05) in rows for each cover crop
residue management (upper case letter) of each weed management. and columns for each cover crops (lower case

20

40 60

Pepperyield (t hatof FM)

letter). NT = no-tillage; MT = Minimum tillage; CT = Conventional tillage

SPAD readings at 30 DAT

Cover crop

Weed-free

Weedy conditions

NT

MT CT

NT MT CT

Hairy vetch 54.6 aA
Canola 46.2 bB
Oat 48.1 bA
Bare soil 45.9 bB

56.8 aA 55.8 aA
50.9 bA 51.3 bA
47.2 cA 442 dB
51.1 bA 47.5 cB

53.9 aA 44.6 abB 44.2 aB
43.6 cA 433 bA 444 aA
474 bA 46.1 aAB 445 aB
42.7 cA 42.4 bA 43.6 aA
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3.4. Weeds in pepper

The weed density at 30 DAT (days after transplanting) was affected by all treatments as main
effects (P < 0.001, Table 17) and there were also significant interactions year x cover crop x weed
position (P < 0.05) and cover crop x cover crop residue management x weed position (P < 0.05,
Table 17). In 2011 the weed density was generally higher than 2010 both inside (79.0 vs. 47.6
plants m™, respectively) and outside (57.9 vs. 33.8 plants m™, respectively) pepper rows, except in

oat which showed similar values in both years (Table 22).

Table 22. The effect of interaction of the year x cover crop x weed position and of the year x cover crop residue
management x weed position on the weed density at 30 days after pepper transplanting (DAT). Values belonging to the
same characteristic without common letters are statistically different according to LSD (0.05) in rows for each year
(upper case letter) of each weed position. and columns for each cover crops or (lower case letter).

Weed density (n° plants m™)

Inside Outside
pepper row pepper row
Cover crop 2010 2011 2010 2011
Hairy vetch 509 bB 69.3 cA 38.1 bA 43.0 cA
Canola 51.3 bB 107.3 bA 37.4 bB 69.6 bA
Oat 48 cA 64 dA 12 cA 38 dA
Bare soil 83.3 aB 132.8 aA 58.4 aB 115.3 aA

The weed density, inside the pepper rows was generally higher in MT (on average 92.1 plants m™),
intermediate in CT (on average 72.0 plants m®) a lower in NT (on average 25.7 plants m™), except
in oat where it was very low and similar in all residue management treatments (on average 5.6
plants m?, Table 23). Outside the pepper rows the weed density followed a similar trend, even if it
there were smaller differences between MT and CT. Among the cover crop treatments, bare soil
showed a high weed density both inside and outside the pepper rows (on average 49.0, 141.3 and
104.4 plants m? in NT, MT and CT, respectively), while hairy vetch showed a weed density similar
to oat in NT inside the pepper rows and generally lower compared to canola in the other treatments
(Table 23). As expected the weed aboveground biomass showed a similar trend of weed density,
even if there were slight differences among treatments. In fact, it was similar in NT, MT and CT in
oat (from 0.1 to 8.6 g m-> of DM) and bare soil (from 45.6 to 53.9 g m-> of DM) regardless the
weed position. In canola it ranged from 30.6 to 46.5 g m™ of DM, while in hairy vetch the weed

biomass varied from 7.4 to 57.5 g m-? of DM (in NT and MT inside pepper row, respectively).
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There was a negative linear correlation between the SPAD readings measured at 30 DAT and weed
density (r* = 0.33, P < 0.05) and between SPAD readings measured at 30 DAT and weed
aboveground biomass ( r?= 0.54, P < 0.001, Fig. 21).

Table 23. The effect of interaction of the cover crop x residue management x weed position on the weed density and
weed aboveground biomass at 30 days after pepper transplanting (DAT). Values belonging to the same characteristic
without common letters are statistically different according to LSD (0.05) in rows for each residue management (upper
case letter) of each weed position and columns for each cover crops (lower case letter). NT = no-tillage; MT = Minimum
tillage; CT = Conventional tillage

Weed density (n° plants m?)

Cover crop Inside pepper row Outside pepper row

NT MT CT NT MT CT

Hairy vetch 13.7 bC 940 cA 727 bB 255 bB  53.2 bA 43.0 bA
Canola 383 aC 1165 bA 83.0 bB 448 aA 60.7 bA 550 bA
Oat 1.2 bA 57 dA 100 cA 6.5 CA 1.0 cA 0.1 cA
Baresoil 49.6 aC 1522 aA 1223 aB 483 aC 130.3 aA 86.5 aB

Weed aboveground biomass (g m™ of DM)

Cover crop Inside pepper row Outside pepper row

NT MT CT NT MT CT

Hairy vetch 7.4 cC 575 aA 36.0 bB 541 aA 313 bB 253 bC
Canola 37.4 bB 465 bA 352 bB 409 bA  37.1 bAB 30.6 bB
Oat 15 cA 1.8 cA 28 cA 86 cA 1.9 cA 0.1 cA
Baresoil  48.2 aA 53.0 abA 539 aA 465 abA 456 aA 46.0 aA

123



ECOLOGICAL WEED MANAGEMENT
Emanuele Radicetti

Figure 21. Relationship between (A) the SPAD readings of pepper at 30 days after pepper transplanting and the total
weed density in weedy conditions, and (B) the SPAD readings of pepper at 30 days after pepper transplanting and the
total weed aboveground biomass in weedy conditions. Data correspond to the 2010 and 2011 growing seasons and the
significance level is (*) and (***) significant at P < 0.05 and P < 0.001 level, respectively.
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Table 24 reports the interaction effect of year x cover crop x weed position on weed density at
pepper harvesting. The total weed density was generally higher in 2011 than 2010 in canola in all
weed positions and outside the pepper rows in W conditions except in oat where it was similar in
both years. Among cover crop treatments the weed density showed a similar trend in both years
inside the pepper rows where bare soil showed higher values, hairy vetch and canola intermediate
values, and oat lower values (Table 24). Outside the pepper rows the differences in weed density
among cover crop treatments were generally less evident in 2010 both in WH and W and in 2011 in
WH conditions, while in W conditions in 2011 the trend was similar to that already reported inside
the pepper rows (Table 24). The interaction effect of cover crop x residue management x weed
position on weed density and weed aboveground biomass at pepper harvesting is reported in Table
10. As expected, weed density and weed aboveground biomass outside the pepper rows were lower
in WH (on average 14.4 plants m™ and 47.8 g m of DM, respectively) than in W (on average 38.7
plant m? and 339.8 g m™ of DM, respectively), moreover in WH there were no differences among
residue management treatments and cover crops except in oat which generally showed a lower weed
density (on average 6.6 plant m?). In W conditions a reduction in weed density and weed
aboveground biomass was observed in NT hairy vetch and bare soil compared to MT and in general
in oat compared to the other cover crop treatments. However, the greatest differences in weeds were
noticed inside the pepper rows among cover crops and residue management treatments. The lowest
weed density was always observed in NT compared to MT and CT (on average 21.1 and 51.4 plant
m?), and in oat compared the other cover crop treatments, even if hairy vetch in NT showed similar
values to oat (on average 7.8 plant m™). A higher weed density was generally observed in bare soil
although in MT and CT it was also high in hairy vetch (Table 25). Inside the pepper rows, the weed
aboveground biomass did not always follow the trend of the weed density. In fact it was higher in
CT than in NT only in hairy vetch (714.8 vs 30.8 g m™ of DM) and bare soil (608.7 vs 425.7 g m?
of DM), while it was similar among the residue management treatments in canola and oat (on
average 313.8 and 81.3 g m of DM, respectively). However, oat generally showed a lower weed
aboveground biomass and the bare soil a higher weed aboveground biomass compared to the other
cover crop treatments, even if hairy vetch had similar weed aboveground biomass to bare soil in
MT and CT (Table 25).
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Table 24. The effect of interactions of the year x cover crop x weed position and year x cover crop residue management
x weed position on the weed density at pepper harvesting. Values belonging to the same characteristic without common
letters are statistically different according to LSD (0.05) in rows for each weed position (upper case letter) of each year
and columns for each cover crops (lower case letter).

Weed density (n° plants m™)

Inside Pepper row Outside pepper row Outside Pepper row
Cover crop (Inter-row hoeing) (Weedy)

2010 2011 2010 2011 2010 2011
Hairy vetch  42.1 bA 404 bA 158 abA 11.4 bA 34.3 aB 46.3 bA
Canola 36.4 bB 483 bA 107 bB 204 abA 29.8 aB 39.3 bA
Oat 21.0 cA 213 cA 6.0 bA 7.4 bA 220 bA 13.0 cA
Bare soil 60.4 aA 60.3 aA 21.0 aA 228 aA 36.7 aB 59.9 aA
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4. DISCUSSION

In this study the cereal, legume, and cruciferous cover crop species were chosen for their capability
of releasing allelochemicals during the mineralization process of their residues (Bond and Grundy,
2001; Kruidhof et al., 2009) and because they are suitable for the temperate climate of the
Mediterranean environment. The emergence of cover crop seedlings was uniform and their
establishment was regular in both experimental years, even if canola showed a significant reduction
on plant density (data not shown) and aboveground biomass in the second year due to the frost
damage that occurred in December 2011 and February 2012 when the minimum air temperatures
dropped several times below 0°C. Consequently, in 2011 a high weed content was observed in
canola cover crop at its suppression because it was not able to fully cover the soil and to control the
winter and spring weeds (DenHollander et al., 2007). Therefore, the potential for winter injury and
the resulting poor soil cover are important considerations in determining the risks involved in
adopting canola as winter cover crop in the Mediterranean environment of central Italy. Despite the
early cold period observed in the cover crop growing period 2010/2011, both hairy vetch and oat
did not seem to be damaged by frost, thus proving to be suitable winter cover crops in
Mediterranean environment capable of accumulating large amounts of aboveground biomass and
suppressing the weeds throughout their growing period. Oat was the most suppressive cover crop
which showed the lowest weed content in both cover crop growing cycles (less than 3% of the total
aboveground biomass), probably due to its ability to act as smother crop (Zerner et al., 2008) and to
release strong allelochemicals which reduce the germination and the development of weeds
(Putman et al., 1983). Hairy vetch had the highest amount of aboveground biomass at cover crop
suppression (about 8 t ha™ of DM) and was able to reduce the weeds especially in the spring period
when it grew rapidly.

After the cover crop suppression, the management of the residues had a strong effect on weed
germination and establishment in pepper. According to Streit et al. (2002), the lowest weed density
was found under no-tillage (NT) compared to minimum (MT) and conventional tillage (CT), except
for perennial broad-leaved species (data not shown) whose density was the highest in NT (Buhler et
al., 1994). In particular, the emergence of the weed seedlings was strongly reduced by the muich
obtained from the cover crop residues (Campiglia et al., 2010; Mohler and Teasdale, 1993;
Kruidhof et al., 2009). It is well known that a mulch layer could modify the light, temperature,
moisture and chemical environment in which the seeds germinate (Teasdale and Mohler, 2000). In
fact, a mulch layer above the soil surface reduces the photon flux determining a reduction of

germination of photoblastic seeds (Bilalis et al., 2003), moreover it reduces the thermal amplitude
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of the soil (Kruk et al., 2006) that could prevent the germination of some weed species which
require fluctuating temperatures to terminate dormancy (Benech-Arnold et al., 2000). In this
experiment the mulch layer was particularly thick because the cover crop residues were placed in
strips with an organic layer two times heavier (from 1040 to 1600 g m? of DM) and thicker
compared to that estimated by Teasdale and Mohler (1993) in order to greatly reduce the light level
to below those required for germination of most weed species. Although the mulch layer was very
effective in controlling weeds inside the pepper rows, the canola mulch layer seemed less suitable
compared to hairy vetch and oat. This effect was probably due to the characteristics of the cover
crop aboveground biomass which was more workable in hairy vetch and oat and therefore it was
possible to form a much more uniform layer of mulch without evident gaps. However the NT
conditions generally determined a higher weed control compared to MT and CT also outside the
pepper rows. As suggested by Peachey et al. (2004) a reduced weed emergence in no-tillage
systems could be due to soil compaction, a restricted emergence zone, greater soil resistance to
emergence, and a slightly lower survival of weed seeds near the soil surface. Tillage is an important
factor in breaking dormancy (Yenish et al., 1992) and for bringing the weed seeds from the deep
layers of the soil to the superficial layers which are more suitable for weed seed germination and
emergence (Swanton et al., 2000). Therefore difference in weed density can be mainly attributed to
soil disturbance by tillage, which stimulates weed germination and emergence (Shrestha et al.,
2002). However, all cover crop residues reduced weed density and weed aboveground biomass in
pepper at 30 days after pepper transplanting compared to bare soil. It is possible that the cover crop
residues left on the soil surface or incorporated into the soil determined an inhibitory effect of
seedling emergence and establishment also due to the release of allelochemical compounds
(Kruidhof et al., 2009). In NT the cover crop residues generally brought about a lower weed density
compared to MT and CT, in agreement with Blum et al. (1997) the incorporation of the cover crop
residues into the soil may have diluted the allelochemicals in a large zone of the soil therefore
reducing the inhibitory effect on seed germination. Regardless the residue management, the oat
residue determined the lowest weed density and weed aboveground biomass throughout the pepper
cropping period compared to the other cover crop residues confirming the strong inhibitory effect
on weed germination and growth. Hairy vetch showed an efficient weed suppression inside the
pepper rows in NT, where the soil was mulched, while outside the pepper rows the weed density
and weed aboveground biomass at pepper harvesting was similar or even higher to that observed in
bare soil. Kruidhof et al. (2009) observed a transition from inhibitory to stimulatory effects over

time when residues of legume cover crops were incorporated into the soil. This effect could be due

129



ECOLOGICAL WEED MANAGEMENT

Emanuele Radicetti

to an increase of soil nitrate levels coming from the mineralization process of the legume residues
which brought about a late weed seed germination and weed growth (Bouwmeester and Karssen,
1993). Although cover crop residues in NT may effectively suppress the weeds inside the pepper
rows throughout the cropping period, they did not provide satisfactory weed control outside the
pepper rows especially in the case of abundant rainfall, which stimulates a more abundant weed
emergence as occurred in the summer of 2011. All peppers cultivated in mulch residues benefitted
from an inter-row cultivation, performed 30 days after pepper transplanting, in order to obtain a
general reduction of weed density and weed aboveground biomass and a higher pepper yield than
uncultivated pepper treatments. Considering that the pepper crop was unfertilized, the cover crop
species and their residue managements had a strong effect on pepper yield. As expected pepper
grown in hairy vetch always showed the highest yield probably due to its capability of fixing the
atmospheric nitrogen and supplying more nitrogen to the following crop through the mineralization
process than non-legumes cover crops or bare fallow (Sainju et al., 2001).

However, it is interesting to note that in the weed-free crop the pepper yield was similar in hairy
vetch regardless the type of cover crop residue management. According to Sainju et al. (2006), the
rate of mineralization in hairy vetch is almost constant in all tillage practices including no-tillage.
This effect is indirectly confirmed by the trend of the SPAD readings throughout the pepper
growing cycle in weed free treatments, which was similar among the hairy vetch residue
managements and always higher than the other cover crop treatments. Minotti et al. (1994)
suggested using the SPAD reading measure for evaluating the condition of nitrogen nutrition of
crop requirements, in our study the sum of the SPAD readings was positively correlated to the
pepper yield (Fig. 3). It is likely that the hairy vetch residues can satisfy almost all the nitrogen
requirements of a pepper crop, as already shown by Campiglia et al. (2010) in a tomato crop where
the marketable yield in a hairy vetch-tomato sequence was comparable to that obtained in a
conventional tomato crop supplied with large amount of nitrogen fertilizer. The pepper yield in
canola and oat was much lower than in hairy vetch and it was strongly influenced by the residue
management treatments. In weed-free conditions, CT and MT in canola showed a positive effect on
the pepper yield, while in oat the effect on pepper yield was negative compared to NT. It is likely
that in tillage conditions a lower C:N ratio of the canola residue had allowed for the release of more
mineral N through the mineralization process (Hoyle and Murphy, 2011; Kuo et al., 1996), while in
oat a higher C:N ratio of the residues may have caused a temporary soil N immobilization with the
consequent lack of available nitrogen in the soil for the pepper crop especially in the early growing

stage (Racecrance et al., 2000). In NT conditions the mineralization process of cover crop residues

130



ECOLOGICAL WEED MANAGEMENT

Emanuele Radicetti

may have been slower than in MT and CT reducing the effects of cover crop residues on the pepper
crop. This hypothesis is supported by the values of the SPAD readings observed throughout the
growing cycle of the pepper crop in different cover crop residue managements (Fig. 3) and confirms
the results of Miguez and Bollero (2006), who found that the process by which oat negatively
affected pepper crops is through nitrogen immobilization. However, as already observed by
Campiglia et al. (2011c), the use of oat cover crop residues, as well as canola, should be evaluated
in fertilization programs to determine the amount of nitrogen fertilizer required for obtaining a
reasonable pepper yield. The inclusion of an inter-row hoeing in the early growing cycle of the
pepper crop (30 days after transplanting) in NT conditions seems a suitable integrated weed
management strategy for controlling the weeds when cover crop residues are present in strips, while
in MT and CT conditions it is necessary to use additional means for controlling the weeds, such as
herbicides or additional tillage operations. Therefore the mulching management of hairy vetch
residues in NT combined with an inter-row tillage, as well as allowing an efficient weed control
throughout the pepper cropping period, could enable us to obtain a satisfactory pepper yield even in

cropping systems where chemicals are not allowed as in organic agriculture.

5. CONCLUSIONS

The results of this study show that cover crop species and their residue management can strongly
affect the weeds and the yield response in the following pepper crop. Oat was the most weed
suppressive cover crop compared to canola and hairy vetch both throughout the cover crop growing
period and in the following pepper crop regardless the different cover crop residue managements,
probably due to its severe chemical and physical effects. The conversion of cover crop aboveground
biomass in mulch strips in NT conditions was clearly the most effective weed management strategy
compared to MT and CT especially when hairy vetch and oat were adopted. Even if the inclusion of
an inter-row hoeing in the early growing stage of the pepper determined a strong weed reduction in
all residue management treatments, it only proved to be a suitable weed control practice in NT,
while in MT and CT conditions it may still be necessary to use additional means for controlling the
weeds, such as herbicides or other tillage operations. Regardless cover crop management, hairy
vetch determined a marketable pepper yield of about 40 t ha™ of FM in weed-free conditions and in
any case almost twice than canola and oat in presence of weeds. The use of canola and oat, as green
manure or mulches, should be evaluated in fertilization programs to determine the amount of
fertilizer required for obtaining a reasonable pepper yield. Therefore, the use of hairy vetch residues

placed in mulch strips in NT system combined with an inter-row hoeing enable us to obtain a
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satisfactory weed control and pepper yield. The inclusion of legume cover crops in vegetable crop
sequences in no-tillage systems could be a part of an ample strategy for reducing the amount of
chemical inputs used both for controlling weeds and for N-fertilizing vegetable crops in the

Mediterranean environment.
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ABSTRACT

A 2-year field experiment was carried out in central Italy to study the effect of cover crop species
and their residue management on weed community composition and weed species diversity in a
winter cover crop — pepper sequence. Hairy vetch (Vicia villosa Roth.), oat (Avena sativa L.) and
canola (Brassica napus L.) were sown in September 2009 and 2010 and grew undisturbed during
the winter season until spring when they were suppressed one week before pepper transplanting.
Cover crop residues were: (i) left on the soil surface as mulch strips covering 50% of the ground
area in no-tillage (NT), (ii) green manured at 10 cm depth (minimum tillage, MT), and (iii) green
manured at 30 cm depth (conventional tillage, CT). A winter weedy fallow and a bare soil without
cover crop in NT, MT and CT were also included as controls. Weed plant density data in pepper
were used for calculating weed species richness, weed diversity (Shannon’s H’) and evenness
(Shannon’s E). Compared to weedy fallow, oat, hairy vetch and canola consistently reduced the
weed density and weed aboveground biomass by the time of their suppression (on average 3.6, 21.5
and 41.3 plants m? and 11.0, 49.2, and 161.8 g m™ of DM, respectively). In pepper, oat residues
generally determined a higher reduction of weed density, species richness and Shannon's index
compared to hairy vetch and canola regardless the residue management treatments. Converting
cover crop aboveground biomass in mulch strips (NT) greatly reduced weed species density but did
not always imply a reduction of weed species diversity in pepper compared to shallow and deep
green maturing (MT and CT). The weed species richness and Shannon’s index were reduced inside
the mulch strips, while a richer and more diverse weed community was found outside the mulch
strips in NT. Weed community in pepper was mainly composed of annual dicot weeds such as A.
retroflexus, C. album, S. nigrum, P. aviculare which were mostly associated with MT and CT
tillage systems, while in NT an increase of perennial species such as R. crispus was observed. These
results suggest that it is possible to manage cover crop residues in NT in order to obtain a lower
weed density and consequently a higher yield in pepper compared to MT and CT while maintaining

a high level of weed diversity indices.

KEY WORDS: Tillage systems, Mulch, Green manuring, Weed association, Weed diversity

indices.
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1. INTRODUCTION

Conserving farmland biodiversity has become an fundamental issue for maintaining ecological
functions in intensively managed agro-ecosystems (Légere et al., 2005). The weeds are part of
biodiversity and are able to support biodiversity in agro-ecosystems in many ways, even if they are
considered one of the main limiting factors in agricultural production systems (Oerke, 2006).
Weeds can provide food for insects and birds (Marshall et al., 2003), and they can affect insect
herbivore population dynamics by influencing their natural predators which are generally more
abundant in weedy crops (Shellhorn and Sork, 1997). Weeds may also help to contain pest
outbreaks by maintaining populations of predators and parasites (Poggio and Ghersa, 2010). In
intensive agricultural systems, using a great amount of external inputs such as intensive tillage,
fertilizers and pesticides, there is a dramatic reduction in biodiversity in cultivated fields (Clements
et al., 1994; Wilson et al., 2003). Herbicides play an important role in determining weed diversity in
cropping systems, and may differently affect species richness in relation to their selectivity patterns
(Tomkins and Grant, 1977). Furthermore, a growing list of herbicide-resistant weeds (Powles et al.,
1997) reinforces the concept that the repeated use of a single tactic for weed control may not only
facilitate the selection and the following infestations of the most problematic weed species, but may
fundamentally change population genetics towards a reduction of biodiversity (Vandermeer et al.,
1998). The loss of farmland biodiversity can be counteracted by adopting appropriate farming
managements that preserve species richness within the fields and the nearby uncultivated areas
(Marshall, 2009; Ulber et al., 2009). Integrated Weed Management Strategy (IWMS), which
involves the combination of two or more weed control practices, has been identified as a viable
alternative both for reducing the use of chemical means for controlling weeds and for increasing
biodiversity in agro-ecosystems (Bastiaans et al., 2008). In fact, IWMS aims to prevent infestations
of the weed species that are most difficult to control by stressing the use of multiple tactics which
collectively address the causes of weed problems, rather than simply reacting to infestations
(Buhler, 2002). Cover crops and their residue managements have the potential to be an important
component in IWMS, since their inclusion in crop rotations could disadvantage the development of
weed populations (Kruidhof et al., 2008). In fact, cover crops can reduce weed growth and weed
development throughout the cover crop growing season (Campiglia et al., 2010), filling gaps in
cropping systems that would otherwise be occupied by weeds (Liebman and Staver, 2001), while
after their suppression, the cover crop residues could retard and/or suppress weed emergence and
growth due to their chemical and physical effects (Barnes and Putnam, 1987; Teasdale and Mohler,

1993; Campiglia et al., 2011a). However, the type of cover crop residue management could be an
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important factor for determining the weed community shift (Kruidhof et al., 2009). Cover crop
residues could be tilled into the soil as green manure or left on the soil surface as organic dead
mulches in no-tillage systems (Campiglia et al., 2011c; Shrestha et al., 2002; Baumgartner et al.,
2008; Bilalis et al., 2003; Teasdale and Mohler, 1993). Several authors have reported that
disturbance caused by tillage is one of the most important factors influencing the composition of the
weed flora within cropping systems (Shreshta et al., 2002; Dorado and Lopez-Fando, 2006). When
weed species possess characteristic periodicities of germination the effect of tillage on weed seed
germination could be greater for those species whose germination period coincides with tillage
operations (Baskin and Baskin, 1985). The use of no-till and minimum tillage has caused a shift on
weed flora communities from few to many species (Blackshaw et al., 2001; Primot et al., 2006),
thus increasing the weed flora diversity. This may result in quantitative and qualitative differences
in species composition in tilled and untilled soils (Roberts and Boddrell, 1984). Therefore, the type
of cover crop residue combined with different soil tillage could have an interactive effect on weed
community composition and species diversity. Understanding how cover crop species and cover
crop residue management can effect weed communities may reduce the need of herbicides, and may
improve the sustainability of the cropping system. In order to assess these hypotheses, different
winter cover crops were grown during the off season and their residues were tilled (green manuring)

or left in the soil surface (as mulch) before the planting of the following cash-crop.

2. MATERIALS AND METHODS

2.1. Experimental site and treatments

Two field experiments were carried out during the 2009-2010 and 2010-2011 growing seasons at
the experimental farm “Nello Lupori” of Tuscia University (lat. 42°26° N, long. 12°40° E), Viterbo,
Italy. The experimental site has a typical Mediterranean climate, altitude of 310 m a.s.l, mean
annual temperature of 14.5 °C, 342 frost-free days, and mean annual rainfall of 750 mm falling
mainly from October to May. The soil type is volcanic, deep and well drained, and has the
following characteristics: sand 76.3%, silt 13.3%, clay 10.4%, organic matter (Lotti) 1.32%, total
nitrogen (Kjeldahl) 0.094%, and pH 6.9 (water, 1:2.5). The field experiments were carried out in
two adjacent fields previously cropped with durum wheat (Triticum durum Desf.). Each experiment
consisted in a winter cover crop — pepper sequence. The cover crop treatments were: three cover
crops [hairy vetch (Vicia villosa Roth., var. Capello), oat (Avena sativa L., var. Donata), canola
(Brassica napus L., var. Licapo)] and a control plot with no cover was included (hereafter called

bare soil). Furthermore, in order to evaluate the weed suppressive ability of each cover crop species,
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a weedy fallow, where the weeds were allowed to grow undisturbed until cover crop suppression,
was included. Before pepper transplanting the cover crops were suppressed and the cover crop
residue managements were: no-tillage (hereafter called NT), minimum tillage (hereafter called MT),
and conventional tillage (hereafter called CT). Pepper was grown at two weed levels: weed free
(hereafter called WF) and weedy (hereafter called W). The experimental design was a split-split-
plot with three replications, where the main plots were represented by the cover crops [size 144 m2
(18 m by 8 m)], the sub-plots were the cover crop residue management treatments [size 48 m2 (6 m
by 8 m)], and the sub-sub-plots were the levels of weed management in the pepper crop [size 24 m2
(6 m by 4 m)].

2.2. Field establishment

In each experimental field the soil was ploughed in the late summer at a depth of 30 cm, and
fertilized with 100 kg ha™ of P,Os as a triple super phosphate. It was then harrowed twice (about 10
cm depth) for seed bed preparation. The cover crop species were sown manually at their optimum
density and the seed rate was 60, 100, and 15 kg ha™ for hairy vetch, oat, and canola, respectively.
They were seeded on 24 September, 2009 and 13 September, 2010 and the seeds were slightly
buried approximately 2 cm deep. The bare soil plots were managed similarly to cover crop plots and
were kept weed free throughout the cover crop growing season by hand weeding whenever
necessary. All cover crops were suppressed at the same time on 21 May, 2010 and 4 May, 2011, the
cover crop residues were treated as follows: in no-tillage (NT) the cover crop aboveground biomass
was mowed about 5 cm above the soil surface and placed in mulch strips using a hay-conditioner
farm machine; in minimum tillage (MT) the cover crop aboveground biomass was chopped using a
straw chopper and immediately incorporated in the soil using a rotary hoe to a depth of
approximately 10 cm (shallow green manuring); in conventional tillage (CT) the cover crop
aboveground biomass was chopped as in MT and was incorporated into the soil using a mould-
board plough to a depth of 30 cm and then the soil was disked twice (deep green manuring). The
mulch strips in NT were 50 cm wide and placed 1 m from one another (from center to center of
each strip), consequently only 50% of the total ground area was covered in mulch. The following
treatments were applied at the same time as cover crop suppression in the bare soil: in NT the soil
was left untilled; in MT it was tilled with a rotary hoe; in CT it was mould-board ploughed and
disked. One month old pepper seedlings cv. Cleor were transplanted on 27 May, 2010 and 12 May,
2011 in rows 50 cm apart at 33 cm in the row between two consecutive pepper plants with a density

of 3 plants m In NT the pepper seedlings were transplanted in the center of the mulch strips. Just
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after transplanting the pepper seedlings were over irrigated for avoiding moisture stress by means of
a single line of drip irrigation tape with 30 cm spaced emitters laid over the mulch in NT and the
soil surface in MT and CT. After one week from pepper transplanting to 10 days before the last
pepper harvesting, the water input was determined by evapo-traspiration estimated by class A pan
evaporimeter and converted by crop coefficients (Allen et al., 1998). In weed-free treatments, the
weeds were hand weeded whenever necessary, while in weedy plots, the weeds grew undisturbed
throughout the pepper cropping seasons. No chemical fertilizer was applied throughout the pepper
season. Three and four copper treatments were applied during the pepper cultivation to control
disease in 2010 and 2011, respectively. In both years, the pepper fruits were harvested twice on 20
September and 4 October, 2010, and on 25 August and 13 September, 2011.

2.3. Data collection

Just before cover crop suppression, weed species, weed density and aboveground biomass samples
were collected in the middle of each cover crop plot and in the weedy fallow cutting the plants at
ground level in a quadrat 50 cm x 50 cm (0.25 m?) placed randomly four times over each plot. The
sampled aboveground biomass was divided into cover crop aboveground biomass, and weed
aboveground biomass total and per weed species and dried at 70 °C until constant weight. In order
to evaluate the effects of the cover crop residue managements on weed species density and weed
community composition in the pepper crop, weed species density and weed species aboveground
biomass (oven dried at 70 °C until constant weight), were assessed at 30 days after pepper
transplanting and at final pepper harvesting from all weedy plots. Weed samples were taken inside
and outside the pepper rows using a 50 cm x 50 cm quadrat placed randomly four times in the
middle of each pepper plot. The total pepper yield was determined by harvesting and weighing the
fresh fruits (green plus ripened) of 10 pepper plants lined in the two middle rows (5 plants per row)

from all plots.

2.4. Weed community composition and species diversity

The number of individual weed species and the density of weeds recorded throughout the pepper
cropping period were used to calculate various indices. Species richness (S) was calculated using
the number of weed species recorded in each experimental plot. Weed diversity was determined
using Shannon indices, taking both diversity and evenness of the contribution of different species to
the weed community into account, which were calculated using the following equations (Magurran,
1988):
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Shannon’s diversity index = H” = - £ PA; (In PA))

Shannon’s evenness = E = H’ (In S)™

where PA; is the proportional abundance of weed species i (PAi = ni/ny) and S is the species
richness measured in each plot. H’ is near to 0 when there are few species in the sample, while H’ 1s
maximum when all S species are represented in the sample. E index represents the relationship
between the observed number of species and the maximum number of species. When all species in
a sample are equally abundant, E index should be maximum and decrease toward zero as the
relative abundances of the species diverge away from evenness (Dorado and Lopez-Fando, 2006).

2.4. Statistical analysis

All the characteristics and indices studied were analysed by ANOVA using JMP statistical
procedures (SAS Institute, Cary, NC). The data were analyzed for the 2-year period, considering the
year as a random effect. According to Gomez and Gomez (1985), weed density was transformed
before analysis as square root (x + 0.05), in order to homogenize the variance. The data reported in
the tables were back transformed. A split-split-split-plot experimental design was adopted for weed
species characteristics and total pepper yield, where the year was treated as main factor, the cover
crop as the split factor, the residue management as the split-split factor, and weed position or weed
management of pepper crop as the split-split-split factor. Treatment means were compared using
Fisher’s protected least significant difference (LSD) test at the 0.05 probability level. In order to
evaluate the association between the cover crops and their residue management on the occurrence of
weed species, a vector diagram based on the total canonical coefficient of each weed species from
the canonical functions was combined into the same plot. The weed species were represented as
vectors whose length indicates the degree of association with direction in ordination space
(Campiglia et al., 2010; Isik et al., 2009). The appearance of weed species and experimental
treatments in the same ordination space indicates association between them (Légere et al., 2005).
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3. RESULTS

3.1. Cover crop biomass

The cover crop growing period lasted 239 and 233 days in 2009/2010 and 2010/2011, respectively.
The cover crop aboveground biomass was significantly influenced by the cover crop x year
interaction, it was higher in 2009/2010 compared to 2010/2011 growing season (on average 595 vs
466 g m™ of DM, respectively), except in hairy vetch which showed similar values between the
experimental years (Table 26). Generally, cover crop aboveground biomass was higher in hairy

vetch, intermediate in oat, and lower in canola (on average 713, 509, and 371 g m™ of DM).

Table 26. The effect of interaction of the cover crop x year on cover crop aboveground biomass, weed aboveground
biomass and weed reduction compared to weedy fallow at cover crop suppression. Values belonging to the same
variable followed by the same letter are not significantly different according to LSD (0.05), in rows for year (upper case
letter) and columns for cover crop (lower case letter).

Cover crop aboveground Weed aboveground Weed aboveground
biomass biomass biomass reduction
(g m™? of DM) (g m™? of DM)
Cover crop (%)

2009/2010 2010/2011 2009/2010 2010/2011 2009/2010 2010/2011
Hairy vetch 698.8 aA 7263 aA 689 bA 894 cA 799 cA 77.8 bA
Oat 561.3 bA 456.7 bB 14.6 bA 74 cA 957 aA 98.2 aA
Canola 5253 bA 2156 cB 433 bB 2803 bA 874 bA 304 cB
Weedy fallow -- -- -- -- 3420 aA 4027 aA  -- -- -- --

3.2.Weeds in the cover crops

The weed aboveground biomass in cover crops was affected by cover x year interaction. In canola it
was higher in 2010/2011 compared to 2009/2010 (280 vs. 43 g m? of DM, Table 26) and, as
expected, it was higher in the weedy fallow than the cover crop treatments (on average 372 vs. 84 g
m of DM, respectively). Weed aboveground reduction in cover crops compared to weedy fallow
varied from 98 to 30 %. Oat showed the highest weed reduction in both cover crop seasons (on
average 97 %), hairy vetch showed a reduction of 79 %, while canola determined a weed
aboveground reduction of 87 % in 2009/2010 and of 30 % in 2010/2011 (Table 26).

A total of 11 broadleaf and grass species, typical of winter/spring weed flora of the Mediterranean
environments, were found across the treatments (Table 27). The main weeds found in cover crops at
their suppression were Sinapis arvensis L., Papaver rhoeas L., Stellaria media L., Veronica persica

L., Fumaria officinalis L., Galium aparine L., Ammi majus L., and Lolium spp. while the most
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minor species, included in “others”, were Sylibum marianum L., Anchusa arvensis L.,
Chrysantemum segetum L. (Table 27). The weed density was not generally significantly influenced
by the year, but mainly varied according to the cover crop treatments. As expected the density of
weed species was higher in weedy fallow (on average 68 plants m™), while it was lower in oat (on
average 4 plants m). S. arvensis was the most representative species (on average 9 plants m?)
mainly present in weedy fallow, canola and hairy vetch, followed by Lolium spp. (on average 7
plants m™), and P. rhoeas (on average 4 plants m™). V. persica, F. officinalis, G. aparine, and A.

majus were generally higher in weedy fallow, and lower in oat and hairy vetch (Table 27).

Table 27. Weed density per species at cover crop suppression. Data was combined for 2010 and 2011. Values
belonging to the same weed species without common letters are statistically different to LSD (0.05). See Table 3 for a
description of symbols for weed species.

Weed species density
(n. plants m)

Cover crop SINAR PAPRH STEME VERPE FUMOF GALAP AMIMA LOL spp. OTH
Hairy vetch 82 b 34 c¢c 25 b 13 bc 07 b 07 c 09 b 19 ¢ 19 ab
Oat 07b 04d 00c 02 c 00Db 07 c 00D 09 ¢ 07 b
Canola 82 b 59b 33b 20 b 36 a 30b 19 b 95 b 39 ab
Weedy fallow 182 a 76 a 60 a 44 a 42 a 45 a 45 a 139 a 50 a

3.3.Weeds in the pepper crop

3.3.1. Weed species density

The weed species observed in the pepper crop for all the cover crop residue management treatments
in 2010 and 2011 are listed in Table 28. There were 27 weed species and the dicot weed species
were more numerous than the monocot weed species (24 vs. 3). At 30 days after pepper
transplanting (DAT), the most numerous weed species were Rumex crispus L., Amaranthus
retroflexus L., Chenopodium album L., Solanum nigrum L., Portulaca oleracea L., Polygonum
aviculare L., Sinapis arvensis L., and Lolium spp. which on average collectively accounted for
about 91% of the total weed density over the treatments. The statistical analysis (Table 29) showed
that all treatments affected the density of the main weed species at 30 DAT, and there were
generally significant interactions cover crop x residue management (Fig. 22) and residue
management x weed position (Fig. 23). A. retroflexus density was higher in CT and MT than NT
(on average 19.8 vs 9.2 plants m™, respectively), except in oat which showed similar values among
cover crop residue management treatments. Higher values were generally observed in bare soil (on

average 26.0 plants m?), followed by hairy vetch and canola (on average 19.2 plants m™), and
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lower values in oat (on average 0.6 plants m™). However, A. retroflexus tended to have a similar
density inside and outside pepper rows in NT and CT, while in MT the density was higher inside
than outside the pepper rows (25.9 vs. 16.6 plants m?, respectively). P. oleracea was almost absent
in all oat residue management treatments, while it had the maximum density in bare soil and hairy
vetch in both CT and MT treatments (on average 40.2 and 19.0 plants m™, respectively). P.
oleracea tended to show similar values between the weed positions, except in CT where a higher
density was observed inside rather than outside the pepper rows (20.0 and 15.4 plants m?
respectively). C. album and S. nigrum were practically absent in all NT and oat, while in MT and
CT C. album showed the highest plant density in bare soil (on average 18.3 plants m?) and S.
nigrum in hairy vetch (on average 9.0 plants m?, Fig. 22). Furthermore, C. album and S. nigrum
densities were generally higher inside than outside the pepper rows (on average 8.5 and 3.3 vs. 3.3
and 2.2 plants m™, respectively, Fig. 23). The plant density of P. aviculare ranged from 15.6 plants
m™ in MT canola to 0.2 plants m2in NT oat and it was generally higher in MT than NT and CT (on
average 8.7 vs. 2.3 plants m, respectively, Fig. 22). S. arvensis density varied from 4.4 to 0.0
plants m?, and it was almost absent in oat and hairy vetch, while it was mostly present in MT and
CT bare soil (on average 3.5 plants m?, Fig. 22). The plant density of R. crispus was generally
higher in NT and MT than CT (on average 2.5 vs. 0.1 plants m™, respectively), and in canola than in
oat (on average 3.0 vs. 0.1 plants m™, respectively). The plant density of Lolium spp. ranged from
5.7 to 0.0 plants m™ and it was generally lower than 1 in all treatments except in canola MT where
it was 5.7 plants m™ (Fig. 22).

The results of the canonical discriminant analysis on the main weed density observed in pepper crop
at 30 days after pepper transplanting (DAT) in 2010 and 2011 are reported in Fig. 24. The first two
canonical variables explained 41% and 37% in 2010 and 2011 of the total variance, respectively.
There was a tendency towards differentiation among weed communities based on cover crop X
residue management treatments (Fig. 24). A. retroflexus, C. album, and S. nigrum vectors were in
the same ordination space of bare soil and hairy vetch in MT and CT, while R. crispus, P. aviculare
and Lolium spp. vectors were in the same orientation space of canola in NT and MT. P. oleracea
seemed to be associated with bare soil in NT, while oat in NT, MT, and CT and hairy vetch in NT

did not seem to be associated with any weeds.
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Table 28. Weed species observed in pepper crop across the cover crop residue management treatments and the
experimental years. Latin name, taxonomic group, life cycle, common name, and code is from EPPO codes database.

Weed Taxonomic group  Life cycle CODE
Amaranthus retroflexus L. Amaranthaceae Annual AMARE
Ammi majus L. Umbelliferea Annual AMIMA
Anagallis arvensisL. Primulaceae Annual ANGAR
Chenopodium album L. Chenopodioideae Annual CHEAL
Cirsium arvense (L.) Scop. Astreraceae Perennial CIRAR
Convolvulus arvensis L. Convolvulaceae Perennial CONAR
Crepis biennis L. Compositae Biennial CVPBI
Digitaria sanguinalis (L.) Scop.  Poaceae Annual DIGSA
Fumaria officinalis L. Papaveraceae Annual FUMOF
Fallopia convolvulus (L.) A Love Polygonaceae Annual POLCO
Galium aparine L. Rubiaceae Annual GALAP
Lolium spp. Poaceae @~ = ---m-eee- 1LOLG
Lamium amplexicaule L. Lamiaceae Annual/Biennial LAMAM
Papaver rhoeas L. Papaveraceae Annual/Biennial PAPRH
Polygonum aviculare L. Polygonaceae Annual POLAV
Portulaca oleracea L. Portulacaceae Annual POROL
Anchusa arvensis (L.) M. Bieb. Common bugloss Annual/Biennial LYCAR
Rumex acetosa L Polygonaceae Perennial RUMAC
Rumex crispus L. Polygonaceae Perennial RUMCR
Sinapis arvensis L. Cruciferae Annual SINAR
Senecio vulgaris L. Asteraceae Annual/Biennial SENVU
Setaria viridis (L.) P. Beauv. Poaceae Annual SETVI
Solanum nigrum L. Solanaceae Annual/Biennial SOLNI
Sonchus asper L. Asteraceae Annual/Biennial SONAS
Sonchus oleraceus L. Asteraceae Annual/Biennial SONOL
Stellaria media (L.) Vill. Caryophyllaceae Annual/Perennial STEME
Verbena officinalis L. Verbenaceae Annual/Biennial VERBOF
Veronica persica Poir. Scrophulariaceae Annual/Biennial VERPE
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Figure 22. The interaction effect of the cover crop x residue management on the average density of the main weed
species observed at 30 days after pepper transplanting (DAT). Means without common letters belonging to the same
weed species are different according to LSD (0.05). NT = no-tillage; MT = minimum tillage; CT = conventional tillage; HV
= hairy vetch; O = oat; C = canola; BS = bare soil. See Table 3 for a description of symbols for weed species.
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Figure 23. The interaction effect of the cover crop residue management x weed position on the average density of the
main weed species observed at 30 days after pepper transplanting (DAT). Means without common letters belonging
to the same weed species are different according to LSD (0.05). NT = no-tillage; MT = minimum tilage; CT =
conventional tillage; In = inside the pepper rows; Out = outside the pepper rows.
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Figure 24. Biplot from canonical discriminant analysis of the main weed species in pepper crop 30 days after
transplanting in 2010 and 2011. NT = no-tillage; MT = minimum tillage; CT = conventional tillage; HV = hairy vetch; O
= oat; C = canola; BS = bare soil. See Table 3 for a description of symbols for weed species.
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Analysis of variance of the plant density of the most abundant weeds at final pepper harvesting
showed significant interactions between cover crop X residue management and residue
management x weed position (Table 30). At final pepper harvesting the main weeds were
represented by the same weeds observed at 30 DAT, except for S. arvensis and Lolium spp.
which disappeared and Convolvulus arvensis and Senecio vulgaris which were new “entries”.
The plant density of the main weed species at final pepper harvesting was generally lower than at
30 days after transplanting (DAT), and in NT there was a reduction compared to MT and CT,
except for R. crispus and P. oleracea in bare soil (Fig. 25). In A. retroflexus it ranged from 22.3
to 1.1 plants m? and was higher in bare soil in MT and CT, intermediate in hairy vetch and
canola in MT and CT and lower in oat (Fig. 25). P. olarecea density was high in bare soil
especially in NT (15.8 plants m™), and in hairy vetch in MT and CT (on average 6.1 plants m™),
and low in oat (on average 0.4 plants m®). C. album was particularly present in bare soil and
hairy vetch CT and MT (on average 8.4 and 5.2 plants m™, respectively), while S. nigrum showed
the highest plant density in hairy vetch CT and MT (14.9 and 11.7 plants m?). The plant density
of P. aviculare ranged from 8.8 to 0.5 plants m, and it was quite uniform among the treatments,
except in oat MT which showed the higher value (Fig. 25). S. vulgaris was almost absent in NT
and MT regardless cover crop treatments, while in canola CT showed the highest density (5.0
plants m™). R. crispus plant density varied from 2.9 to 0.0 plants m? and was generally higher in
NT (on average 2.4 plants m™), intermediate in MT (on average 1.4 plants m?) and lower in CT
(on average 0.2 plants m™). C. arvensis was present in all treatments and its plant density was
quite uniform, in fact it ranged from 0.3 to 3.8 plants m™ (Fig. 25). At final pepper harvesting the
weed plant density was also influenced by the position, in fact in A. retroflexus, P. oleracea, C.
album and S. vulgaris CT it was higher inside than outside the pepper row, while in R. crispus
NT and S. nigrum MT there was an opposite trend (Fig. 26).

Canonical discriminant analysis of the most abundant weed species observed at final pepper
harvesting in 2010 and 2011 is reported in Fig. 27. The first two canonical variables explained
35% and 31% in 2010 and 2011 of the total variance, respectively. A. retroflexus and C. album
vectors were in the same ordination space of CT regardless the cover crop treatments, while S.
nigrum seemed to be associated with hairy vetch CT and MT. P. aviculare was associated with
oat MT, while R. crispus seemed to be related with oat and hairy vetch NT.
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Figure 25. The interaction effect of the cover crop x residue management on the average density of the main weed
species observed at final pepper harvesting. Means without common letters belonging to the same weed species are
different according to LSD (0.05). NT = no-tillage; MT = minimum tillage; CT = conventional tillage; HV = hairy vetch;
O = oat; C = canola; BS = bare soil. See Table 3 for a description of symbols for weed species.
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Figure 26. The interaction effect of the cover crop residue management x weed position on the average density of the
main weed species observed at final pepper harvest. Means without common letters belonging to the same weed
species are different according to LSD (0.05). NT = no-tillage; MT = minimum tillage; CT = conventional tillage; In =
inside the pepper rows; Out = outside the pepper rows.
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Figure 27. Biplot from canonical discriminant analysis of the main weed species inside the pepper rows at final
pepper harvest in 2010 and 2011. NT = no-tillage; MT = minimum tillage; CT = conventional tillage; HV = hairy vetch;
O = oat; C = canola; BS = bare soil. See Table 3 for a description of symbols for weed species.
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3.3.1. Weed community diversity

Throughout the pepper cropping period, the weed diversity of weed communities varied
according to cover crops, residue management, and weed position treatments. At 30 days after
pepper transplanting (DAT), the analysis of variance showed a significant interaction (P < 0.05)
cover crop x residue management x weed position (Table 29). Species richness and Shannon’s
index generally showed a similar trend among cover crop treatments. They were lower in oat than
the other treatments (on average 2.0 and 0.5 vs. 5.9 and 1.3, respectively). Inside the pepper rows,
species richness and Shannon’s index ranged from 1.0 and 0.0 to 9.8 and 1.7, respectively, and
were always lower in NT treatments than MT and CT (on average 3.1 and 0.7 vs. 6.8 and 1.5 for
species richness and Shannon’s index, respectively). Outside the pepper rows species richness
and Shannon’s index ranged from 0.7 and 0.8 to 7.3 and 1.6, respectively, high values were
observed in hairy vetch NT and MT, in canola and bare soil MT . Shannon evenness ranged from
0.0 to 0.96 inside the pepper rows and it was quite similar among the residue management
treatments, except in oat NT which showed the lowest value. Outside the pepper rows, Shannon
evenness varied from 0.17 to 0.94 and it was always high in NT and hairy vetch (on average 0.9
and 0.8, respectively, Table 31). At final pepper harvesting, the analysis of variance showed that
all treatments affected species richness, Shannon’s index, and Shannon evenness as main effect,
moreover there were significant interactions between cover crop X residue management, cover
crop x weed position and residue management x weed position (Table 30). Species richness
ranged from 3.3 in oat MT to 8.0 in hairy vetch and bare soil MT (Table 32), however it was
quite similar among cover crop treatments in MT and CT (on average 6.6) except in oat where it
was always lower (on average 4.0, Table 7). In NT a higher value of species richness was found
in canola, followed by hairy vetch and oat and a lower value was found in bare soil. Shannon’s
H’ index ranged from 1.0 and 1.9 and showed a similar trend to species richness (Table 33).
Moreover species richness and Shannon’s H’ were higher outside than inside the pepper rows in
hairy vetch and canola, while an opposite trend was observed in bare soil (Table 33). No
differences were found between inside and outside pepper rows in MT and CT, while in NT
species richness and Shannon’s H’ index were lower inside compared to outside the pepper rows
(Table 33). Shannon evenness was always higher in NT compared to MT and CT in hairy vetch,

canola and oat, while in bare soil it was higher in MT and lower in NT and CT (Table 33).
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Table 31. The interaction effect of the cover crop x residue management x weed position at 30 days after
transplanting (DAT) on weed community richness (number of species), Shannon’s index (H), and Shannon evenness
(E). Values belonging to the same characteristic and treatment with different letters in rows for each residue
management (upper case letter) of each weed position, and columns for each cover crop (lower case letter) are
statistically different according to LSD (0.05).

Species richness

Cover crop Inside pepper row Outside pepper row

NT MT CT NT MT CT
Hairy vetch 25 bC 83 bA 6.5 aB 6.5 aA 7.3 aA 45 bB
Oat 10 cC 25cB 4.0 bA 28 cA 0.7 cB 0.7 cB
Canola 55 aB 80 bA 75 aA 47 bB 7.0 aA 57 aB
Bare soil 32 bC 98 aA 75 aB 30 cB 57 bA 38 bB

Shannon’s index (H)

Cover crop Inside pepper row Outside pepper row

NT MT CT NT MT CT
Hairy vetch 0.68 bB 1.61 aA 154 aA 1.64 aA 163 aA 121 aB
Oat 0.00 cC 0.83 bB 1.21 bA 094 bA 0.12 cB 0.12 cB

Canola 143 aB 171 aA 161 aAB 117 bB 159 aA 1.30 aB
Baresoil 0.78 bB 1.74 aA 153 aA 0.92 bB 1.26 bA 0.81 bB

Shannon evenness

Cover crop Inside pepper row Qutside pepper row

NT MT CT NT MT CT
Hairy vetch 0.76 aA 0.76 bA 0.84 aA  0.87 aA 0.82 aA 0.81 aA
Oat 0.00 bB 096 aA 0.89 aA 094 aA 0.17 bB 0.17 cB

Canola 0.85 aA 0.83 abA 0.80 aA 0.81 aA 0.82 aA 0.75 abA
Baresoil 0.70 aA 0.77 bA 0.77 aA 0.86 aA 0.72 aAB 0.61 bB
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Table 32. The interaction effect of the cover crop x residue management at final pepper harvesting on weed
community richness (number of species), Shannon’s index (H), and Shannon evenness (E). Values belonging to the
same characteristic and treatment with different letters in rows for residue management (upper case letter), and in
columns for cover crops (lower case letter) are statistically different according to LSD (0.05).

Species richness
Cover crop NT MT CT
Hairy vetch 6.00 bB 8.00 aA 6.58 aAB
Oat 525 bA 3.33 bB 4.75 bAB

Canola 7.83 aA 7.25 aA 7.42 aA
Bare soil 3.92 ¢cB 8.00 aA 6.92 aA

Shannon’s index (H)
Cover crop NT MT CT
Hairy vetch 1.54 abA 1.72 aA 1.63 aA
Oat 1.46 bA 0.99 bB 1.36 bA

Canola 1.85 aA 1.71 aA 1.77 aA
Bare soil 1.06 cB 1.75 aA 157 aA

Shannon evenness
Cover crop NT MT CT
Hairy vetch 0.92 aA 0.84 aB 0.88 aAB
Oat 0.94 aA 0.86 aB 0.89 aAB

Canola 0.93 aA 0.87 aB 0.88 aAB
Bare soil 0.79 bB 0.85 aA 0.82 bAB
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Table 33. The interaction effects of cover crop x weed position and of residue management x weed position at final
pepper harvest on weed community richness (number of species) and Shannon’s index (H). Values belonging to the
same characteristic and treatment with different letters in rows for weed position (upper case letter) and in columns
for cover crops or residue management (lower case letter) are statistically different according LSD (0.05).

Species richness

Shannon's index (H)

Cover crop Inside Outside  Inside  Outside
Hairy vetch 6.50 bB 7.22 aA 156 bB 1.70 aA
Oat 406 cB 483 cA 116 cB 1.38 bA
Canola 750 aA 750 aA 179 aA 1.76 aA
Bare soil 6.83 abA 572 bB 1.53 bA 1.39 bB

Residue management

Species richness

Shannon's index (H)

Inside Outside

Inside Outside

NT
MT
CT

458 cB 7.25 aA
6.83 aA 6.92 aA
6.04 bA 6.00 bA

1.28 cB 1.61 abA
1.65 aA 1.68 aA
1.48 bA 1.52 bA
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3.4. Pepper yield

The analysis of variance showed that the pepper yield was affected by all treatments (P < 0.01) as
the main factor, and there was a significant interaction cover crop X residue management x weed
management. As expected the pepper yield was higher in weed free than weedy plots (on average
26.0 vs. 8.2 t ha of FM, respectively, Table 34). Hairy vetch showed the highest pepper yield
compared to the other cover crop treatments. In weed free conditions the total pepper yield varied
from 46.8 t ha™* of FM in NT hairy vetch to 9.6 t ha™ of FM in MT oat, and it was similar among
the cover crop residue management treatments in hairy vetch, canola, and bare soil (on average
45.6, 27.5, and 15.3 t ha™ of FM, respectively), while in oat the total pepper yield was higher in
NT than MT and CT (on average 25.1 vs. 10.6 t ha™ of FM). In weedy conditions the pepper
yield ranged from 27.9 to 2.6 t ha™ of FM, and it was always higher in hairy vetch than oat,
canola and bare soil (Table 34). However, in canola and bare soil a similar yield among the
residue management treatments was observed (on average 4.4 t ha™ of FM), while in hairy vetch
and oat the pepper yield was higher in NT (27.9 and 10.8 t ha™* of FM, respectively) compared to
MT and CT (on average 12.0 and 4.9 t ha™* of FM, respectively).

Table 34. The effect of interactions of the cover crop x residue management x weed management on pepper yield.
Values belonging to the same characteristic without common letters are statistically different according to LSD (0.05)
in rows for each residue management (upper case letter) of each weed management, and columns for each cover
crop (lower case letter), respectively.

Pepper yield
(t ha' of FM)
Weed-Free Weedy
Cover crop NT MT CT NT MT CT
Hairy vetch 46.8 aA 46.1 aA 43.8 aA 279 aA 128 aB 11.1 aB
Oat 25.1 bA 96 cB 116 cB 108 bA 43 bB 54 bB

Canola 26.5 bA 26.7 bA 29.4 bA 59 cA 4.2 bA 3.8 bA
Bare soil 145 cA 17.1 cA 142 cA 54 cA 43 bA 2.6 bA
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4. DISCUSSION

Although the species used in this experiment are frequently utilized as winter cover crops, only
hairy vetch and oat seemed to adapt well to the Mediterranean environment of central Italy. In
fact, there were numerous frosty days in winter 2010/2011 (data not shown), which strongly
damaged the growth of canola determining its poor aboveground biomass in 2010/2011
compared to 2009/2010 (Haramoto and Gallandt, 2005). However, hairy vetch and oat
aboveground biomass observed at cover crop suppression, in both years, was abundant and
comparable with that reported by other authors (Campiglia et al., 2012; Isik et al., 2009).
Consequently the weed aboveground biomass reduction, compared to weedy fallow, was similar
in both experimental years in oat and hairy vetch but considerably low in canola in 2010/2011.
The oat cover crop caused a strong reduction of weed species humber, weed density and weed
aboveground biomass (- 97 % compared to weedy fallow) confirming its ability to act as a
smother crop (Zerner et al., 2008) capable of reducing weed germination and establishment
(Putman et al., 1983). In particular the oat cover crop completely controlled S.media, F.officinalis
and A. majus and the other weeds showed a density lower than 1 plant m™. The hairy vetch cover
crop also determined an excellent weed aboveground biomass reduction (-79 % compared to
weedy fallow) but some weeds, such as S. arvensis, P. rhoeas, S. media , V. persicaria and
Lolium spp., escaped the control and presented a plant density higher than 1 at cover crop
suppression. The different cover crop residue managements already had a strong effect on weed
community composition and weed diversity at 30 days after transplanting (DAT). The no-tillage
(NT), with the cover crop residue left on the soil surface as mulch strips, determined a general
reduction in the pepper rows of weed density, species richness and Shannon’s index compared to
minimum tillage (MT) and conventional tillage (CT), even if there were differences among cover
crop treatments. In NT the thick and compact mulch layer placed on the pepper row inhibited
germination and the development of many weed species (Steinmaus et al., 2008; Teasdale,1996).
Bilalis et al. (2003) investigated the correlation between the percentage of soil covered by
residues and the number of weed species and weed density and found a significant negative
association between them. For this reason, weed density, species richness and diversity were
much lower inside than outside the mulch layer. However inside the pepper rows, hairy vetch and
oat mulches showed the greatest effects on weed suppression (data not shown) probably due to
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the characteristics of the aboveground biomass which was abundant and easily workable for
obtaining a uniform and dense mulch layer without evident gaps similar to a carpet (Campiglia et
al.,, 2012). The formation of a more compact layer of mulch leads to a decrease in soil
temperature fluctuations and a reduction in light penetration which is well- known to inhibit the
germination of many weed species (Teasdale and Mohler, 1993; Teasdale and Mohler, 2000). A
reduction in weed density was also observed in NT outside the pepper rows and in the bare soil
compared to MT and CT. Probably in NT there was a reduction of microsites available for
germination considering that NT is close to an undisturbed soil where there are no cracks as in
MT and CT (Verdu and Mas, 2004). Moreover, the tillage could have brought deep buried seeds
to the surface to a more favorable position for germination (Légere et al., 2005; Shrestha et al.,
2002) and it could have promoted the breaking of seed dormancy (Yenish et al., 1992; Munier-
Jolain et al., 2002). However, outside the pepper row in NT, where there was no mulch left on the
soil surface, there was both a reduction of weed density and an increase of species richness and
Shannon’s index compared to CT in hairy vetch and oat. Previous studies agree with our findings
and show a greater number of weed species in NT versus mould board ploughed systems in
different locations (Blackshaw et al., 2001; Mulugeta et al., 2001). However, the oat cover crop
determined a strong plant density reduction toward all weed species, at 30 DAT non only in NT
but also in MT and CT. Probably oat residues incorporated into the soil could have hindered the
weed seed germination and weed development releasing strong allelochemicals (Putnam et al.,
1983), and reducing N availability for their low C:N ratio (Rosecrance et al., 2000). The
incorporation of hairy vetch and canola residues also determined a weed density reduction
compared to the bare soil, but the effect was limited to some weed species. However, weed
communities may also respond to environmental alterations without any change in richness, just
by modifying how abundance is distributed among species (Wilsey and Stirling, 2007). In our
study few differences were found between tillage systems on weed evenness at 30 DAT.
Generally, evenness had intermediate values (0.6 — 0.8 at 30 DAT) suggesting little evidence of
truly dominant species (Légere et al., 2005) in this short period, except in oat were it ranged from
0.0 to 0.96. Evidently, the presence of the oat mulch left on pepper row immediately determined
a large difference in weed species composition and density. At final pepper harvesting most of
the effects observed at 30 DAT on weed community composition and weed diversity still
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remained, even if there were fewer differences among residue management treatments. NT
continued to cause a general reduction of weed density compared to MT and CT, just as oat
caused a reduction on weed density, species richness and Shannon’s index compared to canola
and hairy vetch. It is interesting to note that NT showed a higher Shannon evenness compared to
MT and CT, except in bare soil. This result suggests that in the long run, even if the mulch strip
left on the soil surface strongly reduces the total weed density, in NT no large differences should
arise concerning weed composition or at least the weed species present should maintain a certain
uniformity, while the soil tillage could lead to a dominance among weed species (Shrestha et al.,
2002). However, diversity indices measured in this study were within the range of those reported
for various cropping systems in different areas (Légere et al., 2005; Derksen et al., 1995).

The weed flora in the pepper crop was mainly represented by annual small-sized seed dicot
species such as A. retroflexus, P. oleracea, C. album, S. nigrum, P. aviculare and S. vulgaris.
These species can be found in zero, reduced and conventional tillage systems (Derksen et al.,
1993), even if their frequency and abundance appears to be influenced not only by tillage system
but also by weed management practices, nutrient levels, and crop rotation sequences (Leesen et
al., 2000). In this study these weeds were generally associated with CT and MT in agreement
with Froud-Williams et al. (1984) who showed that weed species with small-sized seeds may
recruit more readily in fields where tillage keeps seeds on or near the soil surface. Moreover there
was some differentiation in weed composition in relation to different cover crop residues. Hairy
vetch could have advantaged the presence of the nitrophilus weeds, such as S. nigrum (Gonzalez-
Ponce and Salas, 1999), through the release by mineralization of a large amount of available
nitrogen (Campiglia et al., 2011b). On the contrary, the association between P. aviculare and oat
in MT, found at the end of the pepper growing season, could be explained by the fact that this
weed can tolerate low soil fertility (Grime et al., 1988, Costea and Tardif, 2004) and it is well
known that oat green manuring causes a temporary shortage of available nitrogen. A high level of
chemical soil fertility in hairy vetch and a low level in oat has been confirmed by the pepper yield
in the weed-free crop which was the highest in the hairy vetch regardless the residue management
treatments, while the pepper yield was at its minimum in oat MT and CT. In this study there were
very few perennial weeds probably due to the short time of the no-tillage period (about 1 year),
even if NT should favor perennial weeds (Tarresen et al., 2003; Menalled et al., 2001). However
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R crispus, which was the most present perennial weed, was strongly associated with NT at the
end of the pepper cropping season regardless the cover crop species. Probably the hay-
conditioner farm machine, which converted the cover crop aboveground biomass in mulch, killed
the annual weeds but was not effective on established Rumex plants which survived as its root
system was not disturbed as happened in MT and NT (Buhler et al., 1994).

5. CONCLUSION

This study shows a significant change in weed community composition and species diversity
related to cover crop species and cover crop residue managements in a winter cover crop-pepper
sequence. Oat residues generally showed a higher reduction of weed species density, weed
species richness and Shannon's index compared to hairy vetch and canola. The conversion of
cover crop aboveground biomass in mulch strips (NT) greatly reduced weed species density but
this did not always imply a reduction of weed species diversity in pepper compared to shallow
and deep green manuring (MT and CT). In fact, the weed species richness and Shannon’s index
were reduced inside the pepper rows, where the mulch was left on the soil surface, while a richer
and more diverse weed community was found outside the pepper rows were the soil was not
mulched. These results suggest that the cover crop residues converted in mulch strips can
represent a more sustainable approach of weed management compared to using green manure. In
fact in NT it is possible to reduce the weed density and consequently to increase the pepper yield
while maintaining a high level of weed diversity indices and evenness achieving a low agro-

ecosystem disturbance.
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PERSONAL REFLECTIONS

6.a. Project relevance

Production loss caused by weed competition is considered one of the main crop management
concerns for growers, particularly in organic cropping systems, in fact the impossibility of
controlling weeds is a major limiting factor for production systems particularly in vegetable and
legume crops. The most effective and economically sustainable cropping system integrates a
combination of practices into a whole-farm management approach. According to this point of
view it is possible to obtain a successful crop yield by elaborating a suitable ecological approach
within a weed management plan. The ecological management of weeds is seen as the best
approach for the sustainable development of weed management strategies worldwide. Therefore
the theme of this Ph.D. thesis is quite relevant since it links the issues concerning how ecological
approaches may improve the performance of cropping systems in the Mediterranean environment
through a more efficient use of available growth resources. Furthermore the results of this Ph.D.
thesis emphasize the importance of adopting ecological approaches for organic farming systems,
even if these approaches can be applied successfully to herbicide-based systems in a integrated
weed management strategy. From an economic point of view the relevance of these measures will
increase in the future, due to European regulations that limit the number of available herbicides
progressively. The use of alternate means for weed management based on ecological principles,
can reduce the weed densities during crop growth and therefore the need to control. Moreover the
results of Chapter 5.a., 5.b., 5.c., and 5.d. show that competitive genotypes and organic dead

mulch in combination with the mechanical inter-row control of emerging weeds can reduce the
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weed population during crop growth effectively and this methods is comparable to chemical

weed management.

6.b. Project planning

A Ph.D. is a learning process which was based on a continued re-evaluation of the initial project
planning. Although the initial project plan was not greatly revised, the methodology used in all
experiments received more attention than originally planned. | believe that the use of both
competition and biodiversity indicators has strengthened the overall project. The experimental
methods were carefully planned in order to obtain the specific objectives of the thesis based on
recent scientific papers to allow a good understanding of the limits and strengths of different
ecological approaches on weed management. Looking back on the studies which formed the basis
of this thesis, there were many doubts concerning whether some aspects should have been treated
differently, even if from a personal point of view | am quite satisfied with the way the four
experiments were carried out, from the planning phase and to the writing up of the papers.

6.c. Synthesis

The aim of a lot of agricultural research is to optimize already existing systems which in a
worldwide context means striving for greater sustainability of cropping systems and greater crop
yields. The main reason of the Ph.D. thesis was to find data which can help us to predict the
potential of occurrence and possible range extension of ecological approaches to weed
management in Mediterranean cropping systems. The effectiveness of ecological weed
management strategies is influenced by many factors, for this purpose | began my field study
with a broad exploration of the potential and adaptability of a series of ecological approaches to
suppress weed establishment during the crop cycles. In this chapter the results of the field
experiments are summarized and discussed in relation to the objectives stated in the introduction
of this Ph.D. thesis (Chapter 3). The research contributed to this objective by providing
investigations of the responses of weeds on ecological weed management strategies. The Ph.D.
thesis was linked to a long-term experiment based on 3-year crop rotation systems and the results
observed in the field experiments proved to be suitable for improving weed management
strategies and provided a basis for further research on the optimization of this system. In order to
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appreciate the potential of ecological weed management, the effectiveness of ecological
approaches was evaluated in two poorly competitive crops of crop rotation: chickpea where the
improved competitiveness was evaluated through the behavior of several genotypes against
P.aviculare (Chapter 5.a.) and the evaluation of an integrated weed management strategy
(Chapter 5.b.), and pepper where the use of cover crops and their residue management was tested
for assessing weed control and crop response (Chapter 5.c.) and to evaluate the consequences on
weed composition and species diversity (Chapter 5.d.). The weather conditions strongly
influenced the effectiveness of weed management strategy in all investigations. This is
particularly clear in chapter 5.b. where a different trend of rainfall favored weed establishment
even after hoeing, and in chapters 5.c and 5.d. where adverse weather conditions negatively
affected the accumulation of aboveground biomass of the cover crop species. This means that
weed management strategies are not prescriptive, but are based on environmental factors.
Furthermore, it is also clear how ecological means are not always sufficient enough to eliminate
direct control completely, and it is important that the application of ecological approaches does
not interfere with the possibility of applying curative measures of control. For instance in chapter
5.b. the planting pattern option in wider distances between rows allows for inter-row cultivation
until the closure of chickpea canopy. The same considerations could be observed in chapter 5.c.
where the organic mulch strips must not hinder inter-row cultivation during the pepper growing
cycle. However our findings suggest that ecological approaches can be integral parts of weed
management strategies for managing the weeds even if they must be carried out during the whole
weed management strategy. In chapter 5.a. the management of cover crop residues had a strong
effect on weed germination and establishment in pepper, even if the effectiveness was higher in
mulch compared to green manure. This effect is probably due to several options that together
hinder the recruitment of weed seedlings from the soil seed-bank. In fact the mulch layer
represents a physical barrier which contemporarily reduces light stimulus and releases
allelochemical substances. Another important issue concerns the choice of suitable cultivars. The
new high-yielding varieties are generally characterized by reduced plant height and erectophile
leaf arrangement which have resulted in an increased harvest index and light utilization efficiency
respectively, but contemporarily reduce crop competitiveness. Chapter 5.a. and 5.b. showed how
some traits of a crop can be easily identified and can improve the competitive ability of the crops.
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Consequently, the utilization of these screenable characteristics could be positively evaluated in
breeding programs with the aim of developing high competitive chickpea cultivars. However, the
competitive advantage for the crops does not only rely on species characteristics, for instance in
chapter 5.c. and 5.d. the transplanting of pepper seedlings represents a means for establishing the
desired initial size differences between crop and weeds. Furthermore an evaluation of a weed
control strategy should not only be focused on weed management aspects, but should also be
useful for adjusting the whole crop management. Chapter 5.c. illustrates that the mulching of
hairy vetch residues combined with an inter-row tillage could enable us to obtain a satisfactory
pepper yield and reduces the requirement of external inputs such as herbicides and fertilizers, as
well as allowing an efficient weed control throughout the pepper cropping period. Finally, it is
also important to evaluate the effects of a weed management strategy over time. Considering that
the weed community composition varies in a cyclic way during crop rotation, this enable us to
identify typical weed community trajectories during crop rotation and therefore to better
comprehend the differences in the weed species among the ecological weed management
strategies adopted in each crop. Chapter 5.a. illustrates how key weeds (P. aviculare in the
specific case) cause severe yield loss on chickpea with few plants per unit area, probably due to
its ability to compete for limited resources. It is widely accepted that conserving farmland
biodiversity has become an fundamental issue for maintaining ecological functions in intensively
managed agro-ecosystems. The use of ecological weed management strategies causes a
significant change in weed community composition and species diversity. Chapter 5.d. suggests
that the cover crop residues converted into mulch strips can represent a more sustainable
approach because they reduce the weed density and consequently increase the pepper yield while
maintaining a high level of weed diversity indices and evenness achieving a low agro-ecosystem

disturbance.

6.d. Future challenges

The results of the experiments of this PH.D. thesis have shown that ecological knowledge is
essential when planning an effective weed management strategy in poorly competitive crops.
Furthermore considering that ecological approaches are environmental friendly, they could be
used successfully in both conventional and organic cropping systems. Although ecological
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approaches on weed management have hindered weed establishment significantly, there are still a
number of issues which need to be addressed before ecological-based weed management can be
successfully implemented in practice. In fact even though the ecological approaches to weed
management are often mentioned as an alternative choice, the adoption of ecological weed
management is progressing rather slowly. Therefore, it is important to recognize the obstacles of
major concern. One of the main obstacles is the difficulty of combining ecological approaches
with a direct weed control means. Although in this study all ecological approaches were found
suitable to be used together with the direct means for weed management (mechanical means), in
some cases this is not possible. This is the case of intra-row weeders which are generally not
accurate enough to detect small individual plants or cannot be used within a mulch layer.
However, the results observed in the experiments suggest that by integrating ecological
approaches with farming practices it is possible to improve the effectiveness of weed
management. Above all, further research is required in order to develop the use of cover crop
residues as organic dead mulch. For this purpose new technologies are required in order to
improve the effect of the mulch layer as its the effectiveness is strongly related to the mulching
and transplanting stages. A further observation is that improvements in weed management may
have a negative effect on the fulfillment of other objectives. For instance the use of oat residues,
as green manure or organic mulch, implies a drop in the pepper yield due to the immobilization
of nitrogen. For this reason oat should be evaluated in fertilization programs in order to determine
the amount of fertilizer required for obtaining a reasonable pepper yield. These findings suggest
that when a weed management strategy is planned, the positive contributions of weed
management have to be weighed against the negative consequences, regarding the realization of
other objectives. Finally, all investigations highlight that an effective ecological weed
management strategy can only be obtained by combining various measures, therefore this means
that a multidisciplinary ecological weed management can have implications on weed
management. In this study the effectiveness of weed management strategies was strongly affected
by weather conditions, the variability in outcome of ecological weed management in both
chickpea and pepper crops is taken into account and can be considered a major obstacle for a
wide use compared to situations that can be solved with the use of cheap and effective herbicides.
A complex system is more difficult to handle, this is probably the main problem which hinders
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the adoption of ecological management by farmers. The development of tailor-made weed
management strategies based on ecological approaches requires close interaction between

researchers and farmers through a continuous effort to keep the search for new ecological
approach technologies going.
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SUMMARY

Nowadays there is much concern over environmental and human health impacts on weed
management practices which has led agricultural producers and scientists in many countries to
seek innovative strategies for weed control. As weed management systems are being developed,
ecological knowledge will become more and more important and the complexity of weed
management must be considered. Therefore understanding weed-crop ecology will lead to more
effective weed prevention, management, and control through a full range of factors regulating
weed density, growth, and competitive ability. These alternative approaches for suppressing weed
growth and reproduction is called “ecological weed management”. Ecological weed management
involves the use of different types of information and various control tactics in order to develop
strategies for subjecting weeds to multiple variable stresses over time. The main purpose for
developing ecological weed management strategies is to integrate the options and tools that are
available to make the cropping system un-favorable for weeds and to minimize the impact of any
weeds that survive. Many of the components of an ecological management system are
inextricably intertwined, thus making it difficult to measure the individual contributions of
specific elements of the systems. This Ph.D. project provides an implementation of the
knowledge regarding the ecological management of the weed in a Mediterranean area of central
Italy. Therefore the main objective of this study was to evaluate and optimize the contribution of
several ecological approaches for enhancing weed management in both organic and conventional
cropping systems in order to reduce the crop loss due to weed competition and to monitor the
evolution of weed community composition. After examining the principles of weed science and

evolution on weed control and/or management, the Ph.D. thesis provides information regarding
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ecological approaches of integrated weed management on chickpea and pepper crops through
field and laboratory experiments. Field experiments were planned for evaluating how tillage and
cultivation practices, competitive cultivars, cover crops and their residue management can be
carried out to reduce weed germination, growth, and competitive ability. The experiments were
carried out in the period 2009 — 2011 at the experimental farm ‘“Nello Lupori” of Tuscia
University in Viterbo, central Italy (310 m above sea level, latitude 42°24°53”” North and
longitude 12°03°55°” East) on a clay loam soil classified as Typic Xerofluvent (Soil Taxonomy).
Chapter 5.a. describes a field study which was carried out in order to evaluate the competitive
ability and the yield response of different chickpea genotypes against one of the main key-weeds
(Polygonum aviculare L.) of the Mediterranean environment. Experimental treatments consisted
in six chickpea genotypes and four different P. aviculare densities (4, 8, 16, 32 plants m™). P.
aviculare seeds were mixed with dry sand and hand-sown on chickpea rows, just after chickpea
sowing. P. aviculare caused an average chickpea seed yield loss of 14, 46, 74 and 88% at the
density of 4, 8, 16, 32 plants m™ compared to the weed-free crop, although significant losses on
yield depended on the combined effect of chickpea genotypes and P. aviculare densities. The
results suggest that P. aviculare should have a plant density less than 4 plants per m? in order to
prevent severe chickpea seed yield loss, although the use of highly competitive and weed-tolerant
chickpea genotypes could reduce the seed yield loss up to 10%.

Chapter 5.b. reports a field experiment carried out in order to assess the competitive ability of
selected chickpea genotypes grown as pure stand and in mixture with natural weed infestation
partially suppressed by inter-row tillages. Experimental treatments consisted in six chickpea
genotypes and four different weed managements [no weed control (weedy); 1-hoeing performed
at 25 DAE (days after chickpea emergence); 2-hoeings, one performed at 25 and one at 50 DAE;
weed-free]. Weed competition did not appear to affect the length of the chickpea cropping period,
but resulted in reductions in both chickpea aboveground biomass and grain yield, even if the
negative effect of weed competition was firstly observed in the seed yield reduction and later in
the accumulation of the dry matter, as confirmed by the significant and positive correlations
between the weed aboveground biomass and the number of fruitless pods. However, the chickpea
yield loss, due to natural weed infestation, varied according to the level of mechanical weed
management. As expected, the mechanical weeding caused a general reduction in weed density
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and biomass, an increase in both the competitive ability and the relative biomass of chickpea, and
a decline of the relative biomass of the weeds. However, the chickpea genotypes greatly differed
in their competitive ability against the weeds at different weed management levels. The chickpea
aboveground biomass in the earlier stages, the ground coverage and the plant height were the
traits that positively associated with competitive ability, and the increase of these parameters
could lead to the improvement of the competitive ability of chickpea genotypes against the
weeds. Therefore, our results highlight that these screenable traits could be positively evaluated
in breeding programs with the aim of developing high competitive chickpea cultivars. It is clear
that competitive ability alone is not sufficient for suppressing weeds in chickpea crops and it
needs to be combined with other types of weed management such as mechanical weeding. The
results of this research show that seed yield loss due to incomplete weed control performed with
inter-row tillage, could be considerably reduced by choosing highly competitive chickpea
genotypes which could be an integral part of an environmentally-friendly weed management
strategy.

Chapter 5.c. reports the results of a cover crop/pepper sequence in order to evaluate the effect of
different cover crop species and their residue managements on weed control and fruit yield of a
pepper crop. The treatments consisted in: (a) three winter cover crops (hairy vetch, oat, canola)
and bare soil; (b) three cover crop residue managements [residues left in strips on soil surface in
no-tillage (NT), green manure residues at 10 cm of soil depth in minimum tillage (MT), and
green manure residues at 30 cm of soil depth in conventional tillage (CT)]; (c) three levels of
weed management applied to the pepper crop [weed free (WF), inter-row mechanical control
applied at 30 days after pepper transplanting (WH), and weedy (W)]. Oat was the most weed
suppressive cover crop compared to canola and hairy vetch both throughout the cover crop
growing period and in the following pepper crop regardless the different cover crop residue
managements, probably due to its severe chemical and physical effects. The conversion of cover
crop aboveground biomass in mulch strips in NT conditions was clearly the most effective weed
management strategy compared to MT and CT especially when hairy vetch and oat were adopted.
Even if the inclusion of an inter-row hoeing in the early growing stage of the pepper determined a
strong weed reduction in all residue management treatments, it only proved to be a suitable weed
control practice in NT, while in MT and CT conditions it may still be necessary to use additional
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means for controlling the weeds, such as herbicides or other tillage operations. Regardless cover
crop management, hairy vetch determined a marketable pepper yield of about 40 t ha™ of FM in
weed-free conditions and in any case almost twice than canola and oat in presence of weeds. The
inclusion of legume cover crops in vegetable crop sequences in no-tillage systems could be a part
of an ample strategy for reducing the amount of chemical inputs used both for controlling weeds
and for N-fertilizing vegetable crops in the Mediterranean environment.

Chapter 5.d. describes the results of a field experiment carried out in order to evaluate the effect
of cover crop species and their residue management on weed community composition and weed
species diversity in a winter cover crop/pepper sequence. The treatments consisted in: (a) three
winter cover crops [hairy vetch (Vicia villosa Roth.), oat (Avena sativa L.), canola (Brassica
napus L.)] and bare soil; (b) three cover crop residue managements [residues left in strips on soil
surface in no-tillage (NT), green manure residues at 10 cm of soil depth in minimum tillage
(MT), and green manure residues at 30 cm of soil depth in conventional tillage (CT)]. Oat
residues generally showed a higher reduction of weed species density, weed species richness and
Shannon's index compared to hairy vetch and canola. The conversion of cover crop aboveground
biomass in mulch strips (NT) greatly reduced weed species density but this did not always imply
a reduction of weed species diversity in pepper compared to shallow and deep green manuring
(MT and CT). In fact, the weed species richness and Shannon’s index were reduced inside the
pepper rows, where the mulch was left on the soil surface, while a richer and more diverse weed
community was found outside the pepper rows where the soil was not mulched. These results
suggest that the cover crop residues converted into mulch strips can represent a more sustainable
approach of weed management compared to green manure. In fact in NT it is possible to reduce
the weed density and consequently to increase the pepper yield while maintaining a high level of

weed diversity indices and evenness achieving a low agro-ecosystem disturbance.
Key works: Integrated Weed Management; Cultural means; Mechanical means; Chickpea;

Competitive ability; Competition index; Pepper; Cover crops; Mulching; Green manuring; Weed

diversity; Weed community; Mediterranean environment.
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Riassunto

Al giorno d’oggi c¢’¢ un problema che riguarda gli effetti delle pratiche agronomiche di gestione
delle infestanti sull'ambiente e sulla salute umana, che ha spinto i produttori agricoli e i
ricercatori di tutto il mondo a trovare strategie innovative per il loro controllo. Lo sviluppo di
efficaci tecniche di gestione delle infestanti richiede un’ approfondita conoscenza della loro
complessita ecologica al fine di prevenire i danni causati dalle infestanti e consentire un migliore
controllo attraverso la regolazione della loro densita, crescita e capacita competitiva. La "gestione
ecologica delle infestanti" comporta I'uso di diversi tipi di informazioni e tattiche di controllo
appositamente combinati in strategie con lo scopo di rendere il sistema di coltivazione
sfavorevole per le erbacce riducendone al minimo I’impatto sulle coltivazioni agrarie. Molti
componenti delle strategie di gestione ecologica delle infestanti sono intrecciati, rendendo cosi
difficile misurare i contributi dei singoli elementi specifici. Questo progetto di dottorato fornisce
informazioni riguardo la messa a punto di strategie di gestione ecologica delle malerbe in un’area
Mediterranea del centro Italia. L'obiettivo principale é stato quello di valutare il contributo di
diversi approcci ecologici per la gestione delle infestanti in sistemi colturali sia biologici che
convenzionali, con il fine di ridurre le perdite di produzione e monitorare 1’effetto sulla comunita
delle infestanti. Dopo aver esaminato i principi che regolano la scienza che studia le infestanti e i
mezzi usati per la loro gestione, il progetto di dottorato ha esaminato 1’efficacia degli approcci
ecologici di gestione delle infestanti su colture di cece e peperone attraverso esperimenti di
campo e di laboratorio. Gli esperimenti sono stati condotti presso l'azienda Didattico-
Sperimentale "Nello Lupori" dell'Universita della Tuscia di Viterbo, Italia (310 m sul livello del
mare, latitudine 42 ° 24'53" nord e longitudine 12 ° 03'55" Est). Il terreno é argilloso e classificato
come Xerofluvent.

Nel capitolo 5.a. sono riportati i risultati di uno studio di campo progettato per valutare 1’’effetto
di una delle principali infestanti dell'ambiente mediterraneo (Polygonum aviculare L.) sulla
capacita competitiva e sulla produttivita di differenti genotipi di cece. | trattamenti sperimentali
consistevano in sei genotipi ceci e quattro densita P. aviculare (4, 8, 16, 32 piante m?). Il P.
aviculare ha causato una perdita di produzione di ceci del 14, 46, 74 e 88% alle densita di 4, 8,
16, 32 piante m™ rispetto al cece coltivato in purezza, anche se perdite significative dipendevano
dall’effetto combinato del genotipo per la densita del P. aviculare. | risultati suggeriscono che P.
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aviculare dovrebbe avere una densita inferiore a 4 piante m™ per evitare gravi perdite di
produzione.

Il Capitolo 5.b. mostra i risultati di un esperimento effettuato per valutare la capacita competitiva
di diversi genotipi di cece. | trattamenti sperimentali consistevano in sei genotipi di ceci e quattro
gestioni delle erbe infestanti [nessun controllo delle infestanti, 1 sarchiatura eseguita a 25 DAE
(giorni dopo I’emergenza del cece); 2 sarchiature, una eseguita a 25 e I’altra a 50 DAE; senza
infestanti]. Le infestanti non sembrano incidere sulla durata del ciclo colturale del cece, ma
determinano perdite sia della biomassa epigea sia della granella, anche se la competizione e stata
maggiormente influente sulla riduzione di granella, come confermato dalla correlazione
significativa tra la biomassa epigea delle infestanti e il numero di baccelli sterili. Tuttavia, le
perdite di produzione a causa delle infestanti variavano a seconda del controllo meccanico. Come
previsto la sarchiatura ha determinato una riduzione della densita e della biomassa delle infestanti
oltre che un incremento della capacita competitiva del cece. Comunque i genotipi differivano
notevolmente nella loro capacita competitiva contro le erbe infestanti. Nel cece la velocita di
crescita, la copertura del suolo e I’altezza della pianta sono i tratti fortemente associati alla
capacita competitiva. Pertanto, i risultati evidenziano come questi tratti potrebbero essere valutati
in programmi di miglioramento genetico, con l'obiettivo di sviluppare cultivar di cece altamente
competitive. | risultati di questa ricerca mostrano che la perdita di granella a causa di un
incompleto controllo, potrebbero essere notevolmente ridotti con la scelta di genotipi altamente
competitivi di cece. Comunque sembra evidente che la capacita competitiva da sola non €
sufficiente per sopprimere le erbacce e deve essere combinata con altri tipi di gestione delle
infestanti come ad esempio il diserbo meccanico.

Il capitolo 5.c. riporta i risultati di un esperimento di campo riguardo I’effetto della gestione della
biomassa epigea di diverse colture di copertura sulla produzione e sul controllo delle infestanti in
una coltura di peperone. | trattamenti sperimentali consistevano in: (a) tre colture di copertura
invernali (veccia, avena, colza) e il suolo nudo, (b) tre gestioni dei residui vegetali [residui
lasciati in strisce sulla superficie del terreno (NT), residui sovesciati a 10 cm di profondita del
suolo (MT), residui sovesciati a 30 cm di profondita del suolo (CT)], (c) tre livelli di gestione
delle infestanti applicate sulla coltura del peperone [coltura pura (WF ), controllo meccanico tra
le fila applicato a 30 giorni dopo il trapianto del peperone (WH), e inerbito (W)]. L’avena era la
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coltura di copertura pit soppressiva rispetto al colza e alla veccia indipendentemente dalle
diverse gestioni di residui delle colture di copertura. La conversione della biomassa epigea in
strisce pacciamanti era chiaramente la piu efficace strategia di gestione delle infestanti rispetto al
sovescio, soprattutto su veccia e avena. La sarchiatura tra le file del peperone ha determinato una
forte riduzione delle infestanti in tutti i trattamenti di gestione dei residui, anche se in MT e CT &
risultato necessario usare mezzi addizionali per il controllo delle erbacce sulla fila del peperone.
Indipendentemente dalla gestione della biomassa epigea delle colture di copertura, la veccia in
assenza di erbe infestanti ha determinato una resa commerciale di peperone di circa 40 t ha™ e in
ogni caso quasi il doppio di quella osservata in colza e avena in presenza di erbacce. L'uso di
specie leguminose in sequenza a delle colture vegetali in sistemi non-lavorazione del terreno
potrebbe rappresentare una componente di un’ampia Strategia per ridurre la quantita di input
chimici utilizzati sia per il controllo delle erbe infestanti, sia per la fertilizzazione delle colture
orticole in ambiente mediterraneo.

Capitolo 5.d. descrive i risultati di un esperimento di campo pianificato con il fine di valutare
I'effetto di colture di copertura e della gestione della loro biomassa epigea sulla composizione
della comunita delle specie infestanti. | trattamenti consistevano in: (a) tre colture di copertura
invernali (veccia, avena, colza) e il terreno nudo, (b) tre gestioni dei residui delle colture di
copertura [residui lasciati in strisce sulla superficie del terreno (NT), residui sovesciati a 10 cm di
profondita del suolo (MT), residui sovesciati a 30 cm di profondita del suolo (CT)]. I residui di
avena in genere hanno mostrato una maggiore riduzione della densita delle specie infestanti, della
ricchezza di specie infestanti e dell'indice di Shannon rispetto alla veccia e colza. La conversione
della biomassa epigea delle colture di copertura in strisce pacciamanti (NT) riduce notevolmente
la densita delle specie infestanti, ma questo non sempre implica una riduzione della diversita
rispetto al sovescio (MT e CT). In realta, la ricchezza di specie infestanti e l'indice di Shannon
sono state ridotte all'interno della strisca pacciamante, mentre una comunita di malerbe piu ricca
e diversificata é stata trovata al di fuori delle file del peperone dove il terreno non é stato
pacciamato. Questi risultati suggeriscono che i residui delle colture di copertura convertiti in
strisce pacciamanti possono rappresentare un approccio sostenibile alla gestione delle infestanti

rispetto all'utilizzo del sovescio. Infatti in NT & possibile ridurre la densita delle infestanti e di
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conseguenza aumentare la produzione del peperone pur mantenendo un livello elevato di indici di

diversita e di uniformita di malerbe che significa un basso disturbo dell’agro-ecosistema.

Parole chiavi: Controllo integrato delle infestanti; Mezzi culturali; Mezzi meccanici; Cece;
Abilita competitive; Indici di competizione; Peperone; Colture di copertura; Pacciamatura;

Sovescio; Diversita delle infestanti; Comunita delle infestanti; Ambiente Mediterraneo.

183



ECOLOGICAL WEED MANAGEMENT

Emanuele Radicetti

CURRICULUM VITAE

Emanuele Radicetti was born on the 19th of September, 1980 in Viterbo (VT), Italy. In 1999, he
graduated from secondary education at the chemical secondary school “Porzio Porciatti”,
Manciano (GR), Italy. In 2002, he began his agricultural studies at the University of Tuscia and
he is specialized in weed management. For his first MSc thesis he worked with different
genotypes of Trifolium pratense L. for evaluating their adaptability and competitiveness against
natural weeds in the Mediterranean climate of central Italy. His second MSc thesis was carried
out at the experimental farm “Nello Lupori” of Tuscia university. The subject of his thesis dealt
with the evaluation of some chemical compounds (Sulfoyluree family) used for weed control in
wheat and their effect on the following vegetable crops such as lettuce, cauliflower, and fennel.
In December 2007, he completed his studies “cum laude”. After his graduation, Emanuele started
a scholarship at the faculty of Agriculture at Tuscia University. The scholarship was focused on
the evaluation of several non-chemical means (mainly cultural and mechanical means) on weed
management and control on different winter legume crops (chickpea, bean, and pea). In January
2009, he started the Ph.D. course in environmental sciences at Tuscia University, Viterbo (VT),
Italy, under supervision of Prof. Enio Campiglia (Tutor). The PhD project concerns the
exploration and optimization of ecological approaches on integrated weed management strategies

for chickpea and pepper crops.

184



