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Preface

Nowadays, chemical pesticides are the traditional solution to weed and pest problems,
and although they have saved lives and crops, the greatest risk to our environment and
our health comes from their use. Many significant problems from their use include con‐
tamination of the environment, the development of pesticide resistance in the target pest,
the recovery of pest species, the phytotoxicity in crop fields, and the unacceptably high
levels of pesticide/commodity residue in food. There is evidence, however, that unless an
improved weed and pest control system is adopted, these problems are expected to be‐
come alarmingly acute. Every effort must be made to find alternatives to using chemical
pesticides. Each adopted weed and pest control plan should provide maximum benefits
while optimizing the cost/benefit ratio. Today, several alternative control methods exist
as possible strategies for weed and pest control, such as biological control, the develop‐
ment of resistant crop species, the use of physical and mechanical agents, the alteration of
cultural practices, the release of genetically modified pests, and the development of
chemicals with a narrow spectrum of activity and less persistence in the environment,
among others.

This book, Weed and Pest Control, aims to provide a basic introduction to the techniques
that can be used to control weeds and pests. We wanted to try to compress information
from a diversity of sources into a single volume. We believe that it is fundamentally im‐
portant to have a detailed survey of the most important tools available before deciding
on an integrated weed and pest management program.

In essence, the content selected and included in Weed and Pest Control, is intended to pro‐
vide researchers, producers, and consumers of pesticides an overview of the latest scien‐
tific achievements, to help readers make rational decisions regarding the use of strategies
to control several pest animals and weeds that directly or indirectly damage not only ag‐
riculture, but also our environment. Chapters include background information about the
effects of several methods of control on undesired weeds and pests that grow and repro‐
duce aggressively in crops, as well as their management and several empirical methodol‐
ogies for study.

This book covers such alternative insect control strategies as the allelopathy phenomen‐
on, tactics in integrated pest management of opportunistic generalist insect species, bio‐
logical control of root pathogens, insect pest control by polyculture strategy, application
of several integrated pest management programs, irrigation tactics and soil physical
processes, and carbon stocks to manage weeds.

Many researchers have contributed to the publication of this book. Given the fast pace of
new scientific publications shedding light on the matter, this book will probably be out‐
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dated very soon. We regard this as a positive and healthy fact. We hope, however, that
this book will continue to meet the expectations and needs of all interested in the differ‐
ent strategies of weed and pest control.

Sonia Soloneski and Marcelo L. Larramendy
Faculty of Natural Sciences and Museum,

National University of La Plata
Argentina
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Chapter 1

Companion Planting and Insect Pest Control

Joyce E. Parker, William E. Snyder,
George C. Hamilton and Cesar Rodriguez‐Saona

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55044

1. Introduction

There is growing public concern about pesticides’ non-target effects on humans and other
organisms, and many pests have evolved resistance to some of the most commonly-used
pesticides. Together, these factors have led to increasing interest in non-chemical, ecologically-
sound ways to manage pests [1]. One pest-management alternative is the diversification of
agricultural fields by establishing “polycultures” that include one or more different crop
varieties or species within the same field, to more-closely match the higher species richness
typical of natural systems [2, 3]. After all, destructive, explosive herbivore outbreaks typical
of agricultural monocultures are rarely seen in highly-diverse unmanaged communities.

There are several reasons that diverse plantings might experience fewer pest problems. First,
it can be more difficult for specialized herbivores to “find” their host plant against a back‐
ground of one or more non-host species [4]. Second, diverse plantings may provide a broader
base of resources for natural enemies to exploit, both in terms of non-pest prey species and
resources such as pollen and nectar provided by the plant themselves, building natural enemy
communities and strengthening their impacts on pests [4]. Both host-hiding and encourage‐
ment of natural enemies have the potential to depress pest populations, reducing the need for
pesticide applications and increasing crop yields [5, 6]. On the other hand, crop diversification
can present management and economic challenges for farmers, making these schemes difficult
to implement. For example, each of two or more crops in a field could require quite different
management practices (e.g., planting, tillage and harvest all might need to occur at different
times for the different crops), and growers must have access to profitable markets for all of the
different crops grown together.

“Companion planting” is one specific type of polyculture, under which two plant species are
grown together that are known, or believed, to synergistically improve one another’s growth

© 2013 Parker et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Parker et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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[7]. That is, plants are brought together because they directly mask the specific chemical cues
that one another’s pests use to find their hosts, or because they hold and retain particularly
effective natural enemies of one another’s pests. In this chapter we define companion plants
as interplantings of one crop (the companion) within another (the protection target), where
the companion directly benefits the target through a specific known (or suspected) mechanism
[8, 9]. Companion plants can control insect pests either directly, by discouraging pest estab‐
lishment, and indirectly, by attracting natural enemies that then kill the pest. The ideal
companion plant can be harvested, providing a direct economic return to the farmer [2] in
addition to the indirect value in protecting the target crop. However, “sacrificial” companion
plants which themselves provide no economic return can be useful when their economic
benefit in increased yield of the target exceeds the cost of growing the companion [10, 11].

Companion planting has received less attention from researchers than other diversification
schemes (such as insectary plants and cover crops), but this strategy is widely utilized by
organic growers [8, 9]. Generally, recommendations on effective companion-target pairings
come from popular press articles and gardening books, which make claims of the benefits of
bringing together as companions aromatic herbs, certain flowers [12], or onions (Allium L. spp.)
[13]; nearly always, vegetables are the protection target. However, these recommendations
most-commonly reflect the gut-feeling experiences of particular farmers that these pairings
are effective, rather than empirical data from replicated trials demonstrating that this hunch
is correct. Indeed, more-rigorous examinations of companion-planting’s effectiveness have
yielded decidedly mixed evidence [e.g. 9, 14 and 15]. Here, we first review companion plants
that disrupt host-location by the target’s key pests, and then those that operate by attracting
natural enemies of the protection target’s pests. For companions operating through either
mechanism, we discuss case-studies where underlying mechanisms have been examined
within replicated field trials, highlighting evidence for why each companion-planting scheme
succeeded or failed.

2. Companions that disrupt host location by pests

Herbivorous insects use a wide variety of means to differentiate between host and non-host
plants. Consequently, host-finding behavior of the target’s pests plays a key role in selecting
an effective companion plant. Typically, host plant selection by insects is a catenary process
involving sequences of behavioral acts influenced by many factors [16]. These can include the
use of chemical cues, assessment of host plant size, and varying abilities to navigate and
identify hosts among the surrounding vegetation. Therefore, both visual and chemical stimuli
play key roles in host plant location and eventual acceptance. At longer distances, host-location
often is primarily through the detection and tracking of a chemical plume [17]. At this scale,
abiotic factors may play a strong role. For example, an odorous plume can be influenced not
just by plant patch size, but also by temperature and wind speed, which can change the plume’s
spatial distribution and concentration [17]. As the insect draws near to the host plant, visual
cues can increase in importance [17]. Visual indications that a suitable host has been located
can include the size, shape and color of the plant [18]. Therefore, based on the dual roles of
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chemical and visual cues in host-location by herbivores, to be effective disruptors of host-
location by the target’s pests, companion plants would need to: (1) disrupt the ability of the
pest to detect or recognize the target’s chemical plume; (2) disrupt or obscure the visual profile
of the target; or (3) act simultaneously through both chemical and visual disruption of host
location.

Furthermore, ecological differences among pest species are likely to impact the effectiveness
of companion planting. For example, specialist herbivores appear to be relatively strongly
dissuaded from staying in diverse plantings where their host is just one component of the plant
community, whereas generalist herbivores sometimes prefer diverse to simple plantings [19,
20]. Presumably this is because diverse plantings provide relatively few acceptable hosts per
unit area for a specialist, but (potentially) several different hosts acceptable to a generalist.
Likewise, the size/mobility of the pest is likely to be important. Potting et al. (2005) in reference
[21] suggested that smaller sized arthropods such as mites, thrips, aphids and whiteflies that
can be passively transported by wind currents, have limited host detection ability. Of course,
when a pest moves haphazardly through the environment there is no active host-location
behavior for a companion plant to disrupt! Apparently because insects that travel passively
with wind currents may cause them to bypass trap crops leading to companion plant failure.
Conversely, larger sized insects capable of direct flight have good sensory abilities that allow
them to perform oriented movement and thus represent good candidates for control by
companion planting [21].

2.1. Companions that draw pests away from the protection target

Trap crops are stands of plants grown that attract pest insects away from the target crop [11,
22] (Fig. 1).

Once pests are concentrated in the trap crop the pests can be removed by different means, such
as burning or tilling-under the trap crop [11] or by making insecticide applications to the trap.
A highly-effective trap crop can bring a relatively large number of pests into a relatively small
area, such that pest management within the trap crop requires coverage of less ground than if
the entire planting of the protection target had to be treated. Even if left unmanaged through
other means, pests feeding within the trap are not damaging the protection target. Because
trap crops are more attractive to the pest, they are usually rendered unmarketable due to pest
damage. This means that, to be economically-viable, the cost of establishing and maintaining
the trap crop must equal or exceed the value of crop-protection within the protection target.

There are many successful examples of trap cropping. For example, in California the need to
spray for Lygus Hahn in cotton was almost completely eliminated due to the success of alfalfa
trap crops [23-25]. In soybeans, Mexican bean beetles can be controlled using a trap crop of
snap beans [26]. Similarly, for over 50 years in Belorussia early-planted potato trap crops have
been used to protect later plantings of potatoes from Colorado potato beetle attack [27]. Even
though many successful examples of trap crops have been reported, several studies have also
demonstrated contradictory results with many declaring unsuccessful [28-31] to unreliable
control of pests [32]. For example, Luther et al. (1996) in reference [29] explored trap crops of
Indian mustard and Tastie cabbage to control diamondback moth and Pieris rapae L. in Scorpio
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cabbage and discovered that these trap crops were effective at attracting these pests; however,
the distance between the trap crop and the protection target allowed for pests to spillover back
into the protection target. In another experiment using Indian mustard as a trap crop, Bender
et al. (1999) in reference [30] intercropped Indian mustard with cabbage to control lepidop‐
terous insects and found that Indian mustard did not appear to preferentially attract these
insect pests. Overall, the relative effectiveness of the trap crop depends on the spatial dimen‐
sions of the trap crop and protection target, the trap crop and protection target species and
pest behavior.

The need to control pests in the trap crop can be avoided when “dead-end” traps are deployed.
Dead-end trap cropping utilizes specific plants that are highly preferred as ovipositional sites,
but incapable of supporting development of pest offspring [33, 34]. For example, the diamond
back moth (Plutella xylostella L.), a pest of Brassica crops, is highly attracted for oviposition to
the G-type of yellow rocket (Barbarea vulagaris R. Br.), but the larvae are not able to survive on
this host plant [35]. This inability to survive has been attributed to a feeding deterrent,
monodesmosidic triterpenoid saponin [36] and so larvae cannot complete development.

Figure 1. A trap crop of Pacific gold mustard (companion plant) is flanked on both sides by broccoli (target crop). The
symbols (+) represent the principal mechanism at work. Here, the trap crop, designated with two (+) signs, are more
attractive than the protection target-broccoli. The mustard trap crop is used to attract pest insects away from broccoli.

Weed and Pest Control - Conventional and New Challenges4

Similarly, potato plants genetically engineered to express Bacillus thuringiensis (Bt) proteins
that are deadly to the Colorado potato beetle, and planted early in the season, can act as dead-
end traps that kill early-arriving potato beetles [37].

Trap crop effectiveness can be enhanced by incorporating multiple plant species simultane‐
ously. Diverse trap crops include plants with different chemical profiles, physical structures
and plant phenologies, therefore, diverse trap crops may provide for a more attractive trap
crop. For example, in Finland, mixtures of Chinese cabbage, marigolds, rape and sunflower
were used successfully as a diverse trap crop to manage the pollen beetle (Melighetes aeneus F.)
in cauliflower [38]. Furthermore, Parker (2012) in reference [39] conducted experiments
exploring the use of simple and diverse trap crops to control the crucifer flea beetle (Phyllotreta
cruciferae Goeze) in broccoli (Brassica oleracea L. var. italica ). The trap crops included mono‐
cultures and polycultures of two or three species of Pacific gold mustard (Brassica juncea L.),
pac choi (Brassica rapa L. subsp. pekinensis ) and rape (Brassica napus L.). Results indicated that
broccoli planted adjacent to diverse trap crops containing all three trap crop species attained
the greatest dry weight suggesting that the trap crops species were not particularly effective
when planted alone, however, provided substantial plant protection when planted in multi-
species polycultures. Thus, diverse trap crops consisting of all three trap crop species (Pacific
gold mustard, pac choi and rape) provided the most effective trap crop mixture.

The success of trap crops depends on a number of variables, such as the physical layout of the
trap crop (e.g., size, shape, location) and the pests’ patterns of movement behavior [40]. For
example perimeter trap crops, trap crops sown around the border of the main crop [41], have
been used to disrupt Colorado potato beetle (Leptinotarsa decemlineata Say) colonization of
potato fields from overwintering sites that ring the field [42-44]. However, depending on the
pest targeted for control and the cropping system, perimeter trap crops may not be the most
effective physical design. For example, a perimeter trap crop may not impede pest movement
if the pest descends on a crop from high elevations. In reference [11] Hokkanen (1991) has
recommended an area of about 10% of the main crop area be devoted to the trap. A smaller
trap crop planting leaves more farm ground available for planting marketable crops.

In general, throughout trap cropping literature, trap crops are most effective when they are
attractive over a longer period of time than the target crop, and when trap crops target mobile
pests that can easily move among the trap and protection-target plantings [11]. References [11]
and [41] reported trap crop success particularly with larger beetles [11] and tephritid flies [41],
insects generally capable of direct flight.

2.2. Plants that repel

Plants with aromatic qualities contain volatile oils that may interfere with host plant location,
feeding, distribution and mating, resulting in decreased pest abundance [45-47] (Fig. 2).

Moreover, certain plants contain chemical properties which can repel or deter pest insects and
many of these products are used to produce botanical insecticides. For example, pyrethrum
obtained from dried flower of the pyrethrum daisy (Tanacetum cinerariaefolium L.), neem
extracted from seeds of the Indian neem (Azadirachta indica A. Juss.) and essential oils extracted
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from herbs such as rosemary, eucalyptus, clove, thyme and mint have been used for pest
control [48]. Generally, aromatic herbs and certain plants are recommended for their supposed
repellent qualities. For example, herbs such as basil (Ocimum basilicum L.) planted with
tomatoes have been recorded to repel thrips [49] and tomato hornworms [50]. Plants in the
genus Allium (onion) have been observed to exhibit repellent properties against a variety of
insects and other arthropods including moths [51], cockroaches [52], mites [53] and aphids [54].
These examples represent a wide array of arthropods that respond to repellent odors and
demonstrate the potential repellent plant properties can have on pest control.

Furthermore, many studies have reported a wide variety of companion plants to contain
repellent properties against pests of Brassica crops. Brassica species are an economically
important crop throughout the world [55], sometimes comprising up to 25% of the land
devoted to vegetable crops [56]. These companion plants included sage (Salvia officinalis L.),
rosemary (Rosemarinus officinalis L.), hyssop (Hyssop officinalis L.), thyme (Thymus vulgaris L.),
dill (Anethum graveolens L.), southernwood (Artemisia abrotanum L.), mint (Menta L. spp.), tansy
(Tanacetum vulgare L.), chamomile (several genera), orange nasturtium (Tropaeolum Majus L.)

Figure 2. Intercroppings of spring onions (companion plant) are implemented to protect broccoli (target crop) from
pest attack. Here, spring onions are used as a repellent to push pest insects away from broccoli. The symbols represent
their potential attractive (+) and repellent (-) properties.

Weed and Pest Control - Conventional and New Challenges6

[57], celery and tomatoes [57, 58]. Similarly, intercropping tomatoes with cabbages has been
suggested to repel the diamond back moth [59] and ragweed (Ambrosia artemisifolia L.) has
been used to repel the crucifer flea beetle (Phyllotreta cruciferae) from collards (Brassica olera‐
cea L. var. acephala) [60], both widespread pests of Brassica crops.

Not all studies using repellent companion plants have reported positive results. Early data
have suggested no scientific evidence that odors from aromatic plants can repel or deter pest
insects [61]. In reference [62] Latheef and Irwin (1979) found no significant differences in the
number of eggs, larvae, pupae, or damage by cabbage pests between companion plants; French
marigold (Tagetes patula L.), garden nasturtium pennyroyal (Mentha pulegium L.), peppermint
(Mentha piperita L.), garden sage, thyme and control treatments. Furthermore, French mari‐
golds (Tagetes patula L.) intercropped in carrots did not repel the carrot fly (Psila rosae F.) [47].
Even reports of frequently recommended companion herbs did not always improve pest
control. For example, there were no differences in diamond back moth oviposition between
Brussels sprouts (B. oleracea) intercropped with sage (S. officinalis) and thyme (T. vulgaris) [61].
Sage and thyme represent two common companion plants noted for their pungent odors [9].
Billiald et al. (2005) in reference [63] and Couty et al. (2006) in reference [64] concluded that if
these highly aromatic plants were truly repellent, insects would not land on non-host com‐
panion plants.

Indeed, other mechanisms other than repellent odors might have a prominent role in plant
protection. In reference [61] Dover (1986) noted reduced oviposition by the diamond back moth
caused by contact stimuli and not repellent volatiles of sage and thyme. Therefore, sage and
thyme were still protecting the target crop; however, this protection was caused by alternative
mechanisms other than repellent odors. Similarly, research has demonstrated that aromatic
plants such as marigolds (Tagetes erecta L.) and mint (Mentha piperita L.) did not repel the onion
fly (Delia antiqua Meigen) or the cabbage root fly (D. radicum L.), but instead disrupted their
normal chain of host plant selecting behaviors [16, 65, 66].

The response to a repellent plant will vary depending on the behavior of the insect and the
plant involved. As a result, a repellent plant that can be effective for one pest might not provide
effective control for another [67]. Finally, many experiments to determine plant’s repellent
capabilities were carried out in laboratory settings and do not necessarily represent field
conditions [9].

2.3. Plants that mask

Companion plants may release volatiles that mask host plant odors [59, 60, 68] interfering with
host plant location (Fig. 3).

For example, host location by the cabbage root fly (D. radicum) was disrupted when host plants
were surrounded by a wide variety of plants including weeds and marketable crops [69, 70]
such as spurrey (Spergula arvensis L.) [71], peas (Pisum sativum L.) [72], rye-grass (Lolium
perenne L.) [72] or clover [73, 74]. However, Finch and Collier (2000) in reference [9] suggested
that even though these diverse companion plants contain different chemical profiles, it is
unlikely that all would be able to mask host plant odors. Further research has demonstrated
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that in a wind tunnel, cabbage root fly move toward Brassica plants surrounded by clover just
as much as Brassica plants grown in bare soil indicating that odors from clover did not mask
those of the Brassica plants [75].

In addition to hiding odors emitted by the protection target, companion plants have also been
reported to alter the chemical profile of the protection target. For example, certain companion
plants can directly affect adjacent plants by chemicals taken up through its roots [76]. African
marigolds (Tagetes spp.) produce root exudates which can be absorbed by neighboring plants
[77] and may help to explain the reports of African marigold reducing pest numbers [9]. African
marigolds also release thiopene, which acts as a repellent to nematodes [78]. Similarly, studies
exploring various barley cultivars discovered that airborne exposure of certain combinations
of undamaged cultivars caused the receiving plant to become less acceptable to aphids [79-81]
and this was also confirmed in field settings [80]. Thus, volatile interactions between odors of
host and non-host plants and even single species with different cultivars can affect the behavior
of pest insects.

Figure 3. Marigolds (companion plant) are intercropped with broccoli (target crop) to interfere with host plant loca‐
tion. Here, several mechanisms may be involved in protecting broccoli including masking host plant odors or visually
camouflaging broccoli making it less apparent. Here, the symbol (+) is shaded to represent a less apparent target crop-
broccoli.

Weed and Pest Control - Conventional and New Challenges8

2.4. Plants that camouflage or physically block

In addition to protecting crops with olfactory cues, companion plants may also physically and
visually camouflage or block host plants [9, 14, 15, 20, 47, 60, 82]. The ‘appropriate/inappro‐
priate landing’ theory proposed that green surfaces surrounding host plants may disrupt host
plant finding [9]. The ‘appropriate/inappropriate landing’ theory was originally inspired from
studies exploring the oviposition behavior of cabbage herbivores and found that reduced
damage in intercropping systems were attributed to a disruption of oviposition behavior [9].
This can occur when insects land on a companion plant instead of the target crop before or
during oviposition [83]. For example, Atsatt and O’Dowd (1976) in reference [84] demonstrated
that Delia radicum (L.) (cabbage root fly) spent twice as much time on a non-host plant after
landing on it compared to a host plant. This demonstrated that companion plants can disrupt
and arrest D. radicum on inappropriate hosts (companion plants). Consequently, D. radicum
will start its oviposition process from the beginning which may reduce the total number of
eggs layed on the target crop. Studies have found similar post-alighting behavior of Delia
floralis Fallén (turnip root fly) and the decision to oviposit after landing on host and non-host
plants [85, 86].

Companion plants may visually (Fig. 3) or physically (Fig. 4) obstruct host plant location
rendering host plants less apparent [87].

For example, host plant location in the crucifer flea beetle (Phyllotreta cruciferae Goeze) is
disrupted when non-host plant foliage, either visual or hidden, is present [60]. Similarly, Kostal
and Finch (1994) in reference [72] and Ryan et al. (1980) in reference [88] both showed that
artificial plant replicas made from green card or green paper could disrupt host plant location.
Companion plant height is also an important factor in pest suppression. Tall plants can impede
pest movement within a cropping system [89]. For example, maize has been used to protect
bean plants from pest attack [90] and dill has been used as a vegetative barrier to inhibit pest
movement in organic farms (personal observation). Frequently recommended companion
plants used as physical barriers include sunflowers, sorghum, sesame and peal-millet [91]. In
addition, companion plant barriers may also be used to reduce the spread and transmission
of insect vectored viruses [92].

Nevertheless, these mechanisms may not rely solely on physical obstruction [93]. For example,
the presence of desiccated clover plants (brown in color), which retained the same architecture
as living plants (green in color), but only differed in their appearance from living plants, did
not reduce the number of cabbage root fly (D. radicum), diamond back moth (P. xylostella) and
the large white butterfly (Pieris brassicae L.) eggs when compared to the target crop on bare
ground [93]. However, when live clover surrounded the target crop, the numbers of eggs laid
were reduced suggesting that the physical presence of clover alone was not enough to prevent
a reduction in oviposition [93]. Therefore, the size, shape, color and chemical profiles of
companion plants may interact together reducing pest numbers making it is difficult to tease
apart specific mechanisms which may be contributing to pest control.
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2.5. Combinations of companion planting techniques

In some systems, different companion planting methods have been combined to work
synergistically and improve pest control. For example, in Kenya trap crops have been com‐
bined with repellent plants and implemented successfully in a ‘push-pull’ system [94] to
control spotted stem borer (Chilo partellus Swinhoe) in maize (Zea mays L.) [95, 96]. The repellent
plants included a variety of non-host plants such as molasses grass (Melinis minutiflora P.
Beauv.), silverleaf desmodium (Desmodium uncinatum Jacq.) or green leaf desmodium
(Desmodium intortum Mill.) and the trap crop plantings included Napier grass (Pennisetum
purpurerum Schumach) or Sudan grass (Sorghum vulgare sudanense Hitchc.) [94]. Here, the
‘push’ (repellent companion plants) drives the pest insect away from the target crop while the
‘pull’ (trap crop) simultaneously lures the pests toward the trap crop. Kahn and Pickett (2003)
in reference [96] have reported thousands of farmers in east Africa to utilize the push-pull
strategies to protect maize and sorghum. In addition, Komi et al. (2006) in reference [97]
suggested that maize-legumes or maize-cassava intercrops can provide a ‘push’ for push-pull
systems incorporating Jack-bean (Canavalia ensiformis L.) as a highly attractive trap crop ‘pull’.
The goal of the push-pull strategy aims to minimize negative environmental consequences and
maximize pest control, sustainability and crop yield [94].

Figure 4. Dill (companion plant) is used as a physical barrier to protect broccoli (target crop) from pest attack. Here,
the height of the dill can impede pest movement.
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3. Plants that enhance conservation biological control

While the previous theories explored bottom-up forces in which companion plants improved
pest control, Root (1973) ‘enemies hypothesis’ in reference [4] explored top-down mechanisms.
He proposed that natural enemy populations are greater in polycultures because diverse
habitats provide a greater variety of prey and host species that become available at different
times. Furthermore, a greater diversity of prey and host species allows natural enemy popu‐
lations to stabilize and persists without driving their host populations to extinction [4].
Altogether these theories present processes which may contribute to the lower abundance of
pest insects in mixed cropping systems. Not surprisingly, companion plants may provide pest
control by one or several of these mechanisms.

Pest populations can be managed by enhancing the performance of locally existing commun‐
ities of natural enemies [98]. This can be accomplished by incorporating non-crop vegetation,
such as flowering plants also known as insectary plants, into a cropping system (Fig. 5).

Figure 5. Flowering companion plants are incorporated into this mixed vegetable farm to enhance the efficacy of nat‐
ural enemies and improve pest suppression.
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Companion plants can provide essential components in conservation biological control by
serving as an alternative food source and supplying shelter to natural enemies [99]. Many
natural enemies including predators and parasitoids require non-prey food items in order to
develop and reproduce [100-102]. For example, adult syrphids whose larvae are voracious
predators of aphids, feed on both pollen and nectar [103]. Pollen and nectar are essential
resources for natural enemies which satisfy different health requirements. Nectar is a source
for carbohydrates and provides energy, while pollen supplies nutrients for egg production
[103-106]. In wheat fields in England and in horticultural and pastoral habitats in New Zealand
over 95% of gravid female syrphids were found with pollen in their gut [103]. As a result,
flowering plants can increase the fecundity and longevity of parasitic hymenoptera [107-109]
and predators [110, 111]. In addition to increasing natural enemy fitness, improved nutrition
may also enhance foraging behavior [e.g. 112, 113] and increase the female-based sex ratio of
parasitoid offsprings [114]. A wide variety of natural enemies utilize non-prey food sources.
For example, pollen and nectar have been demonstrated to be highly attractive to variety of
predators including syrphids [103, 115, 116], coccinellids [117-119], and lacewings [117].

One method to increase natural enemy density using companion plants includes incorporating
certain flowering plants into a cropping system. This is often accomplished by planting
flowering strips or border plantings in crop fields. Plants in the family Apiaceae are highly
attractive to certain beneficial insect populations and are generally recommended as insectary
plants [120]. This can be attributed to their exposed nectaries and the structure of their
compound inflorescence which creates a “landing platform” [121, 122]. In addition, natural
enemies are attracted to the field by the color and odor of companion plants [123]. Another
commonly used insectary plant is Phacelia tanacetifolia Benth, which has been employed in
borders of crop fields because it produces large amounts of pollen and nectar [124, 125]. For
example, White et al. (1995) in reference [116] incorporated plantings of P. tanacetifolia near
cabbage (B. oleracea) to increase syrphid densities to control aphids. Similarly, MacLeod (1992)
in reference [126] and Lövei et al. (1993) in reference [127] demonstrated that syrphids are
highly attracted to the floral resources provided by coriander and buckwheat. Companion
plants may work simultaneously influencing both top-down and bottom-up mechanisms. For
example, while some studies have demonstrated dill to improve pest control by containing
repellent properties, other studies have indicated that dill may also increase predator popu‐
lations. Patt et al. (1997) in reference [128] found reduced survivorship and populations of
Colorado potato beetle (L. decemlineata) when dill was intercropped with eggplant and
attributed the lower pest numbers to improved biological control.

Flowering companion plants have been used in different cropping systems to enhance the
impact of natural enemies. For example, in organic vineyards, [110, 111] increased natural
enemies by supplying access to nectar-producing plants such as alyssum (Lobularia maritima
L.). Other various herbs have also been used this way in Europe [126, 129, 130] and in New
Zealand [115, 127]. Overall, flowering companion plants have been implemented in a variety
of crops including cereals, vegetable crops and fruit orchards [99, 131-137] to improve
conservation biocontrol. In addition to food resources, companion plants can provide shelter
from predators and pesticides as well as favorable microclimates [138, 139] including over‐
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wintering sites [140]. Furthermore, companion plants can also influence the spatial distribution
of natural enemies in and around crops [141, 142] improving pest control.

Indeed, the advantages of plant-based resources for natural enemies have only recently been
recognized by major reviews [99, 143- 146], and the growing empirical evidence has demon‐
strated their importance in pest suppression. However, the interactions between the compan‐
ion plant, target pests and their natural enemies are complex. For example, incorporating
companion plants may not necessarily improve biological control if the flowering does not
coincide with the activity of natural enemies [147], or if natural enemies do not move from the
companion plants to the target crop [117, 148]. Moreover, plant structures, such as the corolla,
may obstruct feeding by natural enemies [128] and diverse habitats may complicate prey
location by predators and parasitoids [143,149, 150]. Just as pest insects may react differently
to the same companion plant, predators within the same family can also respond to similar
companion plants in different ways. For example, certain syrphids are highly specialized
feeders, while others are generalist [151] influencing companion plant selection. However, the
possible obstructions to conservation biocontrol can be diminished. One way to improve the
effectiveness of companion plants in conservation biocontrol is to select plants that benefit key
natural enemies [152]. Again, this highlights the importance of implementing “careful
diversification” as a pest management method [144, 153-155]. Overall, incorporating compan‐
ion plants to enhance biological control holds promise for managing pests in crops.

Companion plants have also been used as banker plants. Banker plants are usually non-crop
species that are deliberately infested with a non-pest insect and improves biological control
by providing natural enemies with alternative prey [e.g. 156-158, but see 159, 160] even in the
absence of pests [e.g. 156, 159, 161]. This allows natural enemy populations to reproduce and
persists throughout the season. Banker plants have been used in both conservation and
augmentative biological control programs. Many studies have used banker plants consisting
of wheat or barley to sustain populations of the bird cherry-oat aphid (Rhopalosiphum padi L.)
because this aphid feeds only on members of the Poaeceae family and does not pose a threat
for vegetable and ornamental production [162]. However, success can be variable. Jacobson
and Croft (1998) in reference [163] compared wheat, rye and corn as banker plants in its ability
to sustain the bird cherry-oat aphid parasitoid (Aphidius colemani Viereck) and found that
control was dependent on banker plant density, release rate and season. One successful
example was implemented in apple orchards. To control the rosy apple aphid (Dysaphis
plantaginea Passerini) in apple orchards, Bribosia et al. (2005) in reference [164] used Rowan
trees (Sorbus aucuparia L.) as banker plants to maintain densities of Rowan aphids (Dysaphis
sorbi L.) which served as an alternate host for the braconid parasitoid Ephedrus persicae Froggatt.

4. Constraints and challenges

Incorporating companion plants into pest management strategies is not without challenges.
Farmers often face logistical constraints when incorporating companion plants into their field
designs. For example, modern agriculture techniques and equipment are not conducive to
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growing multiple crops in one field [165]. Furthermore, companion plants may hinder crop
yield and reduce economical benefits [166, 167]. Beizhou et al. (2011) in reference [168] reported
an outbreak of secondary pests and reduced yield in an orchard setting. Decreased yields can
often be attributed to competition for resources by incorporating inappropriate companion
plants [169]. In certain cases, vegetational diversification can diminish the impacts of biological
control. Generally, greater habitat diversity leads to a greater abundance of prey and host
species. For instance, improved diversity can lead to reduced biological control by generalist
predators which can be influenced by the greater diversity and abundance of alternative prey
[123]. Straub et al. (2008) in reference [152] reviewed findings from natural enemy diversity
experiments and found that results can range from negative (reduced control) to positive
(improved control) due to effects from intraguild predation and species complementarity.

Therefore, choosing which type of companion plant to incorporate in a diversification scheme
is challenging. For example, plant phenology, attractiveness and accessibility of the flowers to
natural enemies [128] and pest species will play a key role in plant selection. However, it is
possible to minimize the reductions in economic returns within companion planting schemes.
It is important to use plants that can provide a satisfactory economic return, if possible, as
compared to the target crop planted in monoculture [170]. In conservation biocontrol, to reduce
negative impacts from biocontrol antagonists or the targeted pest, Straub et al. (2008) in
reference [152] suggested using specific resources that can selectively benefit key natural
enemies. Overall, whether companion plants control pests through bottom-up or top-down
mechanism, their impact will depend on companion plant selection. This emphasizes the
significance of finding the “right type” of diversity that combines species that complement one
another in ecologically-relevant ways [67].

Designing companion planting schemes pose several impending issues. For instance, optimal
distances between the companion plant and the target crop needs to be determined before
specific recommendations can be made. The distance to which an insect is attracted to a source
has proven to be variable and is a key area in companion plant success. Evans and Allen-
Williams in reference [171] demonstrated that attraction can occur at distances of up to 20 m.
Judd and Borden (1989) in reference [172] showed attraction of up to 100 m, however, other
researchers have shown distances of only a few centimeters [173-176]. Therefore, adjusting the
design depending on the insect’s behavior and movement [83], the insect’s search mode [177,
178] and diet breadth [20] may be necessary for companion plant success. Furthermore, an
insect’s feeding behavior will affect the success of companion plants in pest management
strategies. For example plant structure can affect herbivory. Rape (B. napus) can be composed
of trichomes that are nonglandular and simple or unbranched [179] and in some cases act as
physical barriers that complicate feeding [180].

5. Conclusions

Many examples of companion plant to reduce pest numbers have been demonstrated; fewer
diamondback moths were found on Brussels sprouts when intercropped with malting barley,
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sage or thyme [61]. Similarly, lower numbers of striped flea beetles were observed when
Chinese cabbage (Brassica chinensis L.) was intercropped with green onions (Allium fistulo‐
sum L.) [181], while Mutiga et al. (2010) in reference [182] recorded significantly lower numbers
of the cabbage aphid (Brevicoryne brassicae L.) when spring onion (Allium cepa L.) was inter‐
cropped with collard (B. oleracea var. acephala). However, the mechanisms through which
companions protect the target are not well understood [183]. Many studies have suggested
that chemical properties in the plant can repel insects [94], while others have suggested that
companion plants are considered chemically neutral [66]. For example, Finch et al. (2003) in
reference [66] demonstrated that commonly grown companion plants used for their repellent
properties, marigolds and mint, did not repel the onion fly or the cabbage root fly (D. radi‐
cum), but rather interrupted their host finding and selecting behaviors [16, 65]. Thus, even
though the companion plants did not repel pests, they were still able to disrupt host plant
finding through alternative mechanisms. Overall, the effectiveness of companion plants to
reduce pest numbers is not being disputed, but rather the mechanisms in which they work.

Caution should be taken before using companion plants in pest management as results can be
mixed. For example, experiments conducted by Held et al. (2003) in reference [12] explored
several putative companion plants in their ability to deter Japanese beetles (Popillia japonica
Newman) from damaging roses and concluded that companion plants were unlikely to help.
Diversifying cropping schemes is an essential step in the future of pest management. Com‐
panion planting represents just one of many areas in which a single farmer can incorporate
diversifying schemes to reduce pest densities in an in-field approach. However, relatively
subtle factors may determine whether crop-diversification schemes succeed or fail in improv‐
ing pest suppression and crop response. Therefore, further research is needed on understand‐
ing the interactions between plant selection, mechanisms of benefit and patterns in time and
crop phenology. Ultimately, cultural control strategies like companion planting can conserve
species diversity, reduce pesticide use and enhance pest control.
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1. Introduction

The diamondback moth, Plutella xylostella (L.) (Lepidoptera: Plutellidae), is one of the most
serious pests of cultivated Brassicaceae worldwide [1,2]. This crucifer specialist may have its
origin in Europe [3], South Africa [4], or East Asia [5], but is now present worldwide wher‐
ever its host plants exist [6].

In the first instar, the larvae enter into the leaf parenchyma and feed between the upper and
lower surfaces of leaves creating mines. In the second instar, the larvae leave the mines, and
from the second to the third instar, they feed on the leaves, destroying the leaf tissue except
for the upper epidermis, leaving transparent “windows” in the leaves. Fourth-instar larvae
feed on both sides of the leaves [7]. This insect has a short life cycle, around 18 days, and its
population may increase up to 60-fold from one generation to the next [8]. Studies indicate
that the moths can remain in continuous flight for several days while covering distances up
to 1000 km per day, but how the moths survive at such low temperatures and high altitude
is not known [1]. In eastern Canada, annual populations of diamondback moths originate
from adult migrants from the United States [9].

P. xylostella was the first crop insect reported to be resistant to dichloro-diphenyl-trichloro‐
ethane (DDT), only 3 years after the start of its use [10], and subsequently it has shown sig‐
nificant resistance to almost every insecticide applied in the field, including new chemical
compounds [11,12]. In addition, diamondback moth has the distinction of being the first in‐
sects to develop resistance in the field to the bacterial insecticide Bacillus thuringiensis [13,14].
The resistance of P. xylostella populations to B. thuringiensis has been observed by [15-23] in

© 2013 De Bortoli et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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the USA (Florida, Hawaii, and New York), Central America (Mexico, Costa Rica, Guatemala,
Honduras, and Nicaragua), and Asia (Japan, China, Malaysia, and the Philippines). In Bra‐
zil, [24] it was documented this pest’s resistance in environments where B. thuringiensis is
commonly used as a bioinsecticide.

This has prompted increased efforts worldwide to develop IPM programs for P. xylostella,
based principally on new management tactics that are not yet used in the field for this pest
[8,25,26]. In this chapter, we give an overview of the association of P. xylostella with its host
plants and natural enemies, and describe management strategies and practices for control of
the diamondback moth.

2. Tactics for integrated pest management

2.1. Biological control

Biological control can be defined as the use of one type of organism to reduce the popu‐
lation density of another. Biological control has been used for approximately two millen‐
nia,  and  has  been  widely  used  in  pest  management  since  the  end  of  the  nineteenth
century [27]. The following types of biological control can be distinguished: natural, con‐
servative, inoculative (or classical), and augmentative. Natural biological control involves
the  reduction of  pest  organisms by their  natural  enemies  and has  been occurring since
the  evolution  of  the  first  terrestrial  ecosystems,  500  million  of  years  ago  [28].  It  takes
place in all of the world’s ecosystems without any human intervention, and, in economic
terms,  is  the  greatest  contribution of  biological  control  to  agriculture  [29].  Conservation
biological  control  consists  of  human actions  that  protect  and stimulate  the  performance
of naturally occurring enemies [30]. In inoculative biological control, natural enemies are
collected in an exploration area (usually the area of origin of the pest) and then released
in new areas where the pest was accidentally introduced. In augmentative biological nat‐
ural control, natural enemies are mass-reared in biofactories for release in large numbers
to obtain immediate pest control [28].

2.1.1. Entomophagous agents: parasitoids and predators

Parasitoids can be defined as insects that are only parasitic in their immature stages, kill
their host in the process of development, and have free-living adults that do not move their
hosts to nests or hideouts [31].

All stages of the diamondback moth are attacked by numerous parasitoids and predators,
with parasitoids being the more widely studied. Over 90 parasitoid species attack the dia‐
mondback moth [32]. Egg parasitoids belonging to the polyphagous genera Trichogramma
and Trichogrammatoidea contribute little to natural control and require frequent mass releas‐
es. Larval parasitoids are the most predominant and effective. Many of the effective larval
parasitoids belong to two major genera, Diadegma and Cotesia; a few Diadromus spp., most of
which are pupal parasitoids, also exercise significant control [1]. The majority of these spe‐
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cies come from Europe where the diamondback moth is believed to have originated [1]. In
countries near Brazil, such as Argentina, P. xylostella larval parasitoids collected in the field
include the species Diadegma insulare (Cresson) (Hymenoptera: Ichneumonidae), Oomyzus
sokolowskii (Kurdjumov) (Hymenoptera: Eulophidae), and C. plutellae (Kurdjumov) (Hyme‐
noptera: Braconidae) [33].

Seven species of parasitoids were observed in a P. xylostella population on cabbage crops in
the Brasilia region of Brazil, with the two most common species being Diadegma liontiniae
(Brethes) (Hymenoptera: Ichneumonidae) and Apanteles piceotrichosus (Blanchard) (Hyme‐
noptera: Braconidae). Cotesia plutellae (Kurdjumov) (Hymenoptera: Braconidae) and Actia
sp., previously more abundant, had become very minor parasitoids. Six species of hyperpar‐
asitoids emerged from D. liontiniae and A. piceotrichosus, showing a high diversity of natural
enemies in this region of recent colonization by P. xylostella [34].

In organically farmed kale in Pernambuco, Brazil, seven natural enemies of P. xylostella were
observed: three parasitoids, C. plutellae Kurdjumov (Hymenoptera: Braconidae), Conura
pseudofulvovariegata (Becker) (Hymenoptera: Chalcididae) and Tetrastichus howardi (Olliff)
(Hymenoptera: Eulophidae), and four predators, Cheiracanthium inclusum (Hentz) (Araneae:
Miturgidae), Pheidole sp. Westwood (Hymenoptera: Formicidae), and nymphs and adults of
Podisus nigrispinus (Dallas) (Hemiptera: Pentatomidae) [35].

Several studies have been conducted in Brazil to examine whether these entomophagous
agents of the diamondback moth could be used as a biological control for this pest in cruci‐
fer crops.

Parasitoids of the genus Trichogramma are among the entomophagous agents that have al‐
ready been studied for P. xylostella. The species T. pretiosum Riley (Hymenoptera: Trichog‐
rammatidae), Tp8 strain, can parasitize approximately 15 P. xylostella eggs in the first or
second generation when reared in this host under laboratory conditions, with 100% emer‐
gence, and 10 to 11 days for adult emergence [36]. Eggs of two P. xylostella populations, one
reared on kale leaves and the other on broccoli leaves, were exposed to the T. pretiosum Tp8
strain, and the number of parasitized eggs was 5.8–9.4 on kale and 3.2–8.4 on broccoli [37].
Furthermore, the optimal way to mass rear this parasitoid in the laboratory is to use eggs
glued to blue, green, or white colored cards [37].

The impact on non-target species, particularly Trichogramma, of insecticides for P. xylostella
control should be analyzed because some are toxic to these parasitoids in crucifers. Endosul‐
fan and etofenprox, classified as class-4 toxic products, are extremely toxic to the parasi‐
toids. Triflumuron, classified as a non-toxic product, is selective for these parasitoids in the
eggs of P. xylostella [26]. The combination of chemicals or natural insecticidal products from
vegetables with certain cultivars of crucifers enables more effective management of the dia‐
mondback moth, particularly in the case of the interaction between pyroligneous extract and
cabbage. However, the interaction among cultivars and products can be detrimental to the
effectiveness of T. pretiosum and T. exiguum, and thus requires a careful evaluation to mini‐
mize the impact on these natural enemies [38]. Bioinsecticides based on B. thuringiensis for
controlling P. xylostella can influence the parasitoid T. pretiosum in the moth’s eggs. The ap‐
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the USA (Florida, Hawaii, and New York), Central America (Mexico, Costa Rica, Guatemala,
Honduras, and Nicaragua), and Asia (Japan, China, Malaysia, and the Philippines). In Bra‐
zil, [24] it was documented this pest’s resistance in environments where B. thuringiensis is
commonly used as a bioinsecticide.

This has prompted increased efforts worldwide to develop IPM programs for P. xylostella,
based principally on new management tactics that are not yet used in the field for this pest
[8,25,26]. In this chapter, we give an overview of the association of P. xylostella with its host
plants and natural enemies, and describe management strategies and practices for control of
the diamondback moth.

2. Tactics for integrated pest management

2.1. Biological control

Biological control can be defined as the use of one type of organism to reduce the popu‐
lation density of another. Biological control has been used for approximately two millen‐
nia,  and  has  been  widely  used  in  pest  management  since  the  end  of  the  nineteenth
century [27]. The following types of biological control can be distinguished: natural, con‐
servative, inoculative (or classical), and augmentative. Natural biological control involves
the  reduction of  pest  organisms by their  natural  enemies  and has  been occurring since
the  evolution  of  the  first  terrestrial  ecosystems,  500  million  of  years  ago  [28].  It  takes
place in all of the world’s ecosystems without any human intervention, and, in economic
terms,  is  the  greatest  contribution of  biological  control  to  agriculture  [29].  Conservation
biological  control  consists  of  human actions  that  protect  and stimulate  the  performance
of naturally occurring enemies [30]. In inoculative biological control, natural enemies are
collected in an exploration area (usually the area of origin of the pest) and then released
in new areas where the pest was accidentally introduced. In augmentative biological nat‐
ural control, natural enemies are mass-reared in biofactories for release in large numbers
to obtain immediate pest control [28].

2.1.1. Entomophagous agents: parasitoids and predators

Parasitoids can be defined as insects that are only parasitic in their immature stages, kill
their host in the process of development, and have free-living adults that do not move their
hosts to nests or hideouts [31].

All stages of the diamondback moth are attacked by numerous parasitoids and predators,
with parasitoids being the more widely studied. Over 90 parasitoid species attack the dia‐
mondback moth [32]. Egg parasitoids belonging to the polyphagous genera Trichogramma
and Trichogrammatoidea contribute little to natural control and require frequent mass releas‐
es. Larval parasitoids are the most predominant and effective. Many of the effective larval
parasitoids belong to two major genera, Diadegma and Cotesia; a few Diadromus spp., most of
which are pupal parasitoids, also exercise significant control [1]. The majority of these spe‐

Weed and Pest Control - Conventional and New Challenges32

cies come from Europe where the diamondback moth is believed to have originated [1]. In
countries near Brazil, such as Argentina, P. xylostella larval parasitoids collected in the field
include the species Diadegma insulare (Cresson) (Hymenoptera: Ichneumonidae), Oomyzus
sokolowskii (Kurdjumov) (Hymenoptera: Eulophidae), and C. plutellae (Kurdjumov) (Hyme‐
noptera: Braconidae) [33].

Seven species of parasitoids were observed in a P. xylostella population on cabbage crops in
the Brasilia region of Brazil, with the two most common species being Diadegma liontiniae
(Brethes) (Hymenoptera: Ichneumonidae) and Apanteles piceotrichosus (Blanchard) (Hyme‐
noptera: Braconidae). Cotesia plutellae (Kurdjumov) (Hymenoptera: Braconidae) and Actia
sp., previously more abundant, had become very minor parasitoids. Six species of hyperpar‐
asitoids emerged from D. liontiniae and A. piceotrichosus, showing a high diversity of natural
enemies in this region of recent colonization by P. xylostella [34].

In organically farmed kale in Pernambuco, Brazil, seven natural enemies of P. xylostella were
observed: three parasitoids, C. plutellae Kurdjumov (Hymenoptera: Braconidae), Conura
pseudofulvovariegata (Becker) (Hymenoptera: Chalcididae) and Tetrastichus howardi (Olliff)
(Hymenoptera: Eulophidae), and four predators, Cheiracanthium inclusum (Hentz) (Araneae:
Miturgidae), Pheidole sp. Westwood (Hymenoptera: Formicidae), and nymphs and adults of
Podisus nigrispinus (Dallas) (Hemiptera: Pentatomidae) [35].

Several studies have been conducted in Brazil to examine whether these entomophagous
agents of the diamondback moth could be used as a biological control for this pest in cruci‐
fer crops.

Parasitoids of the genus Trichogramma are among the entomophagous agents that have al‐
ready been studied for P. xylostella. The species T. pretiosum Riley (Hymenoptera: Trichog‐
rammatidae), Tp8 strain, can parasitize approximately 15 P. xylostella eggs in the first or
second generation when reared in this host under laboratory conditions, with 100% emer‐
gence, and 10 to 11 days for adult emergence [36]. Eggs of two P. xylostella populations, one
reared on kale leaves and the other on broccoli leaves, were exposed to the T. pretiosum Tp8
strain, and the number of parasitized eggs was 5.8–9.4 on kale and 3.2–8.4 on broccoli [37].
Furthermore, the optimal way to mass rear this parasitoid in the laboratory is to use eggs
glued to blue, green, or white colored cards [37].

The impact on non-target species, particularly Trichogramma, of insecticides for P. xylostella
control should be analyzed because some are toxic to these parasitoids in crucifers. Endosul‐
fan and etofenprox, classified as class-4 toxic products, are extremely toxic to the parasi‐
toids. Triflumuron, classified as a non-toxic product, is selective for these parasitoids in the
eggs of P. xylostella [26]. The combination of chemicals or natural insecticidal products from
vegetables with certain cultivars of crucifers enables more effective management of the dia‐
mondback moth, particularly in the case of the interaction between pyroligneous extract and
cabbage. However, the interaction among cultivars and products can be detrimental to the
effectiveness of T. pretiosum and T. exiguum, and thus requires a careful evaluation to mini‐
mize the impact on these natural enemies [38]. Bioinsecticides based on B. thuringiensis for
controlling P. xylostella can influence the parasitoid T. pretiosum in the moth’s eggs. The ap‐
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plication of isolates of B. thuringiensis on P. xylostella larvae influenced the parasitism of T.
pretiosum in eggs of subsequent pest generations [39].

Another parasitoid of P. xylostella larvae, which has been studied in Brazil, is O. sokolowskii.
The duration of the immature stage of these parasitoids can range from 12.9 to 31.6 days at
28 and 18°C, respectively, and the number of adults emerged per pupa of P. xylostella varies
between 7.3 and 12, with a sex ratio of between 0.86 and 0.91 [40]. During a year, the number
of generations of O. sokolowskii is always higher than that of P. xylostella, suggesting that O.
sokolowskii could develop up to 24 generations per year while the diamondback moth could
reach 20 annual generations [40]. Furthermore, the O. sokolowskii parasitoid is able to dis‐
perse and parasitize P. xylostella throughout a kale field up to 24 meters from the release
point [41].

Another larval parasitoid studied in Brazil for P. xylostella is A. piceotrichosus, which was col‐
lected in the Rio Grande do Sul State. Its immature stage was observed to last 14.6 to 15.5
days and its adult longevity was found to be 12.7 to 13.4 days [42].

Among the stink bug predators, P. nigrispinus has great potential for use in P. xylostella con‐
trol. P. nigrispinus has been reported preying on P. xylostella in crucifer crops [35], and, fur‐
thermore, this predator consumed on average 10.9 larvae or 5.5 pupae in 24 h [43]. Adults of
Orius insidiosus (Say) (Hemiptera: Anthocoridae) has been reported consuming 5.9 diamond‐
back moth eggs in 24 h [44].

2.1.2. Entomopathogens: Bacteria

The occurrence of P. xylostella populations of resistant to certain active ingredients, like syn‐
thetic and biological insecticides, has caused a considerable increase in research directed at
developing tactics for Integrated Pest Control based on economic, social, and ecological pa‐
rameters [21,45-47).

Recent studies on control strategies and population reduction of P. xylostella using microor‐
ganisms has been increasingly cited in the scientific community, with emphasis on the ento‐
mopathogenic bacterium B. thuringiensis Berliner (1911) [48-51,39].

This entomopathogen can be easily found in different environments [52,53], and it is charac‐
terized by a variety of strains, each forming one or more protein crystals (Cry) and cytolytic
toxins [54] that have insecticidal activity and determined its efficiency as a control on certain
agricultural pests. Another type of insecticidal protein that can be synthesized by some
strains of B. thuringiensis is “Vegetative Insecticidal Proteins” (Vip), whose insecticide action
spectrum operates in different insect species [55].

A long history of intensive research has established that their toxic effect is due primarily to
their ability to form pores in the plasma membrane of the midgut epithelial cells of suscepti‐
ble insects [56,57]. The presently available information still supports the notion that B. thur‐
ingiensis Cry toxins act by forming pores, but most events leading to their formation,
following binding of the activated toxins to their receptors, remain relatively poorly under‐
stood [58].
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Strains of B. thuringiensis can produce from one to five toxins that represent a large variabili‐
ty in toxicity and interfere in the expression levels and the spectrum control of insects, and
differ in their specificity to certain species [59]. For example, the Cry proteins are show high
toxicity to insects of the orders Lepidoptera, Coleoptera, Hymenoptera, Diptera, Orthoptera,
and Mallophaga, and to other organisms such as nematodes and mites [60,54,61].

Among the different protein crystals identified in insect control, 59 toxins were tested
against 71 Lepidoptera species [62]. The broadest range of toxins was tested against P. xylos‐
tella (43 toxin types), which was one of only 12 species that were tested against 15 toxins or
more [62].

In Brazil, P. xylostella is controlled using entomopathogenic bacteria in phytosanitary appli‐
cations of formulation products properly registered for a particular crop, most commonly
biological products containing B. thuringiensis var. kurstaki, which expresses Cry1Aa,
Cry1Ab, and Cry1Ac toxins [49] (Table 1).

Toxicological Environmental
Bac Control Biological B. thuringiensis  subsp. kurstaki WP IV IV

Dipel Biological B. thuringiensis  subsp. kurstaki WP II IV
Thuricide Biological B. thuringiensis  subsp. kurstaki WP IV IV

Bac Control Biological B. thuringiensis  subsp. kurstaki WP IV IV
Dipel Biological B. thuringiensis  subsp. kurstaki WP II IV

Thuricide Biological B. thuringiensis  subsp. kurstaki WP IV IV
Able Biological B. thuringiensis  subsp. kurstaki SC III IV

Agree Biological B. thuringiensis  subsp. aizawai  GC 91 
+ B. thuringiensis  subsp. kurstaki 

WP III IV

Bac Control Biological B. thuringiensis  subsp. kurstaki WP IV IV
Dipel Biological B. thuringiensis  subsp. kurstaki WG II IV
Dipel Biological B. thuringiensis  subsp. kurstaki WP II IV

Thuricide Biological B. thuringiensis  subsp. kurstaki WP IV IV
Xentari Biological B. thuringiensis  subsp. aizawai WG II III

Bac Control Biological B. thuringiensis  subsp. kurstaki WP IV IV
Dipel Biological B. thuringiensis  subsp. kurstaki WP II IV

Thuricide Biological B. thuringiensis  subsp. kurstaki WP IV IV

Broccoli

Cauliflower

Cabbage

Kale

Crops Commercial Products Chemical Groups Active Ingredients Formulation Class

Source: [63]. WP = Wettable Powder; WG = Water-Dispersible Granules; SC = Suspension concentrate.

Table 1. Commercial products based on Bacillus thuringiensis recommended for controlling the population of Plutella
xylostella in different brassica crops.

However, the low variability in the number of toxins related to formulated biological prod‐
ucts, combined with a high number of applications in the field, puts selection pressure on
the population of P. xylostella and, consequently, expression of resistance of this pest to pro‐
tein crystals has been observed since the 1990s [20,24].

The  development  of  resistance  in  P.  xylostella  populations  is  related  to  the  binding  of
these toxins with the intestinal epithelium, which occurs through the same membrane re‐
ceptors [19,22].
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Recent studies on control strategies and population reduction of P. xylostella using microor‐
ganisms has been increasingly cited in the scientific community, with emphasis on the ento‐
mopathogenic bacterium B. thuringiensis Berliner (1911) [48-51,39].

This entomopathogen can be easily found in different environments [52,53], and it is charac‐
terized by a variety of strains, each forming one or more protein crystals (Cry) and cytolytic
toxins [54] that have insecticidal activity and determined its efficiency as a control on certain
agricultural pests. Another type of insecticidal protein that can be synthesized by some
strains of B. thuringiensis is “Vegetative Insecticidal Proteins” (Vip), whose insecticide action
spectrum operates in different insect species [55].
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tella (43 toxin types), which was one of only 12 species that were tested against 15 toxins or
more [62].
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xylostella in different brassica crops.

However, the low variability in the number of toxins related to formulated biological prod‐
ucts, combined with a high number of applications in the field, puts selection pressure on
the population of P. xylostella and, consequently, expression of resistance of this pest to pro‐
tein crystals has been observed since the 1990s [20,24].

The  development  of  resistance  in  P.  xylostella  populations  is  related  to  the  binding  of
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Some alternative methods of resistance management of this pest towards B. thuringiensis tox‐
ins can reduce resistance and even make it possible to break the resistance to biological
products [22,64].

According to [49], mixed formulations of different bacteria or isolates of B. thuringiensis that
have a wide variety of Cry toxins, organized in isolation or together, have the ability to re‐
duce selection pressure and, consequently, the development of new cases of resistance in
populations of P. xylostella.

To improve the biological control of P. xylostella using this entomopathogenic bacterium,
several studies have initially focused to on the characterization of new strains of B. thurin‐
giensis, with the objective of discovering more efficient insecticides and implementing them
in new formulations [65,66,51]. In a study conducted by [49] using stored grains and differ‐
ent strains of B. thuringiensis from soils of several regions of Brazil, there was high mortality
(98–100%) of second-instar larvae of P. xylostella. These results have demonstrated that a
high variability of Cry genes in the same strain can constitute a substantial tool for resistance
management of this pest, with subsequent use in the synthesis of new biological products.

In pathogenicity tests, the strains behave in different ways, and few of them are able to
cause total mortality in the insects analyzed. In research conducted by [51], approximately
19% of the strains tested caused total mortality to second-instar larvae of P. xylostella be‐
tween 24 and 48 hours.

In this case, in addition to pathogenicity and virulence tests, researchers should analyze the
sublethal effects of these strains on the remaining individuals, an important parameter in
the toxicological evaluation of B. thuringiensis strains [67,68].

Many biological characteristics of P. xylostella may be influenced by the sublethal effects of
these toxins, causing discernible changes in insect behavior, such as appetite loss, decreased
movement with subsequent paralysis, change in the tegument color from bright green to
dark yellow or dark brown, and loss of reaction to touch [69,51].

According to [51] and [8], the most pronounced biological changes observed between phyto‐
sanitary applications with strains and commercial products based on B. thuringiensis were in
the viability of larvae and pupae and the weight of pupae. The biological characteristics less
influenced by these strains were related to the caterpillar and pupal period and sex ratio [8].

The behavior of strains or commercial products based on B. thuringiensis that result in indi‐
viduals surviving phytosanitary application, but that provide sublethal effects in subsequent
generations, may be a significant tool for Integrated Pest Management [8], the objective of
which is to improve management of the pest through interactions with other control meth‐
ods, such as biological control with predators and parasitoids, which will reduce the popu‐
lation density due to sublethal effects caused by strains of B. thuringiensis. The remaining
pests may be a food source and host for other insects considered beneficial to agriculture,
and can help maintain and assist the populations of these arthropods in different crops.

The Integrated Management of P. xylostella based on biological control with the entomopa‐
thogenic bacterium B. thuringiensis is an important method for reducing the population den‐
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sity of this pest in brassica crops. However, the use of this control must be well planned,
because there are populations of this pest resistant to biological products, necessitating the
use of certain methods of resistance management to eliminate these harmful individuals
and, perhaps, prevent future problems with the development of resistant populations that
can undermine the whole program of rational control of this pest.

2.1.3. Entomopathogens: Fungi

There is no fungus-based bioinsecticide registered for crucifer crops in Brazil; however,
some entomopathogenic fungi have been studied to determine their potential as a biological
control agent for P. xylostella. Among the fungi that have been studied for their activity
against P. xylostella, Paecilomyces tenuipes caused the highest mortality to third-instar P. xylos‐
tella larvae, with an LC50 of 1.09 × 106 spores/mL at 25°C [70].

The most active crude protein extract, isolated from the CNZH strain of Isaria fumosorosea,
produced 83.3% mortality in third-instar larvae 6 days post treatment [71]. Furthermore, it
has been found that a synergism exists between the fungus I. fumosorosea and a plant secon‐
dary chemical, and that larval deaths were directly related to the concentration of each com‐
ponent in the mixtures and their cumulative effect was evident for an extended period [72].

In addition to the species already mentioned, the fungi Metarhizium anisopliae and Beauveria
bassiana were also studied for the control of P. xylostella. Several strains from Benin were
tested and found to cause 94% larval mortality [73]. Strains obtained in Brazil have also been
tested and caused mortality to P. xylostella larvae ranging from 70% to 96% [74].

2.1.4. Entomopathogens: Nematodes

Research on the control of Lepidoptera with entomopathogenic nematodes has focused on
the diamondback moth [75]. Field studies on cabbage in Java (Indonesia) confirmed that
Steinernema carpocapsae can be used as a substitute for ineffective chemical insecticides [76].
Diamondback moth eggs are deposited and the emerging larvae feed on the underside of
the leaves. The control of young caterpillars with entomopathogenic nematodes can there‐
fore be optimized by directing the nematode spray to the lower side of the leaves [75]. The
use of a surfactant for lowering the surface tension and of a polymer for increasing the vis‐
cosity significantly improved nematode performance against P. xylostella [77]. The perform‐
ance of these adjuvants is, however, influenced by the spray application technique [75].

2.2. Chemical control

The chemical control method, recommended as one of the tools or tactics of Integrated Pest
Management, is still the main strategy for reducing pest populations among crucifer pro‐
ducers. This preference is due to the practicality, speed, and efficiency of controlling insects
considered agricultural pests, particularly P. xylostella [78].

The chemical groups used to control this pest have great variability in terms of the active
ingredient, formulation, and toxicological and environmental classes (Table 2).
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Some alternative methods of resistance management of this pest towards B. thuringiensis tox‐
ins can reduce resistance and even make it possible to break the resistance to biological
products [22,64].

According to [49], mixed formulations of different bacteria or isolates of B. thuringiensis that
have a wide variety of Cry toxins, organized in isolation or together, have the ability to re‐
duce selection pressure and, consequently, the development of new cases of resistance in
populations of P. xylostella.

To improve the biological control of P. xylostella using this entomopathogenic bacterium,
several studies have initially focused to on the characterization of new strains of B. thurin‐
giensis, with the objective of discovering more efficient insecticides and implementing them
in new formulations [65,66,51]. In a study conducted by [49] using stored grains and differ‐
ent strains of B. thuringiensis from soils of several regions of Brazil, there was high mortality
(98–100%) of second-instar larvae of P. xylostella. These results have demonstrated that a
high variability of Cry genes in the same strain can constitute a substantial tool for resistance
management of this pest, with subsequent use in the synthesis of new biological products.

In pathogenicity tests, the strains behave in different ways, and few of them are able to
cause total mortality in the insects analyzed. In research conducted by [51], approximately
19% of the strains tested caused total mortality to second-instar larvae of P. xylostella be‐
tween 24 and 48 hours.

In this case, in addition to pathogenicity and virulence tests, researchers should analyze the
sublethal effects of these strains on the remaining individuals, an important parameter in
the toxicological evaluation of B. thuringiensis strains [67,68].

Many biological characteristics of P. xylostella may be influenced by the sublethal effects of
these toxins, causing discernible changes in insect behavior, such as appetite loss, decreased
movement with subsequent paralysis, change in the tegument color from bright green to
dark yellow or dark brown, and loss of reaction to touch [69,51].

According to [51] and [8], the most pronounced biological changes observed between phyto‐
sanitary applications with strains and commercial products based on B. thuringiensis were in
the viability of larvae and pupae and the weight of pupae. The biological characteristics less
influenced by these strains were related to the caterpillar and pupal period and sex ratio [8].

The behavior of strains or commercial products based on B. thuringiensis that result in indi‐
viduals surviving phytosanitary application, but that provide sublethal effects in subsequent
generations, may be a significant tool for Integrated Pest Management [8], the objective of
which is to improve management of the pest through interactions with other control meth‐
ods, such as biological control with predators and parasitoids, which will reduce the popu‐
lation density due to sublethal effects caused by strains of B. thuringiensis. The remaining
pests may be a food source and host for other insects considered beneficial to agriculture,
and can help maintain and assist the populations of these arthropods in different crops.

The Integrated Management of P. xylostella based on biological control with the entomopa‐
thogenic bacterium B. thuringiensis is an important method for reducing the population den‐
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sity of this pest in brassica crops. However, the use of this control must be well planned,
because there are populations of this pest resistant to biological products, necessitating the
use of certain methods of resistance management to eliminate these harmful individuals
and, perhaps, prevent future problems with the development of resistant populations that
can undermine the whole program of rational control of this pest.

2.1.3. Entomopathogens: Fungi

There is no fungus-based bioinsecticide registered for crucifer crops in Brazil; however,
some entomopathogenic fungi have been studied to determine their potential as a biological
control agent for P. xylostella. Among the fungi that have been studied for their activity
against P. xylostella, Paecilomyces tenuipes caused the highest mortality to third-instar P. xylos‐
tella larvae, with an LC50 of 1.09 × 106 spores/mL at 25°C [70].

The most active crude protein extract, isolated from the CNZH strain of Isaria fumosorosea,
produced 83.3% mortality in third-instar larvae 6 days post treatment [71]. Furthermore, it
has been found that a synergism exists between the fungus I. fumosorosea and a plant secon‐
dary chemical, and that larval deaths were directly related to the concentration of each com‐
ponent in the mixtures and their cumulative effect was evident for an extended period [72].

In addition to the species already mentioned, the fungi Metarhizium anisopliae and Beauveria
bassiana were also studied for the control of P. xylostella. Several strains from Benin were
tested and found to cause 94% larval mortality [73]. Strains obtained in Brazil have also been
tested and caused mortality to P. xylostella larvae ranging from 70% to 96% [74].

2.1.4. Entomopathogens: Nematodes

Research on the control of Lepidoptera with entomopathogenic nematodes has focused on
the diamondback moth [75]. Field studies on cabbage in Java (Indonesia) confirmed that
Steinernema carpocapsae can be used as a substitute for ineffective chemical insecticides [76].
Diamondback moth eggs are deposited and the emerging larvae feed on the underside of
the leaves. The control of young caterpillars with entomopathogenic nematodes can there‐
fore be optimized by directing the nematode spray to the lower side of the leaves [75]. The
use of a surfactant for lowering the surface tension and of a polymer for increasing the vis‐
cosity significantly improved nematode performance against P. xylostella [77]. The perform‐
ance of these adjuvants is, however, influenced by the spray application technique [75].

2.2. Chemical control

The chemical control method, recommended as one of the tools or tactics of Integrated Pest
Management, is still the main strategy for reducing pest populations among crucifer pro‐
ducers. This preference is due to the practicality, speed, and efficiency of controlling insects
considered agricultural pests, particularly P. xylostella [78].

The chemical groups used to control this pest have great variability in terms of the active
ingredient, formulation, and toxicological and environmental classes (Table 2).
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Toxicological Environmental
Pyrethroid Deltamethrin EC III I

Oxime Methylcarbamate Methomyl SL I II
Organophosphate Acephate SP II III

Canola Pyrethroid Bifenthrin EC II II
Pyrethroid Deltamethrin EC III I
Pyrethroid Permethrin EC III II

Organophosphate Acephate SP II III
Naphthyl Methylcarbamate Carbaryl WP III II
Anthranilamide+Pyrethroid Clorantraniliprole+Lambda-cyhalothrin SC II I

Tetranortriterpenoid Azadirachtin EC III IV
Benzoylurea Teflubenzuron SC IV II
Benzoylurea Lufenuron EC IV II
Benzoylurea Novalurom EC III II
Pyrethroid Deltamethrin EC III I
Pyrethroid Permethrin EC I II

Benzofuranil Methylcarbamate Carbofuran GR III II
Oxime Methylcarbamate Methomyl SL I II

Organophosphate Acephate SP II III
Analog of Pyrazol Chlorfenapyr SC III II

Phenilthiourea Diafenthiuron WP I II
Anthranilamide Chlorantraniliprole SC III II

Oxadiazine Indoxacarb WG I III
Naphthyl Methylcarbamate Carbaryl WP III II

Spinosyns Spinosad SC IV III
Pyrethroid Deltamethrin EC III I

Oxime Methylcarbamate Methomyl SL I II
Organophosphate Acephate SP II III

Pyrethroid Permethrin EC III II

Formulation Class

Broccoli

Cauliflower

Cabbage

Kale

Crops Chemical Group Active Ingredient

Source: [63]. EC = Emulsion Concentrate; SL = Soluble Concentrate; SP = Soluble Powder; WP = Wettable Powder; SC =
Suspension concentrate; GR = Granules; WG = Water-Dispersible Granules.

Table 2. Chemical groups and active ingredients registered for Plutella xylostella control in different brassica crops.

Among the pesticides recommended for different brassicas, the chemical group of pyreth‐
roids represents one of the most important for P. xylostella control. Chemical control of P.
xylostella using a synthetic pyrethroid is recommended when larval density exceeds an eco‐
nomic threshold, which varies in relation to the growth stage of the crop and environmental
conditions [79,80]. However, the inappropriate use of these chemical products has consider‐
ably increased the frequency of resistance in different diamondback moth populations to
some types of active ingredients of this chemical group [81,82,24,83]. According to [84] and
[82], P. xylostella populations are considered very prone to developing resistance to some ac‐
tive ingredients. In addition to lowering the pesticide efficiency, increasing the frequency of
application may not lead to a significant reduction in crop damage.

This may be due to the biological characteristics of this species, the life cycle of which is
short when compared to that of other insects, and to the cultural practice of constantly ap‐
plying pesticides with the same active ingredients in more concentrated doses, without pro‐
viding a chemical molecule rotation or an appropriate dosage as listed on the label of the
phytosanitary product used [24].

Weed and Pest Control - Conventional and New Challenges38

In the context of Integrated Pest Management, cultural, physical, plant resistance, biological,
and chemical control methods may be important strategies in the success of the P. xylostella
control program [85]. Techniques such as crop residue removal, management of the interval
between crops, use of tolerant cultivars, use of sprinkler irrigation, application of plant and
biological products and reduction in the number of pesticide applications by measuring the
economic injury level, used harmoniously and consciously, can provide significant improve‐
ment in the quality of products and the system in which the culture is embedded [86-90,83].

After a rational application of chemical controls,  the first  response observed in the field
is the high larval mortality of P. xylostella in direct proportion to the commercial product
concentration recommended for the determined culture [91,83]. Another response to phy‐
tosanitary application is a significant alteration in the life cycle of the insect,  principally
the  larval  period,  because  many  chemical  compounds  present  in  insecticides  affect  the
process  of  ecdysis,  interfering with  the  transition between instars,  and thereby act  as  a
growth regulator [83].

Among the types of insecticides recommended for the control of P. xylostella, growth regula‐
tors have been found to have low interference with the activity of predators, parasitoids,
and entomopathogenic fungi, because they do not affect the embryogenesis and reproduc‐
tion of this pest, which is important since the parasitoid larvae live inside the pest’s eggs be‐
fore emerging as adults [85,90,38]. This is important principally because the physiological
selectivity of this chemical group makes them more toxic to the pest than to the biological
control agent [92,93,38,94,26].

Insecticides of plant origin are also a very important group for the population management
of this pest. Among these, neem extract (Azadirarachta indica) has shown significant results in
the control of P. xylostella, affecting the growth, larval mortality during ecdysis, oviposition,
deformation in pupae and adults, and the physiological processes of reproduction, such as
inadequate egg maturation and infertility, that interfere with larval hatching [95,90,83,38,96].

In this context, managing the population of P. xylostella using chemical control methods can
be a very interesting strategy if well used, because of the large number of chemical groups
with different active ingredients, which enables a chemical molecule rotation and prevents
the development of resistance. These products can be used with other control techniques to
reduce the number of applications of pesticide and improve the quality of the final product.
Another very important consideration in choosing the chemical product is its selectivity, be‐
cause many chemicals have high selectivity for the host but not for biological control agents,
which contributes to the maintenance of populations considered beneficial to the integrated
management of P. xylostella.

2.3. Plant resistance

The crop forms a template for various interactions between pests and their environment,
and varietal resistance to pests is a key component for stabilizing an IPM system [97].

Plants have a bewildering array of responses to herbivory, broadly categorized as direct and
indirect defenses and tolerance [98]. Some primary wax components, including specific

Plutella xylostella (Linnaeus, 1758) (Lepidoptera: Plutellidae): Tactics for Integrated Pest Management in Brassicaceae
http://dx.doi.org/10.5772/54110

39



Toxicological Environmental
Pyrethroid Deltamethrin EC III I

Oxime Methylcarbamate Methomyl SL I II
Organophosphate Acephate SP II III

Canola Pyrethroid Bifenthrin EC II II
Pyrethroid Deltamethrin EC III I
Pyrethroid Permethrin EC III II

Organophosphate Acephate SP II III
Naphthyl Methylcarbamate Carbaryl WP III II
Anthranilamide+Pyrethroid Clorantraniliprole+Lambda-cyhalothrin SC II I

Tetranortriterpenoid Azadirachtin EC III IV
Benzoylurea Teflubenzuron SC IV II
Benzoylurea Lufenuron EC IV II
Benzoylurea Novalurom EC III II
Pyrethroid Deltamethrin EC III I
Pyrethroid Permethrin EC I II

Benzofuranil Methylcarbamate Carbofuran GR III II
Oxime Methylcarbamate Methomyl SL I II

Organophosphate Acephate SP II III
Analog of Pyrazol Chlorfenapyr SC III II

Phenilthiourea Diafenthiuron WP I II
Anthranilamide Chlorantraniliprole SC III II

Oxadiazine Indoxacarb WG I III
Naphthyl Methylcarbamate Carbaryl WP III II

Spinosyns Spinosad SC IV III
Pyrethroid Deltamethrin EC III I

Oxime Methylcarbamate Methomyl SL I II
Organophosphate Acephate SP II III

Pyrethroid Permethrin EC III II

Formulation Class

Broccoli

Cauliflower

Cabbage

Kale

Crops Chemical Group Active Ingredient

Source: [63]. EC = Emulsion Concentrate; SL = Soluble Concentrate; SP = Soluble Powder; WP = Wettable Powder; SC =
Suspension concentrate; GR = Granules; WG = Water-Dispersible Granules.

Table 2. Chemical groups and active ingredients registered for Plutella xylostella control in different brassica crops.

Among the pesticides recommended for different brassicas, the chemical group of pyreth‐
roids represents one of the most important for P. xylostella control. Chemical control of P.
xylostella using a synthetic pyrethroid is recommended when larval density exceeds an eco‐
nomic threshold, which varies in relation to the growth stage of the crop and environmental
conditions [79,80]. However, the inappropriate use of these chemical products has consider‐
ably increased the frequency of resistance in different diamondback moth populations to
some types of active ingredients of this chemical group [81,82,24,83]. According to [84] and
[82], P. xylostella populations are considered very prone to developing resistance to some ac‐
tive ingredients. In addition to lowering the pesticide efficiency, increasing the frequency of
application may not lead to a significant reduction in crop damage.

This may be due to the biological characteristics of this species, the life cycle of which is
short when compared to that of other insects, and to the cultural practice of constantly ap‐
plying pesticides with the same active ingredients in more concentrated doses, without pro‐
viding a chemical molecule rotation or an appropriate dosage as listed on the label of the
phytosanitary product used [24].

Weed and Pest Control - Conventional and New Challenges38

In the context of Integrated Pest Management, cultural, physical, plant resistance, biological,
and chemical control methods may be important strategies in the success of the P. xylostella
control program [85]. Techniques such as crop residue removal, management of the interval
between crops, use of tolerant cultivars, use of sprinkler irrigation, application of plant and
biological products and reduction in the number of pesticide applications by measuring the
economic injury level, used harmoniously and consciously, can provide significant improve‐
ment in the quality of products and the system in which the culture is embedded [86-90,83].

After a rational application of chemical controls,  the first  response observed in the field
is the high larval mortality of P. xylostella in direct proportion to the commercial product
concentration recommended for the determined culture [91,83]. Another response to phy‐
tosanitary application is a significant alteration in the life cycle of the insect,  principally
the  larval  period,  because  many  chemical  compounds  present  in  insecticides  affect  the
process  of  ecdysis,  interfering with  the  transition between instars,  and thereby act  as  a
growth regulator [83].

Among the types of insecticides recommended for the control of P. xylostella, growth regula‐
tors have been found to have low interference with the activity of predators, parasitoids,
and entomopathogenic fungi, because they do not affect the embryogenesis and reproduc‐
tion of this pest, which is important since the parasitoid larvae live inside the pest’s eggs be‐
fore emerging as adults [85,90,38]. This is important principally because the physiological
selectivity of this chemical group makes them more toxic to the pest than to the biological
control agent [92,93,38,94,26].

Insecticides of plant origin are also a very important group for the population management
of this pest. Among these, neem extract (Azadirarachta indica) has shown significant results in
the control of P. xylostella, affecting the growth, larval mortality during ecdysis, oviposition,
deformation in pupae and adults, and the physiological processes of reproduction, such as
inadequate egg maturation and infertility, that interfere with larval hatching [95,90,83,38,96].

In this context, managing the population of P. xylostella using chemical control methods can
be a very interesting strategy if well used, because of the large number of chemical groups
with different active ingredients, which enables a chemical molecule rotation and prevents
the development of resistance. These products can be used with other control techniques to
reduce the number of applications of pesticide and improve the quality of the final product.
Another very important consideration in choosing the chemical product is its selectivity, be‐
cause many chemicals have high selectivity for the host but not for biological control agents,
which contributes to the maintenance of populations considered beneficial to the integrated
management of P. xylostella.

2.3. Plant resistance

The crop forms a template for various interactions between pests and their environment,
and varietal resistance to pests is a key component for stabilizing an IPM system [97].

Plants have a bewildering array of responses to herbivory, broadly categorized as direct and
indirect defenses and tolerance [98]. Some primary wax components, including specific
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long-chain alkyl components, have allelochemical activity that influences the host accept‐
ance behavior of P. xylostella larvae [99]. Furthermore, glucosinolates, a category of secon‐
dary products, are found primarily in species of the Brassicaceae. When tissue is damaged,
for example by herbivory, glucosinolates are degraded in a reaction catalyzed by thiogluco‐
sidases, called myrosinases, which are also present in these species. This causes the release
of toxic compounds such as nitriles, isothiocyanates, epithionitriles and thiocyanates. The
glucosinolate-myrosinase system is generally believed to be part of the plant’s defense
against insects, and possibly also against pathogens [100].

Among various cultivars  of  crucifers  observed,  the cabbage 'chato de quintal'  showed a
high level  of  the substance glucobrassicin,  and was classified as  moderately resistant  to
P. xylostella [101].

Several studies have been conducted in Brazil to determine the crucifer cultivars resistant to
P. xylostella for use in the management of this pest. Among the crucifers that are marketed in
Brazil—cabbage cultivars, broccoli, kale, and cauliflower—cabbage cultivars were more re‐
sistant, and kale cultivars were more susceptible to diamondback moth [8]. When compared
only cultivars of kale, it was found that ‘Ribeirão Pires I-2620’ was the most susceptible to
two generations of diamondback moth [102].

The use of silicon in the integrated management of diamondback moths may help to reduce
the use of pesticides. Silicon damages the jaws of larvae, limiting ingestion and causing high
mortality [103].

2.4. Cultural control

The current pest management tactics pursued by growers focus on the protection of crucifer
seedlings, using both cultural and chemical means, in some seasons in the established crops
[104]. Because of the failure of insecticides to control the diamondback moth, interest is
growing in the use of cultural controls in commercial crucifer production. Some of the classi‐
cal control measures that have been tried with some success are intercropping, use of sprin‐
kler irrigation, trap cropping, crop cover rotation, and clean cultivation [1].

The mortality of P. xylostella was significantly higher with the intercropping of Chinese cab‐
bage (Brassica chinensis) with garlic (Allium sativum) and lettuce (Lactuca sativa) than in mon‐
ocultures of Chinese cabbage. These results suggest that intercropping can suppress the
diamondback moth populations for a long period rather than just the short term [105]. Fur‐
thermore, studies conducted in Brazil of the intercropping of cabbages with other crop
plants (cabbage and green onion, cabbage and cilantro, and cabbage, green onion, and cilan‐
tro) did not reduce the rate of parasitism of P. xylostella larvae by O. sokolowskii, which
makes it promising for diamondback moth biological control; however it did not interfere
with cabbage colonization by the diamondback moth [41].

A study investigating the impact of irrigation systems on diamondback moth infestation in
cabbage noted that when irrigation water was applied by sprinkler-irrigation, diamondback
moth infestations were reduced by 37.5–63.9% compared with a drip-irrigated control [106].

Weed and Pest Control - Conventional and New Challenges40

Glucosinolates are biologically active natural products characteristic of crucifers, and cruci‐
fer-specialist insect herbivores, such as P. xylostella, frequently use glucosinolates as oviposi‐
tion stimuli. Benzylglucosinolate-producing tobacco plants were more attractive for
oviposition by female P. xylostella than wild-type tobacco plants. As newly hatched P. xylos‐
tella larvae were unable to survive on tobacco, these results represent a proof-of-concept
strategy for rendering non-host plants attractive for oviposition by specialist herbivores
with the long-term goal of generating efficient dead-end trap crops for agriculturally impor‐
tant pests [107].

With regard to crop cover for crucifers, a broccoli cover-cropping system (cereal rye) result‐
ed in fewer leaves, smaller plants, and a slightly reduced yield when compared to the other
systems. Strip-cropping broccoli with potatoes did not convey any agronomic advantages.
Gross margin analysis revealed that on a total system basis, a 2.2% yield improvement or a
7% price premium was required to make the cover crop system perform as well as conven‐
tional practice [108].

Another study looked at the effect of two diversification strategies, one a broccoli/potato
(Solanum tuberosum) strip crop comprising 1.65-m (tractor width) replications of two rows of
potatoes and two rows of broccoli, and the other a cereal rye (Secale cereale) cover crop,
which formed a sacrificial planting that was killed and rolled flat to minimize weed compe‐
tition and improve the agronomic performance of the subsequent broccoli crop. In this case,
it was observed that P. xylostella eggs, and the subsequent larvae and pupae, were less abun‐
dant on broccoli with the cover crop, probably due to interference with host location and
oviposition processes. The strip crop had no effect on broccoli crop yield [109].

2.5. Sex pheromones

The potential for using synthetic sex pheromone traps as a simple and practical method of
monitoring population densities of insect pests has been investigated in many crop systems.
Sex pheromones of P. xylostella have already been synthesized for use in the management of
this pest in crucifers [110]. Thus, trap catches can be used to forecast infestations during pe‐
riods that coincide with high P. xylostella infestations [111].

Currently, pheromone-baited traps in the Prairie Pest Monitoring Network are used to de‐
tect and survey [112] the arrival of migrating moths. Recent research has shown that capture
of male moths in pheromone-baited traps in the Prairie Pest Monitoring Network is correlat‐
ed with moderate, but not low, densities of the immature stages of the diamondback moth
sampled in the same fields [113]. Then exists the potential to develop commercially available
pheromone-baited traps as tools that can predict the ephemeral nature of diamondback
moth population densities in the prairies and inform producers of key thresholds and tim‐
ing for control efforts [113].

When placed on Delta sticky traps, the artificial sex pheromone Bioplutella, marketed in
Brazil, efficiently captured males of the diamondback moth and could be used for monitor‐
ing this pest [114].
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long-chain alkyl components, have allelochemical activity that influences the host accept‐
ance behavior of P. xylostella larvae [99]. Furthermore, glucosinolates, a category of secon‐
dary products, are found primarily in species of the Brassicaceae. When tissue is damaged,
for example by herbivory, glucosinolates are degraded in a reaction catalyzed by thiogluco‐
sidases, called myrosinases, which are also present in these species. This causes the release
of toxic compounds such as nitriles, isothiocyanates, epithionitriles and thiocyanates. The
glucosinolate-myrosinase system is generally believed to be part of the plant’s defense
against insects, and possibly also against pathogens [100].

Among various cultivars  of  crucifers  observed,  the cabbage 'chato de quintal'  showed a
high level  of  the substance glucobrassicin,  and was classified as  moderately resistant  to
P. xylostella [101].

Several studies have been conducted in Brazil to determine the crucifer cultivars resistant to
P. xylostella for use in the management of this pest. Among the crucifers that are marketed in
Brazil—cabbage cultivars, broccoli, kale, and cauliflower—cabbage cultivars were more re‐
sistant, and kale cultivars were more susceptible to diamondback moth [8]. When compared
only cultivars of kale, it was found that ‘Ribeirão Pires I-2620’ was the most susceptible to
two generations of diamondback moth [102].

The use of silicon in the integrated management of diamondback moths may help to reduce
the use of pesticides. Silicon damages the jaws of larvae, limiting ingestion and causing high
mortality [103].

2.4. Cultural control

The current pest management tactics pursued by growers focus on the protection of crucifer
seedlings, using both cultural and chemical means, in some seasons in the established crops
[104]. Because of the failure of insecticides to control the diamondback moth, interest is
growing in the use of cultural controls in commercial crucifer production. Some of the classi‐
cal control measures that have been tried with some success are intercropping, use of sprin‐
kler irrigation, trap cropping, crop cover rotation, and clean cultivation [1].

The mortality of P. xylostella was significantly higher with the intercropping of Chinese cab‐
bage (Brassica chinensis) with garlic (Allium sativum) and lettuce (Lactuca sativa) than in mon‐
ocultures of Chinese cabbage. These results suggest that intercropping can suppress the
diamondback moth populations for a long period rather than just the short term [105]. Fur‐
thermore, studies conducted in Brazil of the intercropping of cabbages with other crop
plants (cabbage and green onion, cabbage and cilantro, and cabbage, green onion, and cilan‐
tro) did not reduce the rate of parasitism of P. xylostella larvae by O. sokolowskii, which
makes it promising for diamondback moth biological control; however it did not interfere
with cabbage colonization by the diamondback moth [41].

A study investigating the impact of irrigation systems on diamondback moth infestation in
cabbage noted that when irrigation water was applied by sprinkler-irrigation, diamondback
moth infestations were reduced by 37.5–63.9% compared with a drip-irrigated control [106].
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Glucosinolates are biologically active natural products characteristic of crucifers, and cruci‐
fer-specialist insect herbivores, such as P. xylostella, frequently use glucosinolates as oviposi‐
tion stimuli. Benzylglucosinolate-producing tobacco plants were more attractive for
oviposition by female P. xylostella than wild-type tobacco plants. As newly hatched P. xylos‐
tella larvae were unable to survive on tobacco, these results represent a proof-of-concept
strategy for rendering non-host plants attractive for oviposition by specialist herbivores
with the long-term goal of generating efficient dead-end trap crops for agriculturally impor‐
tant pests [107].

With regard to crop cover for crucifers, a broccoli cover-cropping system (cereal rye) result‐
ed in fewer leaves, smaller plants, and a slightly reduced yield when compared to the other
systems. Strip-cropping broccoli with potatoes did not convey any agronomic advantages.
Gross margin analysis revealed that on a total system basis, a 2.2% yield improvement or a
7% price premium was required to make the cover crop system perform as well as conven‐
tional practice [108].

Another study looked at the effect of two diversification strategies, one a broccoli/potato
(Solanum tuberosum) strip crop comprising 1.65-m (tractor width) replications of two rows of
potatoes and two rows of broccoli, and the other a cereal rye (Secale cereale) cover crop,
which formed a sacrificial planting that was killed and rolled flat to minimize weed compe‐
tition and improve the agronomic performance of the subsequent broccoli crop. In this case,
it was observed that P. xylostella eggs, and the subsequent larvae and pupae, were less abun‐
dant on broccoli with the cover crop, probably due to interference with host location and
oviposition processes. The strip crop had no effect on broccoli crop yield [109].

2.5. Sex pheromones

The potential for using synthetic sex pheromone traps as a simple and practical method of
monitoring population densities of insect pests has been investigated in many crop systems.
Sex pheromones of P. xylostella have already been synthesized for use in the management of
this pest in crucifers [110]. Thus, trap catches can be used to forecast infestations during pe‐
riods that coincide with high P. xylostella infestations [111].

Currently, pheromone-baited traps in the Prairie Pest Monitoring Network are used to de‐
tect and survey [112] the arrival of migrating moths. Recent research has shown that capture
of male moths in pheromone-baited traps in the Prairie Pest Monitoring Network is correlat‐
ed with moderate, but not low, densities of the immature stages of the diamondback moth
sampled in the same fields [113]. Then exists the potential to develop commercially available
pheromone-baited traps as tools that can predict the ephemeral nature of diamondback
moth population densities in the prairies and inform producers of key thresholds and tim‐
ing for control efforts [113].

When placed on Delta sticky traps, the artificial sex pheromone Bioplutella, marketed in
Brazil, efficiently captured males of the diamondback moth and could be used for monitor‐
ing this pest [114].
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3. Final remarks

As shown above, the management of pests on crucifers in Brazil has largely been dependent
on synthetic pesticides, used prophylactically or in response to P. xylostella occurrence, al‐
though cultural practices have also played some role in the control of the diamondback
moth [104]. The general lack of understanding of interactions between crucifers and their in‐
vertebrate pests and between pests and their natural enemies has resulted in a lack of alter‐
native integrated options for growers. Growers would rely less heavily on the prophylactic
and reactive application of broad-spectrum pesticides if they were provided with knowl‐
edge and training in identifying natural enemies and using economic thresholds. Further‐
more, we again emphasize glucosinolates, their breakdown products, and plant volatile
compounds as key components in these processes [115], which have been considered benefi‐
cial in the past and hold great promise for the future of integrated pest management.
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1. Introduction

The industrial revolution, globalization and international trade liberalization are some of the
important events that have afforded vast opportunities for invasive insect species to establish
in new territories [1]. These invasive species, facing no challenge by their natural enemies,
thrive well in the new environment [2]. In addition to the disturbance they cause to the
biodiversity, pest invasion in any country results in increased pressure on biosecurity, national
economy, and human health management systems [1, 3, 4]. Apart from economic loss in
managing them, these pests pose a significant detrimental impact on tourism and recreational
value of the region, which further adds in indirect economic damage to the nation [5]. Of this
large group of invasive pests, thrips are one of the most important members. The invasive
status gained by thrips across the globe is due to their high degree of polyphagy, wide host
range and easy dispersal that can be anthropogenic or natural (wind-mediated).

The earliest fossil record of order Thysanoptera dates back to the Late Triassic period, from
the state of Virginia in the United States and the country Kazakhstan in Central Asia, but their
abundance was rare until the Cretaceous period from which many specimens of Thysanoptera
have been recorded [6]. The order Thysanoptera was given its current taxonomic rank by an
Irish entomologist, A. H. Haliday in 1836, and since then more than 8,000 species of thrips have
been reported. In this insect order, the genus Scirtothrips Shull contains more than 100 thrips
species, among which 10 species have been reported as serious pests of agricultural crops [7].
Within this genus, Scirtothrips dorsalis Hood is a significant pest of various economically
important vegetable, ornamental and fruit crops in southern and eastern Asia, Oceania and
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parts of Africa [8, 9]. S. dorsalis is native to the Indian subcontinent and is a polyphagous pest
with more than 100 reported hosts among 40 different families of plants [10]. However, in the
past two decades, increased globalization and open agricultural trade has resulted in the vast
expansion of the geographical distribution and host range of the pest. In the United States, it
is a new invasive pest where the first established population of S. dorsalis was reported in 2005
from Florida. Since then it has emerged as a serious pest of various economically important
host crops in the southeastern regions of the United States. It has been reported from 30
counties in Florida, 8 counties in Texas with several positive reports of its invasion from
Alabama, Louisiana, Georgia, and New York. In a recent study [11], this pest was found
attacking 11 different hosts at a fruit nursery in Homestead, Florida. Interestingly, they were
found to reproduce on nine plant taxa that had not previously been reported as host plants in
the literature suggesting that the host range of this insidious pest is continuing to expand as
it invades new regions. The small size and cryptic nature of adults and larvae enables S.
dorsalis to inhabit microhabitats of a plant often making monitoring and the identification
difficult. S. dorsalis’ life stages may occur on meristems and other tender tissues of all above
ground parts of host plants [12]. Consequently, the opportunity of trans-boundary transpor‐
tation of S. dorsalis through the trade of plant materials is high [13]. Existence of any variation
in phenotypic and genetic makeup of such a pest makes identification much more difficult [14].

This chapter is intended to summarize the parameters facilitating worldwide distribution of
this pest, damage potential and the advancement in the post-invasion management strategies
being practiced in the United States and other parts of the world. The focus will be on the latest
development in the integrated pest management of S. dorsalis including identification techni‐
ques and biological, chemical and cultural control strategies.

2. Background information

The great reproductive potential and keen ability for invasion combined with easy adaptation
to newly invaded areas are a few of the qualities which make Scirtothrips species major concerns
for agriculture in many countries [15]. From the beginning, S. dorsalis has been reported as an
opportunistic generalist species that is able to feed on a variety of host plants, depending upon
availability in the region of incidence. The first reference to S. dorsalis was in early 1900’s when
it was reported damaging the tea crop in the Tocklai area of Assam state in India. In later years
S. dorsalis was responsible for damaging the tea crops in all of the major tea growing regions
of eastern India including Cachar, the Assam Valley, Terai and the Dooars [16]. In 1916, this
pest was reported infesting castor in the Coimbatore district of the southern part of India and
later was found infesting other hosts in the region including chilli, groundnuts, mango, beans,
cotton, brinjal (eggplant) and Casia fistula [17, 18]. Young leaves, buds, and tender stems of the
host plants were severely damaged. Thrips repeated puncturing of tender leaf tissues with
their stylet produces ‘sandy paper lines’ on the epidermis of the leaves and eventual crinkling
of leaves. In India, the characteristic leaf curl damage caused by this pest is known as “Murda”
(Hindi meaning- dead body) disease, because infestations resulted in the death of plants [19].
Many different scientific names have been assigned to S. dorsalis since it was first described in
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1919, mainly because of the lack of sufficient scientific literature regarding morphological
differences and variations in host range from the different geographical regions. During the
last 100 years, the host range and the bio-geographical range of S. dorsalis have broadened. The
thrips is established in all of the habitable continents except Europe, where repeated intro‐
ductions have been intercepted and eliminated [13]. Studying the history of S. dorsalis aids in
the understanding of behavioral and morphological diversity exhibited by this species as a
result of biological and ecological variations that have occurred during its long migration to
different parts of the world.

3. Geographical distribution

3.1. Worldwide distribution

S. dorsalis is widely distributed along its native range in Asia including Bangladesh, Brunei
Darussalam, China, Hong Kong, India, Indonesia, Japan, Republic of Korea, Malaysia,
Myanmar, Pakistan, Philippines, Sri Lanka, Taiwan, and Thailand. Further south S. dorsalis
occurs in northern Australia and the Soloman Islands. On the African continent, the pest is
reported from South Africa and the Ivory Coast, with plant health quarantine interceptions
suggesting a wider distribution across West Africa and East Africa (Kenya) [20]. S. dorsalis is
in Israel as well as in the Caribbean including Jamaica, St. Vincent, St. Lucia, Barbados and
Trinidad [12]. In South America, S. dorsalis has been found causing serious damage to grape‐
vine in western Venezuela [20].

3.2. U.S. invasion

Changing climatic conditions and globalization have resulted in the increasing importance of
invasive species as recurrent problems around the globe. More than 50,000 non-indigenous
species have already been introduced into the United States, causing an estimated annual
damage of more than $120 billion in forestry, agriculture and other sectors of society [3, 21].
The rich vegetation and neotropical climate of Florida make the state suitable for the invasion
and establishment of exotic flora and fauna [22]. S. dorsalis is a newly introduced insect pest
in Florida believed to have originated from Southeast Asia. In between 1984-2002, it was
intercepted about 89 times by USDA-APHIS inspectors at various US ports-of-entry [23]. Most
of the records of interception were from imported plant materials including cut flowers, fruits
and vegetables. With the exception of Hawaii, the presence of this tropical south Asian pest
was not confirmed in the Western Hemisphere until 2003. In Florida, S. dorsalis was reported
from Okeechobee County in 1991 and from Highland County in 1994 but failed to establish a
durable population [24]. In 2003, Tom Skarlinsky (USDA-APHIS-PPQ) reported live larvae
and pupae under the calyx of treated peppers in a shipment of Capsicum spp. traced back to
hot pepper production areas in St. Vincent and the Grenadines, West Indies [25]. Later, with
the collaborative efforts of the USDA (APHIS) and the Institute of Food and Agricultural
Sciences (University of Florida), S. dorsalis was found established in different agricultural
districts of St. Lucia and St. Vincent [26], Barbados, Suriname, Trinidad and Tobago, and
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Venezuela [25]. In 2005, S. dorsalis was found on pepper and ‘Knockout’ Rose plants in retail
garden centers in Florida and Texas. Subsequently, S. dorsalis has been reported many times
on different ornamental plants in commercial nurseries throughout Florida [27]. In a collabo‐
rative survey over a two-month period (Oct-Nov 2005), the Florida Department of Agricultural
and Consumer Services (FDACS) and the University of Florida found infestations 77 times in
16 counties [25]. Of the 77 positive observations, 66 were found on roses, 10 on Capsicum and
one on Illicium.

Venette and Davis [28] projected the potential geographic distribution of S. dorsalis in North
America. Based on this S. dorsalis could extend from southern Florida to the Canadian border,
as well as to Puerto Rico and the entire Caribbean region which suggests that this pest could
also become widely established in South America and Central America. The small size (< 2
mm in length) and thigmotactic behavior of S. dorsalis make it difficult to detect the pest in
fresh vegetation, thus, increasing the likelihood of the transportation of the pest through
international trade of botanicals. The major pathways of trans-boundary movement of S.
dorsalis includes (i) air passengers and crew, their baggage, and air cargo of plant propagative
materials and fresh ornamentals, fruits, and vegetables, (ii) mail, including mail from express
mail carriers, (iii) infested smuggled fresh plant materials, and (4) windborne dispersal [29].

4. Economic impact

Among 8,800 species of thrips, around 5,000 species has been well described with their diverse
life history and habitats [6]. Approximately 1% of the members of this order have been reported
as serious pests by humans owing to various damages which disrupt their life styles [30].
Thrips can reduce yield or value of the crop directly by using them as food and oviposition
site and indirectly by transmitting plant diseases. Their infestation can negatively impact
global trade due to the quarantine risks associated with several species in the order. The
majority of scientific literature related to economics of thrips deals with four important thrips
species: Thrips tabaci Lindeman, T. palmi Karny, Frankliniella occidentalis (Pergande) and S.
dorsalis [30].

India is one of the world’s largest chilli (Capsicum annum L.) producers which contributes about
36% (0.45 million tons) of global production [31]. According to a survey by the Asian Vegetable
Research and Development Committee, S. dorsalis is one of the most important limiting factors
for the chilli production in the country along with aphid species Myzus persicae Sulzer, Aphis
gossypii Glover and mite Polyphagotarsonemus latus Banks [32]. Yield loss solely dedicated to
S. dorsalis damage can range between 61 to 74% [33]. Because of its damage potential to chilli
pepper, this dreadful pest is commonly referred as chilli thrips.

Globally, the popularity and demand for mango (Mangifera indica L.) and its processed product
is rising which has resulted in the expansion of area under mango cultivation. Asian countries
contribute around 77% of the global mango production followed by Americas (13%) and Africa
(9%). In 2005, world mango production was reported as 28.5 million metric tons [34]. Malaysia,
which is a major mango consumer (10th largest mango importer in the world), produces mango

Weed and Pest Control - Conventional and New Challenges56

on over 4,565 ha [35]. However, their domestic mango production has been reported to suffer
considerable economic losses due to thrips infestation with the major thrips species responsible
for damage of mango panicle reported as Thrips hawaensis Morgan and S. dorsalis [36]. Along
the same international theme, S. dorsalis is considered as a major economic threat to grape and
citrus production in Japan [37, 38] and vegetable production in China and US [39].

The invasion of S. dorsalis into the Caribbean region prompted an economic analysis to be
conducted in 2003 by the United States Department of Agriculture on 28 potential hosts of the
pest which suggested that a 5% loss of these crops may lead to a loss value of $3 billion to the
US economy [40]. Assessment of the damage potential of S. dorsalis from Florida’s perspective
as the port of entry showed that there is an immediate need for development of effective
management practices against this pest. In 2010, the US horticulture (greenhouse/nursery)
industry contributed approximately $15.5 billion to the US economy, among which Florida
was the second largest contributor after California by adding 11.2% to the economy [41].
Florida received cash receipts of approximately $7.80 billion in 2010 from all agricultural
commodities among which top three contributors were greenhouse/nursery, orange and
tomato which added about 53% of all cash receipts. Strawberries ($362 million), peppers ($295
million), peanuts ($89 million), cucumbers ($88 million), cotton ($49 million), and blueberries
($47 million) contributed an additional 1 billion (approx.) to Florida’s economy. Since these
crops have potential to serve as host plants of S. dorsalis, even 10% loss of these commodities
can cause significant impact on Florida’s economy and may open the market for foreign trade
[42]. Florida Nurserymen and Growers Association consider S. dorsalis as one of the thirteen
most dangerous, exotic pests threatening the industry [43].

5. Host plants

Prior  to  the  introduction of  S.  dorsalis  into  the  New World,  the  host  range of  this  pest
included more than 100 plant  taxa  among 40  families  [10].  Subsequent  to  the  introduc‐
tion of S. dorsalis into the New World, the pest was found to attack additional taxa of plants
[28].  The  main  wild  host  plants  belong  to  the  family  Fabaceae,  which  includes  Acacia,
Brownea, Mimosa and Saraca. In its native range of the Indian subcontinent, chilli crops
are reported to be attacked by 25 different pests, among which S. dorsalis is considered as
one of the most serious threats [44].  S. dorsalis  is also abundant on Arachis  in India [45],
sacred  lotus  in  Thailand  [10],  and  tea  and  citrus  in  Japan  [46].  Among  the  potential
economic hosts  of  this  pest  listed by Venette  and Davis  [28]  are  banana,  bean,  cashew,
castor,  citrus,  cocoa,  corn,  cotton,  eggplant,  grapes,  kiwi,  litchi,  longan,  mango,  melon,
peanut, pepper, poplar, rose, strawberry, sweet potato, tea, tobacco, tomato, and wild yams
(Dioscorea  spp.).  Interestingly,  S.  dorsalis  is  not  reported  reproducing  on  all  of  the  hosts
mentioned in the literature and plant species has been designated as a host plant based on
the presence of adult thrips. While S. dorsalis  is known to forage on wide range of plant
species,  a  true  host  must  be  identified  by  its  ability  to  support  thrips  reproduction  in
addition to provisioning food and shelter. Based on information obtained from the Global
Pest  and  Disease  Database  [47],  S.  dorsalis  was  reported  to  feed  on  (not  necessarily
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Venezuela [25]. In 2005, S. dorsalis was found on pepper and ‘Knockout’ Rose plants in retail
garden centers in Florida and Texas. Subsequently, S. dorsalis has been reported many times
on different ornamental plants in commercial nurseries throughout Florida [27]. In a collabo‐
rative survey over a two-month period (Oct-Nov 2005), the Florida Department of Agricultural
and Consumer Services (FDACS) and the University of Florida found infestations 77 times in
16 counties [25]. Of the 77 positive observations, 66 were found on roses, 10 on Capsicum and
one on Illicium.

Venette and Davis [28] projected the potential geographic distribution of S. dorsalis in North
America. Based on this S. dorsalis could extend from southern Florida to the Canadian border,
as well as to Puerto Rico and the entire Caribbean region which suggests that this pest could
also become widely established in South America and Central America. The small size (< 2
mm in length) and thigmotactic behavior of S. dorsalis make it difficult to detect the pest in
fresh vegetation, thus, increasing the likelihood of the transportation of the pest through
international trade of botanicals. The major pathways of trans-boundary movement of S.
dorsalis includes (i) air passengers and crew, their baggage, and air cargo of plant propagative
materials and fresh ornamentals, fruits, and vegetables, (ii) mail, including mail from express
mail carriers, (iii) infested smuggled fresh plant materials, and (4) windborne dispersal [29].

4. Economic impact

Among 8,800 species of thrips, around 5,000 species has been well described with their diverse
life history and habitats [6]. Approximately 1% of the members of this order have been reported
as serious pests by humans owing to various damages which disrupt their life styles [30].
Thrips can reduce yield or value of the crop directly by using them as food and oviposition
site and indirectly by transmitting plant diseases. Their infestation can negatively impact
global trade due to the quarantine risks associated with several species in the order. The
majority of scientific literature related to economics of thrips deals with four important thrips
species: Thrips tabaci Lindeman, T. palmi Karny, Frankliniella occidentalis (Pergande) and S.
dorsalis [30].

India is one of the world’s largest chilli (Capsicum annum L.) producers which contributes about
36% (0.45 million tons) of global production [31]. According to a survey by the Asian Vegetable
Research and Development Committee, S. dorsalis is one of the most important limiting factors
for the chilli production in the country along with aphid species Myzus persicae Sulzer, Aphis
gossypii Glover and mite Polyphagotarsonemus latus Banks [32]. Yield loss solely dedicated to
S. dorsalis damage can range between 61 to 74% [33]. Because of its damage potential to chilli
pepper, this dreadful pest is commonly referred as chilli thrips.

Globally, the popularity and demand for mango (Mangifera indica L.) and its processed product
is rising which has resulted in the expansion of area under mango cultivation. Asian countries
contribute around 77% of the global mango production followed by Americas (13%) and Africa
(9%). In 2005, world mango production was reported as 28.5 million metric tons [34]. Malaysia,
which is a major mango consumer (10th largest mango importer in the world), produces mango
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on over 4,565 ha [35]. However, their domestic mango production has been reported to suffer
considerable economic losses due to thrips infestation with the major thrips species responsible
for damage of mango panicle reported as Thrips hawaensis Morgan and S. dorsalis [36]. Along
the same international theme, S. dorsalis is considered as a major economic threat to grape and
citrus production in Japan [37, 38] and vegetable production in China and US [39].

The invasion of S. dorsalis into the Caribbean region prompted an economic analysis to be
conducted in 2003 by the United States Department of Agriculture on 28 potential hosts of the
pest which suggested that a 5% loss of these crops may lead to a loss value of $3 billion to the
US economy [40]. Assessment of the damage potential of S. dorsalis from Florida’s perspective
as the port of entry showed that there is an immediate need for development of effective
management practices against this pest. In 2010, the US horticulture (greenhouse/nursery)
industry contributed approximately $15.5 billion to the US economy, among which Florida
was the second largest contributor after California by adding 11.2% to the economy [41].
Florida received cash receipts of approximately $7.80 billion in 2010 from all agricultural
commodities among which top three contributors were greenhouse/nursery, orange and
tomato which added about 53% of all cash receipts. Strawberries ($362 million), peppers ($295
million), peanuts ($89 million), cucumbers ($88 million), cotton ($49 million), and blueberries
($47 million) contributed an additional 1 billion (approx.) to Florida’s economy. Since these
crops have potential to serve as host plants of S. dorsalis, even 10% loss of these commodities
can cause significant impact on Florida’s economy and may open the market for foreign trade
[42]. Florida Nurserymen and Growers Association consider S. dorsalis as one of the thirteen
most dangerous, exotic pests threatening the industry [43].

5. Host plants

Prior  to  the  introduction of  S.  dorsalis  into  the  New World,  the  host  range of  this  pest
included more than 100 plant  taxa  among 40  families  [10].  Subsequent  to  the  introduc‐
tion of S. dorsalis into the New World, the pest was found to attack additional taxa of plants
[28].  The  main  wild  host  plants  belong  to  the  family  Fabaceae,  which  includes  Acacia,
Brownea, Mimosa and Saraca. In its native range of the Indian subcontinent, chilli crops
are reported to be attacked by 25 different pests, among which S. dorsalis is considered as
one of the most serious threats [44].  S. dorsalis  is also abundant on Arachis  in India [45],
sacred  lotus  in  Thailand  [10],  and  tea  and  citrus  in  Japan  [46].  Among  the  potential
economic hosts  of  this  pest  listed by Venette  and Davis  [28]  are  banana,  bean,  cashew,
castor,  citrus,  cocoa,  corn,  cotton,  eggplant,  grapes,  kiwi,  litchi,  longan,  mango,  melon,
peanut, pepper, poplar, rose, strawberry, sweet potato, tea, tobacco, tomato, and wild yams
(Dioscorea  spp.).  Interestingly,  S.  dorsalis  is  not  reported  reproducing  on  all  of  the  hosts
mentioned in the literature and plant species has been designated as a host plant based on
the presence of adult thrips. While S. dorsalis  is known to forage on wide range of plant
species,  a  true  host  must  be  identified  by  its  ability  to  support  thrips  reproduction  in
addition to provisioning food and shelter. Based on information obtained from the Global
Pest  and  Disease  Database  [47],  S.  dorsalis  was  reported  to  feed  on  (not  necessarily
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reproduce on) more than 225 plant taxa worldwide in 72 different families and 32 orders
of plants. In Florida, S. dorsalis has been reported from 61 different plants till 2011 (Table
1).  Disparities  in  host  selection in different  geographical  regions are  documented in the
literature.  For example,  S.  dorsalis  is  reported on mango in Puerto Rico but not in adja‐
cent Caribbean islands where it was reported earlier on other host plants. S. dorsalis  is a
significant pest of citrus in Japan [48] and Taiwan [49], but not in India or the United States.
Many factors could be attributed to the differences in host  plants of  S.  dorsalis  reported
from  different  geographical  regions.  These  various  factors  could  include  variation  in
competition with other pests, availability of predators in the region of invasion, availabili‐
ty of hosts, environmental conditions, etc. [42], but could also be the result of differential
biological activity of different S. dorsalis  biotypes/cryptic species, none of which have yet
been reported.

Scientific name Common or trade name

Antirrhinum majus L. Liberty Classic White Snapdragon

Arachis hypogaea L Peanut or groundnut

Begonia sp. Begonia

Breynia nivosa (W. Bull) Small Snow bush, snow-on-the-mountain

Camellia sinensis (L.) Kuntze Tea

Capsicum annuum L. Jalapeno pepper, Bonnet pepper

Capsicum frutescens L. Chilli pepper

Capsicum spp.

Celosia argentea L. Celosia – red fox

Citrus spp.

Concocarpus erectus

Coreopsis sp. Tickseed

Cuphea sp. Waxweed, tarweed

Duranta erecta L. golden dewdrop, pigeonberry, skyflower

Euphorbia pulcherrima Willd. Poinsettia

Eustoma grandiflorum (Raf.) Shinn. Florida Blue Lisianthus

Ficus elástica ‘Burgundy’ Roxb. Ex Hornem. Burgundy Rubber Tree

Gardenia jasminoides J. Ellis Jasmine

Gaura lindheimeri Engelm. & Gray Lindheimer’s beeblossom

Gerbera jamesonii H. Bolus ex Hook. F. Gerber daisy

Glandularia x hybrida (Grönland & Rümpler)

Neson & Pruski

Verbena

Gossypium hirsutum L. Cotton

Hedera helix L. English Ivy

Illicium floridanum Ellis Florida anisetree
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Scientific name Common or trade name

Impatiens walleriana Hook. F. Super Elfin White

Jasminum sambac (L.) Ait. Pikake

Lagerstroemia indica L. Crape myrtle

Laguncularia recemosa (L.) Gaertn. f. White buttonwood

Ligustrum japonicum Thunb. Japanese privet

Litchi chinensis Sonn. Litchi

Mahonia bealei (Fortune) Carrière Leatherleaf mahonia

Manilkara zapota(L.) D. Royen Sapodilla

Mangifera indica L. Mango

Murraya paniculata (L.) Jack Orange-jasmine

Ocimum basilicum L. Sweet Basil

Pelargonium x hortorum Bailey Geranium

Pentas lanceolata (Forssk.) Deflers Graffiti White

Persea americana Mill. Avocado

Petunia x hybrida Petunia Easy Wave Red

Pittosporum tobira (Thunb.) Ait. f. Variegated Pittosporum

Plectranthus scutellarioides (L.) R. Br. Coleus

Pouteria campechiana (Kunth) Baehni Canistel

Rhaphiolepsis indica(L.) Lindl. ex Ker Gawl. Shi Ban Mu

Ricinus communis L. Castor Bean

Rhaphiolepis umbellate (Thunb.) Yeddo Hawthorn

Richardia brasiliensis Gomes Brazil Pusley

Rhododendron spp. Azalea

Rosa X ‘Radrazz’ ‘Knockout®’ rose

Salvia farinacea Benth. Victoria blue

Schefflera arbicola (Hayata) Merr. Dwarf umbrella tree

Strobilanthes dyerianus Mast. Persian shield

Synsepalum dulcificum (Schumach. & Thonn.) Daniell Miracle fruit

Tagetes patula L. Marigold

Tradescatia zebrina hort. ex Bosse Wandering jew

Vaccinium corymbosum L. Highbush blueberry

Viburnum odoratissimum var. awabuki (K. Koch) Zabel Sweet viburnum

Viburnum suspensum Lindl. Viburnum

Viola x wittrockiana Gams Wittrock's violet

Vitis vinifera L. Grapevine

Zinnia elegans Jacq. Zinnia Profusion White

Table 1. Confirmed plant hosts of Scirtothrips dorsalis in Florida. Source: [80].
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cent Caribbean islands where it was reported earlier on other host plants. S. dorsalis  is a
significant pest of citrus in Japan [48] and Taiwan [49], but not in India or the United States.
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competition with other pests, availability of predators in the region of invasion, availabili‐
ty of hosts, environmental conditions, etc. [42], but could also be the result of differential
biological activity of different S. dorsalis  biotypes/cryptic species, none of which have yet
been reported.
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6. Host damage

S. dorsalis feeding on the meristems, terminals and other tender plant parts of the host plant
above the soil surface results in undesirable feeding scars, distortion of leaves, and discolora‐
tion of buds, flowers and young fruits. The pest prefers young plant tissue and is not reported
to feed on mature host tissues. The piercing and sucking mouthparts of S. dorsalis can damage
the host plant by extracting the contents of individual epidermal cells, leading to the necrosis
of tissue. The color of damaged tissue changes from silvery to brown or black. The appearance
of discolored or disfigured plant parts suggests the presence of S. dorsalis. Adults and larvae
of S. dorsalis suck the cell sap of the leaves, causing the leaves to curl upward [50]. Severe
infestations of S. dorsalis cause the tender leaves and buds to become brittle, resulting in
complete defoliation and yield loss. For example, heavy infestations of pepper plants by S.
dorsalis cause changes in the appearance of plants termed “chilli leaf curl” [51]. On many hosts,
the thrips may feed on the upper surfaces of leaves when infestations are high. Infested fruits
develop corky tissues [52]. Sometimes, plants infested by S. dorsalis appear similar to plants
damaged by the feeding of broad mites. Plants infested with S. dorsalis may show the following
damage symptoms: (i) silvering of the leaf surface, (ii) linear thickening of the leaf lamina, (iii)
brown frass markings on the leaves and fruits, (iv) grey to black markings on fruits, often
forming a distinct ring of scarred tissue around the apex and (v) fruit distortion and premature
senescence and abscission of leaves [53]. Apart from causing direct damage to its host S.
dorsalis also vectors seven plant viruses including chilli leaf curl virus (CLC), peanut necrosis
virus (PBNV), peanut yellow spot virus (PYSV), tobacco streak virus (TSV), watermelon silver
mottle virus (WsMoV), capsicum chlorosis virus (CaCV) and melon yellow spot virus (MYSV)
[8, 10, 54, 55, 56, 57].

7. Identification

Correct identification is a primary step in the development of sound management practices
against a pest. Identification helps in attaining previously reported information against the
subject species [58] crucial in planning and implementation of an appropriate biological
research strategy. Morphological identification characters of S. dorsalis are well studied in the
literature due to its economic importance and global distribution. However, due to the small
size and morphological similarities within the genus, the identification of unknown specimen
to species level is a challenge to non-experts.

Larvae of S. dorsalis are creamish white to pale in color. Sizes of the first instars, second instars,
and pupae range between 0.37-0.39, 0.68-0.71 and 0.78-0.80 mm, respectively [12]. Morpho‐
logical identification of S. dorsalis larva can be made using the following features [59]): D1 and
D2 setae present on the head and abdominal terga IX of larvae are simple and funnel-shaped,
respectively. The D1 setae on terga X are funnel shaped. The larval pronotum is reticulated
and has 6-7 pairs of pronotal setae. Abdominal segments IV-VII of larvae have a total of 8-12
setae each. The distal two thirds of the fore-femora of larvae possess four funnel shaped setae
and the body of larvae possesses granular plaques.

Weed and Pest Control - Conventional and New Challenges60

The body of adult S. dorsalis is pale yellow in color and bear dark brown antecostal ridges on
tergites and sternites. Adults are less than 1.5 mm in length with dark wings. The head is wider
than long, bearing closely spaced lineations and a pair of eight segmented antennae with a
forked sensorium on each of the third and fourth segments. Dark spots that form incomplete
stripes are seen dorsally on the abdomen [12]. Three pairs of ocellar setae are present, the third
pair, also known as the interocellar setae (IOS), arises between the two hind ocelli (HO) and
is nearly the same size as the two pairs of post ocellar setae (POS) on the head. The pronotum
consists of closely spaced horizontal lineation. The pronotal setae (anteroangular, anteromar‐
ginal and discal setae) are short and approximately equal in length. The posteromarginal seta-
II is broader and 1.5 times longer than the posteromarginal setae-I and III. The posterior half
of the metanotum presents longitudinal striations; medially located metanotal setae arise
behind the anterior margin and campaniform sensilla are absent. Three discal setae are located
on the lateral microtrichial fields of the abdominal tergites and the posteromarginal comb on
VIII segment is complete. The shaded forewings are distally lighter in color with posteromar‐
ginal straight cilia on the distal half and the first and second veins bear three and two widely
spaced setae, respectively. Discal setae are absent on sternites and sternites are covered with
rows of microtrichia, excluding the antero-medial region [60, 61].

Using traditional taxonomic keys, adult thrips can be identified to genus, but due to the
intraspecific morphological variations in many species, identifying them to species requires
substantial expertise [7]. For many taxa of thrips it is impossible to assign an immature to a
particular species in the absence of adults [62]). In addition, high levels of variation in the basic
biology, life history, host selection, pest status, vector efficiency and resistance to insecticides
exist in different thrips species. Misidentification of thrips species can lead to the misapplica‐
tion of management practices, resulting in wasted money, resources and time [63]. Selection
of the wrong biological control agents due to the ambiguous identification of the target pest
discourages growers to adopt chemical free pest management strategies. Thus, a rapid, species-
specific, developmental-stage non-limiting method for identification of thrips species is of
paramount importance to implement appropriate IPM strategies.

Taxonomic characterization of thrips, including S. dorsalis, has always been difficult due to
their small size and cryptic nature. Thus, it is important to utilize the advantage of other
methods of identification including molecular techniques which is not limited by the factors
associated with morphological identification [64, 65]. Molecular techniques can be cost
effective, rapid, and performed by non-taxonomic experts. Recently a molecular marker
(rDNA ITS2) has been developed for species specific identification of S. dorsalis specimens [65].
However, misidentification of specimens using solely molecular identification based on
genetic information available in databases such as Genbank and EMBL is very common [66]
until a voucher specimen or photo-documentation is available to confirm the identity. Thus,
it is important to integrate both identification methods (morphological + molecular) to achieve
a double confirmation system for validating identification of various thrips species using a
single specimen. There are a few such techniques available such as sonication of specimens for
DNA extraction [67] and the automated high-throughput DNA protocol [66], which allows
DNA extraction to be performed without destroying the specimen. Another integrated
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6. Host damage

S. dorsalis feeding on the meristems, terminals and other tender plant parts of the host plant
above the soil surface results in undesirable feeding scars, distortion of leaves, and discolora‐
tion of buds, flowers and young fruits. The pest prefers young plant tissue and is not reported
to feed on mature host tissues. The piercing and sucking mouthparts of S. dorsalis can damage
the host plant by extracting the contents of individual epidermal cells, leading to the necrosis
of tissue. The color of damaged tissue changes from silvery to brown or black. The appearance
of discolored or disfigured plant parts suggests the presence of S. dorsalis. Adults and larvae
of S. dorsalis suck the cell sap of the leaves, causing the leaves to curl upward [50]. Severe
infestations of S. dorsalis cause the tender leaves and buds to become brittle, resulting in
complete defoliation and yield loss. For example, heavy infestations of pepper plants by S.
dorsalis cause changes in the appearance of plants termed “chilli leaf curl” [51]. On many hosts,
the thrips may feed on the upper surfaces of leaves when infestations are high. Infested fruits
develop corky tissues [52]. Sometimes, plants infested by S. dorsalis appear similar to plants
damaged by the feeding of broad mites. Plants infested with S. dorsalis may show the following
damage symptoms: (i) silvering of the leaf surface, (ii) linear thickening of the leaf lamina, (iii)
brown frass markings on the leaves and fruits, (iv) grey to black markings on fruits, often
forming a distinct ring of scarred tissue around the apex and (v) fruit distortion and premature
senescence and abscission of leaves [53]. Apart from causing direct damage to its host S.
dorsalis also vectors seven plant viruses including chilli leaf curl virus (CLC), peanut necrosis
virus (PBNV), peanut yellow spot virus (PYSV), tobacco streak virus (TSV), watermelon silver
mottle virus (WsMoV), capsicum chlorosis virus (CaCV) and melon yellow spot virus (MYSV)
[8, 10, 54, 55, 56, 57].

7. Identification

Correct identification is a primary step in the development of sound management practices
against a pest. Identification helps in attaining previously reported information against the
subject species [58] crucial in planning and implementation of an appropriate biological
research strategy. Morphological identification characters of S. dorsalis are well studied in the
literature due to its economic importance and global distribution. However, due to the small
size and morphological similarities within the genus, the identification of unknown specimen
to species level is a challenge to non-experts.

Larvae of S. dorsalis are creamish white to pale in color. Sizes of the first instars, second instars,
and pupae range between 0.37-0.39, 0.68-0.71 and 0.78-0.80 mm, respectively [12]. Morpho‐
logical identification of S. dorsalis larva can be made using the following features [59]): D1 and
D2 setae present on the head and abdominal terga IX of larvae are simple and funnel-shaped,
respectively. The D1 setae on terga X are funnel shaped. The larval pronotum is reticulated
and has 6-7 pairs of pronotal setae. Abdominal segments IV-VII of larvae have a total of 8-12
setae each. The distal two thirds of the fore-femora of larvae possess four funnel shaped setae
and the body of larvae possesses granular plaques.

Weed and Pest Control - Conventional and New Challenges60

The body of adult S. dorsalis is pale yellow in color and bear dark brown antecostal ridges on
tergites and sternites. Adults are less than 1.5 mm in length with dark wings. The head is wider
than long, bearing closely spaced lineations and a pair of eight segmented antennae with a
forked sensorium on each of the third and fourth segments. Dark spots that form incomplete
stripes are seen dorsally on the abdomen [12]. Three pairs of ocellar setae are present, the third
pair, also known as the interocellar setae (IOS), arises between the two hind ocelli (HO) and
is nearly the same size as the two pairs of post ocellar setae (POS) on the head. The pronotum
consists of closely spaced horizontal lineation. The pronotal setae (anteroangular, anteromar‐
ginal and discal setae) are short and approximately equal in length. The posteromarginal seta-
II is broader and 1.5 times longer than the posteromarginal setae-I and III. The posterior half
of the metanotum presents longitudinal striations; medially located metanotal setae arise
behind the anterior margin and campaniform sensilla are absent. Three discal setae are located
on the lateral microtrichial fields of the abdominal tergites and the posteromarginal comb on
VIII segment is complete. The shaded forewings are distally lighter in color with posteromar‐
ginal straight cilia on the distal half and the first and second veins bear three and two widely
spaced setae, respectively. Discal setae are absent on sternites and sternites are covered with
rows of microtrichia, excluding the antero-medial region [60, 61].

Using traditional taxonomic keys, adult thrips can be identified to genus, but due to the
intraspecific morphological variations in many species, identifying them to species requires
substantial expertise [7]. For many taxa of thrips it is impossible to assign an immature to a
particular species in the absence of adults [62]). In addition, high levels of variation in the basic
biology, life history, host selection, pest status, vector efficiency and resistance to insecticides
exist in different thrips species. Misidentification of thrips species can lead to the misapplica‐
tion of management practices, resulting in wasted money, resources and time [63]. Selection
of the wrong biological control agents due to the ambiguous identification of the target pest
discourages growers to adopt chemical free pest management strategies. Thus, a rapid, species-
specific, developmental-stage non-limiting method for identification of thrips species is of
paramount importance to implement appropriate IPM strategies.

Taxonomic characterization of thrips, including S. dorsalis, has always been difficult due to
their small size and cryptic nature. Thus, it is important to utilize the advantage of other
methods of identification including molecular techniques which is not limited by the factors
associated with morphological identification [64, 65]. Molecular techniques can be cost
effective, rapid, and performed by non-taxonomic experts. Recently a molecular marker
(rDNA ITS2) has been developed for species specific identification of S. dorsalis specimens [65].
However, misidentification of specimens using solely molecular identification based on
genetic information available in databases such as Genbank and EMBL is very common [66]
until a voucher specimen or photo-documentation is available to confirm the identity. Thus,
it is important to integrate both identification methods (morphological + molecular) to achieve
a double confirmation system for validating identification of various thrips species using a
single specimen. There are a few such techniques available such as sonication of specimens for
DNA extraction [67] and the automated high-throughput DNA protocol [66], which allows
DNA extraction to be performed without destroying the specimen. Another integrated
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technique available for thrips identification involves piercing the abdominal region of the
thrips specimen using a minute pin and processing the extracted gut content for molecular
identification prior to the slide mount to preserve the voucher specimen [7]. However, this
method requires great skill to keep the specimen intact and save the specimen for slide
preparation. Because thrips are soft-bodied minute insects, specimens can be damaged while
puncturing the abdomen or during slide preparation. Recently, a new integrated identification
technique has been developed for correct identification of thrips using a single specimen. Prior
to the DNA extraction of thrips larvae or adults, specimens are subjected to traditional
morphological identification using high resolution scanning electron microscopy (SEM) and
then gold/palladium sputter coated thrips specimens are processed for polymerase chain
reaction assay for molecular identification [14]. Photo-documentation can be easily created for
any future reference for the specimen understudy. This novel technique has advantages over
other integrated methods as it is simple and quick, utilizes fewer specimens for identification,
provides high yield of DNA and can be easily mastered by non-experts.

8. Life cycle

Thysanopterans have always been recorded as opportunistic species,  as their life history
strategies were preadapted from a detriophagous ancestral group developed in a habitat
where optimal conditions of survival were brief [68].  Mating does not result in fertiliza‐
tion  of  all  the  eggs  and  unfertilized  eggs  produce  males  while  fertilized  eggs  produce
females. Sex ratio is in favor of female progeny [16]. The stages of the life cycle of S. dorsalis
include the egg, first and second instar larva, prepupa, pupa and adult. Gravid females lay
eggs  inside  the  plant  tissue  (above  the  soil  surface)  and  eggs  hatch  between  5-8  days
depending upon environmental conditions [12, 16]. Larvae and adults tend to gather near
the mid-vein or borders of the damaged portion of leaf tissues. Pupae are found in the leaf
litter, on the axils of the leaves, and in curled leaves or under the calyx of flowers and fruits.
Larval stages complete in 8-10 days, and it takes 2.6-3.3 days to complete the pupal stages.
The life span of S. dorsalis is considerably influenced by the type of host they are feeding.
For example, it takes 11.0 days to become an adult from first instar larva on pepper plants
and 13.3 days on squash at 28°C. S. dorsalis adults can survive for 15.8 days on eggplant but
13.6 days on tomato plants [25]. They can grow at minimal temperatures as low as 9.7°C
and maximum temperatures as high as 33.0°C. Their thermal requirement from egg to egg
is 281-degree days and egg to adult is 265-degree days [25]. Populations are multivoltine in
temperate regions with up to eight generations per year and 18 generations per year in
warm subtropical and tropical areas [69]). In Japan, S. dorsalis start egg laying in late March
or early April when temperatures are favorable for development (70) and first generation
adults can be seen from early May [71]. However, S. dorsalis cannot overwinter in regions
where temperature remains below -4°C for five or more days [69]. Prolonged rainy seasons
do  not  appear  to  affect  populations  much,  but  the  population  remains  more  abundant
during prolonged dry conditions than in moist rainy periods.
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9. Management strategies

Incursions of S. dorsalis are difficult to manage and successful eradication is possible only with
early detection and immediate implementation of management practices. Host crops, which
develop from seeds such as bean, corn or cotton, must be carefully monitored during the
seedling stage of growth because this stage is extremely susceptible to attack by S. dorsalis [12].
Symptoms of infestations of S. dorsalis must be monitored on their susceptible host plants like
roses, pepper, cotton, etc. twice per week and if symptoms appear, then thrips samples should
be sent to a reputable laboratory for identification.

9.1. Sampling plan

Appropriate methodology for sampling S. dorsalis populations is essential to understand
presence and absence of thrips and to determine levels of population abundance at a given
time of infestation in a specific host crop. The sampling method has to be economically sound
and it should provide information on pest abundance with a minimal number of samples
collected. Thus, it is important to determine the within- plant and spatial distribution of the
pest in order to select an appropriate sampling unit. For example, melon thrips (Thrips palmi
Karny) appears on the bottom leaves of most of its vegetable hosts, but on the top leaves of
pepper plants. S. dorsalis attacks all above ground parts of its hosts, although initiation of
infestation can invariably be seen on the young leaves of seedlings and mature plants. As plants
grow older, S. dorsalis populations may disperse on the entire plant with the abundance on the
younger leaves. In a study conducted in St. Vincent [52], S. dorsalis developmental stages were
observed on all above-ground parts of ̀ Scotch Bonnet’ pepper, Capsicum chinense Jacq.' in rainy
and dry seasons (Table 2). Mean numbers of S. dorsalis adults and larvae were most abundant
on the top leaves followed by middle leaves and bottom leaves, flowers and fruits. No
significant difference was observed in S. dorsalis adults and larvae counts reported on the
bottom leaves, flowers and fruits.

In general, insects may have clumped, random or regular distribution in the field and at the
initial stage of invasion, insects may appear at a certain location(s) of a crop field depending
on environmental factors. These locations may be at the edge of the fields or inside the fields.
Known factors that influence such distribution includes wind direction, light intensity, soil
fertility, soil moisture, crop vigor and crop nitrogen levels. In several of our studies, S.
dorsalis displayed various patterns of within-field distribution. The distribution patterns of S.
dorsalis adults in 2004 and 2005 in a pepper planting were either random or regular in the
smaller plots (6, 12 and 24 m2). However, the distribution of adults in the larger plots (48 m2)
was aggregated in October 2004 (rainy season), and regular in March 2005 (dry season).
Characterizing hot spots (region of aggregation in a field) helps develop an economical
sampling methodology and adoption of site selected management strategies using biocontrol
agents, lower volumes of insecticides, and effective cultural control practices.

Direct methods of S. dorsalis sampling involves counting thrips on any part of a host plant (e.g.
leaf, flower and fruit) by using a hand lens, microscope or the naked eye. In this method, the
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provides high yield of DNA and can be easily mastered by non-experts.
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Thysanopterans have always been recorded as opportunistic species,  as their life history
strategies were preadapted from a detriophagous ancestral group developed in a habitat
where optimal conditions of survival were brief [68].  Mating does not result in fertiliza‐
tion  of  all  the  eggs  and  unfertilized  eggs  produce  males  while  fertilized  eggs  produce
females. Sex ratio is in favor of female progeny [16]. The stages of the life cycle of S. dorsalis
include the egg, first and second instar larva, prepupa, pupa and adult. Gravid females lay
eggs  inside  the  plant  tissue  (above  the  soil  surface)  and  eggs  hatch  between  5-8  days
depending upon environmental conditions [12, 16]. Larvae and adults tend to gather near
the mid-vein or borders of the damaged portion of leaf tissues. Pupae are found in the leaf
litter, on the axils of the leaves, and in curled leaves or under the calyx of flowers and fruits.
Larval stages complete in 8-10 days, and it takes 2.6-3.3 days to complete the pupal stages.
The life span of S. dorsalis is considerably influenced by the type of host they are feeding.
For example, it takes 11.0 days to become an adult from first instar larva on pepper plants
and 13.3 days on squash at 28°C. S. dorsalis adults can survive for 15.8 days on eggplant but
13.6 days on tomato plants [25]. They can grow at minimal temperatures as low as 9.7°C
and maximum temperatures as high as 33.0°C. Their thermal requirement from egg to egg
is 281-degree days and egg to adult is 265-degree days [25]. Populations are multivoltine in
temperate regions with up to eight generations per year and 18 generations per year in
warm subtropical and tropical areas [69]). In Japan, S. dorsalis start egg laying in late March
or early April when temperatures are favorable for development (70) and first generation
adults can be seen from early May [71]. However, S. dorsalis cannot overwinter in regions
where temperature remains below -4°C for five or more days [69]. Prolonged rainy seasons
do  not  appear  to  affect  populations  much,  but  the  population  remains  more  abundant
during prolonged dry conditions than in moist rainy periods.
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9. Management strategies

Incursions of S. dorsalis are difficult to manage and successful eradication is possible only with
early detection and immediate implementation of management practices. Host crops, which
develop from seeds such as bean, corn or cotton, must be carefully monitored during the
seedling stage of growth because this stage is extremely susceptible to attack by S. dorsalis [12].
Symptoms of infestations of S. dorsalis must be monitored on their susceptible host plants like
roses, pepper, cotton, etc. twice per week and if symptoms appear, then thrips samples should
be sent to a reputable laboratory for identification.

9.1. Sampling plan

Appropriate methodology for sampling S. dorsalis populations is essential to understand
presence and absence of thrips and to determine levels of population abundance at a given
time of infestation in a specific host crop. The sampling method has to be economically sound
and it should provide information on pest abundance with a minimal number of samples
collected. Thus, it is important to determine the within- plant and spatial distribution of the
pest in order to select an appropriate sampling unit. For example, melon thrips (Thrips palmi
Karny) appears on the bottom leaves of most of its vegetable hosts, but on the top leaves of
pepper plants. S. dorsalis attacks all above ground parts of its hosts, although initiation of
infestation can invariably be seen on the young leaves of seedlings and mature plants. As plants
grow older, S. dorsalis populations may disperse on the entire plant with the abundance on the
younger leaves. In a study conducted in St. Vincent [52], S. dorsalis developmental stages were
observed on all above-ground parts of ̀ Scotch Bonnet’ pepper, Capsicum chinense Jacq.' in rainy
and dry seasons (Table 2). Mean numbers of S. dorsalis adults and larvae were most abundant
on the top leaves followed by middle leaves and bottom leaves, flowers and fruits. No
significant difference was observed in S. dorsalis adults and larvae counts reported on the
bottom leaves, flowers and fruits.

In general, insects may have clumped, random or regular distribution in the field and at the
initial stage of invasion, insects may appear at a certain location(s) of a crop field depending
on environmental factors. These locations may be at the edge of the fields or inside the fields.
Known factors that influence such distribution includes wind direction, light intensity, soil
fertility, soil moisture, crop vigor and crop nitrogen levels. In several of our studies, S.
dorsalis displayed various patterns of within-field distribution. The distribution patterns of S.
dorsalis adults in 2004 and 2005 in a pepper planting were either random or regular in the
smaller plots (6, 12 and 24 m2). However, the distribution of adults in the larger plots (48 m2)
was aggregated in October 2004 (rainy season), and regular in March 2005 (dry season).
Characterizing hot spots (region of aggregation in a field) helps develop an economical
sampling methodology and adoption of site selected management strategies using biocontrol
agents, lower volumes of insecticides, and effective cultural control practices.

Direct methods of S. dorsalis sampling involves counting thrips on any part of a host plant (e.g.
leaf, flower and fruit) by using a hand lens, microscope or the naked eye. In this method, the
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part of the plant host sampled may be detached or left intact on the plant. In a beat pan or beat
board method, the plant part is tapped against the board to separate S. dorsalis adults. More
accurately S. dorsalis can be sampled by washing plant parts with 70% ethanol or kerosene oil.
The contents of the liquid are sieved through a 300 mesh sieve to separate thrips which are
then observed using a microscope or hand lens. In an indirect method of S. dorsalis sampling,
sticky cards of various colors can be placed inside, outside or at the perimeter of the crop field
at the level of crop canopy. S. dorsalis are attracted to the color and get stuck. Sticky cards can
be used from planting to harvest of a crop to monitor thrips advent and abundance during the
crop season. Yellow colored sticky cards are commonly used to monitor S. dorsalis, but blue,
white and green colored cards also attract S. dorsalis adults. In a recent study [72] conducted
in Taiwan and St. Vincent, three different sticky cards (blue, yellow and white) were evaluated
for sampling of S. dorsalis and the results suggested that yellow sticky cards could be used
efficiently for population detection and monitoring purposes of this pest. In Japan, yellowish-

Location on Mean number of Scirtothrips dorsalis

Pepper plant Adults Larvae Total

Field 1 (October 2004, rainy season)

Top leaf 4.50a 5.50a 10.00a

Middle leaf 1.75b 2.00b 3.75b

Bottom leaf 0.50b 0.75c 1.25c

Flower 0.75b 0.25c 1.00c

Fruit 0.25b 1.00bc 1.25c

Field 2 (March 2005, dry season)

Top leaf 2.25a 4.25a 6.50a

Middle leaf 1.00ab 2.25ab 3.25b

Bottom leaf 0.25b 0.75bc 1.00c

Flower 0.50b 0.25c 0.75c

Fruit 0.50b 0.75bc 1.25c

Field 3 (March 2005, dry season)

Top leaf 3.75a 4.00a 7.75a

Middle leaf 1.25b 1.75ab 3.00b

Bottom leaf 0.75b 0.50bc 1.25bc

Flower 0.25b 0.25c 0.50c

Fruit 0.50b 1.00bc 1.50bc

Means within a column for each field followed by the same letter do not differ significantly (P > 0.05, Waller-Duncan k
ratio procedure).

Table 2. Within plant distribution of Scirtothrips dorsalis adults and larvae on `Scotch Bonnet’ pepper plants in three
fields in St. Vincent based on samples taken during October 2004 (Field 1), March 2005 (Fields 2 and 3). Source: [52].
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green, green and yellow sticky boards were found to be effective in attracting S. dorsalis adults
[73]. Irrespective of colors, sticky cards should be replaced every 7-10 days by a new one.

9.2. Cultural practices

Development of effective management practices for S. dorsalis is still in its infancy. The World
Vegetable Center has several recommendations which could serve as a basic management
practice template for the control of this pest in vegetable production. It involves crop rotation,
removal of weeds (which may serve as hosts or virus reservoirs), insecticide rotation and
supporting the maximum use of natural enemies including predators and parasites. In some
of the plant cultivars resistance to S. dorsalis feeding appears to exist. Presence of gallic acid
plays a crucial role in resistance to S. dorsalis in some varieties of the pepper plant [25]. Recently,
researchers at the Mid-Florida Research and Education Center, University of Florida, screened
for plant resistant to S. dorsalis feeding in 158 different cultivars of pepper and found 14 of
these cultivars were resistant to the pest attack. “Brigadier hybrid” and “Trinidad perfume”
were among the highly resistant cultivars.

In Japan, synthetic reflective (vinyl) film has been used to protect citrus crops from S. dorsa‐
lis infestations [74]. In another study, the use of white aqueous solution, i.e. 4% CaCO3 on
mandarin orange trees along with reflective-sheet mulching reported to provide effective
suppression of S. dorsalis populations [75]. Common cultural practices like vermiwash in
addition to the use of vermi-compost and neem (Azadirachta indica A. Juss.) cake has also been
found effective in regulating S. dorsalis attack on pepper [76].

9.3. Chemical control

Chemical control is the primary mode of management of S. dorsalis and a wide range of
insecticides belonging to different chemical groups is currently used worldwide to control this
pest. In south-central Asia, chemical control is conducted using older chemistries including
organophosphates such as quinalphos, dimethoate, and phosphamidon as well as the carba‐
mate, carbaryl. In India and Japan monocrotophos, also an organophosphate and the pyreth‐
roid permethrin gave better suppression of this pest (50, 77). Organophosphates (malathion
and fenthion) were also found effective against S. dorsalis on grapevine [78]. Since their
introduction in the Greater Caribbean, there was a lack of information for effective manage‐
ment of this insect using modern insecticides. In recent years, effectiveness of various novel
chemistries against S. dorsalis has been evaluated and 10 chemical insecticides belonging to
seven different modes of action classes (Table 3) have been reported to provide good control
of the pest [79, 80]. The rotational use of three or more insecticides from different action classes
have been suggested to get prolonged suppression of the pest population [81]. Pyrethroids
have not been reported to provide effective control against S. dorsalis in the New World and
although it causes an instant reduction in pest populations in other parts of the world, it also
kills natural controlling agents, ultimately leading to resurgence of pest populations. Various
formulations of imidacloprid (neonicotinoid insecticide class), used either as soil drenches or
foliar applications provide effective suppression of S. dorsalis populations for several days
(Table 3) after application of treatments.
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part of the plant host sampled may be detached or left intact on the plant. In a beat pan or beat
board method, the plant part is tapped against the board to separate S. dorsalis adults. More
accurately S. dorsalis can be sampled by washing plant parts with 70% ethanol or kerosene oil.
The contents of the liquid are sieved through a 300 mesh sieve to separate thrips which are
then observed using a microscope or hand lens. In an indirect method of S. dorsalis sampling,
sticky cards of various colors can be placed inside, outside or at the perimeter of the crop field
at the level of crop canopy. S. dorsalis are attracted to the color and get stuck. Sticky cards can
be used from planting to harvest of a crop to monitor thrips advent and abundance during the
crop season. Yellow colored sticky cards are commonly used to monitor S. dorsalis, but blue,
white and green colored cards also attract S. dorsalis adults. In a recent study [72] conducted
in Taiwan and St. Vincent, three different sticky cards (blue, yellow and white) were evaluated
for sampling of S. dorsalis and the results suggested that yellow sticky cards could be used
efficiently for population detection and monitoring purposes of this pest. In Japan, yellowish-

Location on Mean number of Scirtothrips dorsalis

Pepper plant Adults Larvae Total

Field 1 (October 2004, rainy season)

Top leaf 4.50a 5.50a 10.00a

Middle leaf 1.75b 2.00b 3.75b

Bottom leaf 0.50b 0.75c 1.25c

Flower 0.75b 0.25c 1.00c

Fruit 0.25b 1.00bc 1.25c

Field 2 (March 2005, dry season)

Top leaf 2.25a 4.25a 6.50a

Middle leaf 1.00ab 2.25ab 3.25b

Bottom leaf 0.25b 0.75bc 1.00c

Flower 0.50b 0.25c 0.75c

Fruit 0.50b 0.75bc 1.25c

Field 3 (March 2005, dry season)

Top leaf 3.75a 4.00a 7.75a

Middle leaf 1.25b 1.75ab 3.00b

Bottom leaf 0.75b 0.50bc 1.25bc

Flower 0.25b 0.25c 0.50c

Fruit 0.50b 1.00bc 1.50bc

Means within a column for each field followed by the same letter do not differ significantly (P > 0.05, Waller-Duncan k
ratio procedure).

Table 2. Within plant distribution of Scirtothrips dorsalis adults and larvae on `Scotch Bonnet’ pepper plants in three
fields in St. Vincent based on samples taken during October 2004 (Field 1), March 2005 (Fields 2 and 3). Source: [52].
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green, green and yellow sticky boards were found to be effective in attracting S. dorsalis adults
[73]. Irrespective of colors, sticky cards should be replaced every 7-10 days by a new one.

9.2. Cultural practices

Development of effective management practices for S. dorsalis is still in its infancy. The World
Vegetable Center has several recommendations which could serve as a basic management
practice template for the control of this pest in vegetable production. It involves crop rotation,
removal of weeds (which may serve as hosts or virus reservoirs), insecticide rotation and
supporting the maximum use of natural enemies including predators and parasites. In some
of the plant cultivars resistance to S. dorsalis feeding appears to exist. Presence of gallic acid
plays a crucial role in resistance to S. dorsalis in some varieties of the pepper plant [25]. Recently,
researchers at the Mid-Florida Research and Education Center, University of Florida, screened
for plant resistant to S. dorsalis feeding in 158 different cultivars of pepper and found 14 of
these cultivars were resistant to the pest attack. “Brigadier hybrid” and “Trinidad perfume”
were among the highly resistant cultivars.

In Japan, synthetic reflective (vinyl) film has been used to protect citrus crops from S. dorsa‐
lis infestations [74]. In another study, the use of white aqueous solution, i.e. 4% CaCO3 on
mandarin orange trees along with reflective-sheet mulching reported to provide effective
suppression of S. dorsalis populations [75]. Common cultural practices like vermiwash in
addition to the use of vermi-compost and neem (Azadirachta indica A. Juss.) cake has also been
found effective in regulating S. dorsalis attack on pepper [76].

9.3. Chemical control

Chemical control is the primary mode of management of S. dorsalis and a wide range of
insecticides belonging to different chemical groups is currently used worldwide to control this
pest. In south-central Asia, chemical control is conducted using older chemistries including
organophosphates such as quinalphos, dimethoate, and phosphamidon as well as the carba‐
mate, carbaryl. In India and Japan monocrotophos, also an organophosphate and the pyreth‐
roid permethrin gave better suppression of this pest (50, 77). Organophosphates (malathion
and fenthion) were also found effective against S. dorsalis on grapevine [78]. Since their
introduction in the Greater Caribbean, there was a lack of information for effective manage‐
ment of this insect using modern insecticides. In recent years, effectiveness of various novel
chemistries against S. dorsalis has been evaluated and 10 chemical insecticides belonging to
seven different modes of action classes (Table 3) have been reported to provide good control
of the pest [79, 80]. The rotational use of three or more insecticides from different action classes
have been suggested to get prolonged suppression of the pest population [81]. Pyrethroids
have not been reported to provide effective control against S. dorsalis in the New World and
although it causes an instant reduction in pest populations in other parts of the world, it also
kills natural controlling agents, ultimately leading to resurgence of pest populations. Various
formulations of imidacloprid (neonicotinoid insecticide class), used either as soil drenches or
foliar applications provide effective suppression of S. dorsalis populations for several days
(Table 3) after application of treatments.
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Common Name Trade Name IRAC Class Residual Control (days)

Foliar Soil

Adult Larva Adult Larva

Abamectin Agrimek®, Avid® 6 2 2

Acephate Orthene® 1B 7 7 7 7

Chlorfenapyr Pylon® 13 7 7 - -

Dinotefuran Venom®, Safari® SG 4A 10 15 0 0

imidacloprid Marathon®, Provado®,

Admire®

4A 15 15 15 15

Novaluron Pedestal®, Ramon® 15 7-14 7-14 - -

Spinosad Conserve®, SpinTor® 5 15 15 _ _

Spinetoram Radiant® 5 15 15 15 15

Thiamethoxam Actara®, Platinum® 4A 10 15 10 15

Borax + orange oil +

detergents

TriCon® 8D 10 10 - -

Beauveria bassiana Botanigard® Not applicable 3-7 3-7 - -

Metarhizium

anisopliae

Met52® Not applicable 7 7 - -

Table 3. Choices of insecticides for rotational use against Scirtothrips dorsalis populations. Source: [80]

Management practices from an ecological point-of-view must be environmental friendly but
from a growers’ viewpoint must be economical, fast acting as well as long lasting. Different
chemical insecticides that could satisfy all concerns, like spinetoram and various neonicotinoid
insecticides do cause significant reduction in S. dorsalis on pepper crops [79]. However, due to
their frequent use, insect pests are under intense selection pressure to develop resistance
against these insecticides. There are many reports where excessive reliance on insecticides has
resulted in resistance development in this pest. In India, resistance in S. dorsalis populations
has been reported to a range of organochlorine (DDT, BHC and endosulfan), organophosphate
(acephate, dimethoate, phosalone, methyl-o-demeton and triazophos) and carbamate (carbar‐
yl) insecticides [82]. Recently, S. dorsalis was reported to develop resistance against monocro‐
tophos, acephate, dimethoate, phosalone, carbaryl and triazophos [83]. Thus, in order to
prevent or delay development of resistance or minimize the progressive assembly of genes for
resistance through selection in the pest against a particular chemistry, it is necessary to rotate
insecticides from diverse chemical groups, and explore alternative methods of pest control.
Inclusion of effective biorational and biological products in a best management program for
S. dorsalis can lead to reduced applications of synthetic insecticides. Use of biorational and
biocontrol products early in the season will delay the buildup of damaging pest populations
on host plants. Furthermore, reduction in the use of harmful insecticides will increase the
population of natural biocontrol agents.
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9.4. Biological control

Biological control is the active manipulation of beneficial organisms to reduce the pest popula‐
tion below the economic injury level [84]. In this, activity of one species is exploited to reduce
adverse effects of another. It is one of the oldest types of pest management strategies. Biological
control is employed with the aim of long time pest control by bringing the pest population to non-
economic levels. Biological controlling agents are living natural enemies e.g. predators, parasi‐
toid, parasites or pathogens. Various biological controlling agents like minute pirate bugs, Orius
spp. (Hemiptera: Anthocoridae) and the phytoseiid mites Neoseiulus cucumeris and Amblyseius
swirskii have been reported to provide effective control of S. dorsalis on pepper [85, 86]. Adults of
Orius insidiosus have been observed to feed on all the developmental stages of thrips, and since it
is a generalist predator which feeds on aphids, mites, moth eggs and pollen, its population does
not decline when there are periodic drops in the thrips population. The biocontrol potential of two
phytoseiid mites, Neoseiulus cucumeris and Amblyseius swirskii evaluated against S. dorsalis showed
that A. swirskii can be a promising tool in managing its population on pepper [86]. In Japan, the
predatory mite Euseius sojaensis was found to be effective in regulating S. dorsalis populations on
grapes [87]. Other predatory phytoseiid mites that show promise for biological control include E.
hibisci and E. tularensis. It has been suggested to use two or more natural enemies as a strategy to
improve biological control of greenhouse pests [88]. Predators that warrant further study as
potential natural enemies of S. dorsalis include lacewings (Chrysoperla spp.), several mirid bugs,
ladybird beetles, and a number of predatory thrips including the black hunter thrips (Leptothrips
mali), Franklinothrips (Franklinothrips vespiformis), the six spotted thrips (Scolothrips sexmacula‐
tus), and the banded wing thrips (Aeolothrips spp.).

The role of entomopathogens like Beauveria bassiana, Metarhizium anisopliae and Isaria fumosoro‐
sea in managing field populations of S. dorsalis are still under study. B. bassiana used with some
adjuvants has been reported to control larval populations of S. dorsalis for the first few days after
application, but soon the population of S. dorsalis increases and becomes equivalent to the control
plants [80]. In India, significant reduction in S. dorsalis populations was reported using entomo‐
pathogens Fusarium semitectum in pepper fields [89]. However, commercialization and success of
this biorational product in different biogeographical regions is still in need of evaluation.
Therefore, there is an immense need for developing new strategies to employ best management
practices for this serious pest utilizing cultural, chemical and biological control methods.

10. Future prospects

Apart from changing climatic conditions, insect pests are another constraint affecting agricul‐
tural production. Insect pests are responsible for loss estimates of 10-20% of main agricultural
crops which makes them a major yield limiting factor [90]. To control these pests chemical
insecticides are often used by growers on a calendar basis which backfires many times and it
leads to a “3R” situation - resistance, resurgence and replacement. To check this situation, it is
important to utilize all the resources available in the agroecosystem in a controlled and
effective manner. Integrated pest management is an ecosystem-based pest management
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Common Name Trade Name IRAC Class Residual Control (days)

Foliar Soil

Adult Larva Adult Larva

Abamectin Agrimek®, Avid® 6 2 2

Acephate Orthene® 1B 7 7 7 7

Chlorfenapyr Pylon® 13 7 7 - -

Dinotefuran Venom®, Safari® SG 4A 10 15 0 0

imidacloprid Marathon®, Provado®,

Admire®

4A 15 15 15 15

Novaluron Pedestal®, Ramon® 15 7-14 7-14 - -

Spinosad Conserve®, SpinTor® 5 15 15 _ _

Spinetoram Radiant® 5 15 15 15 15

Thiamethoxam Actara®, Platinum® 4A 10 15 10 15

Borax + orange oil +

detergents

TriCon® 8D 10 10 - -

Beauveria bassiana Botanigard® Not applicable 3-7 3-7 - -

Metarhizium

anisopliae

Met52® Not applicable 7 7 - -

Table 3. Choices of insecticides for rotational use against Scirtothrips dorsalis populations. Source: [80]

Management practices from an ecological point-of-view must be environmental friendly but
from a growers’ viewpoint must be economical, fast acting as well as long lasting. Different
chemical insecticides that could satisfy all concerns, like spinetoram and various neonicotinoid
insecticides do cause significant reduction in S. dorsalis on pepper crops [79]. However, due to
their frequent use, insect pests are under intense selection pressure to develop resistance
against these insecticides. There are many reports where excessive reliance on insecticides has
resulted in resistance development in this pest. In India, resistance in S. dorsalis populations
has been reported to a range of organochlorine (DDT, BHC and endosulfan), organophosphate
(acephate, dimethoate, phosalone, methyl-o-demeton and triazophos) and carbamate (carbar‐
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tophos, acephate, dimethoate, phosalone, carbaryl and triazophos [83]. Thus, in order to
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Inclusion of effective biorational and biological products in a best management program for
S. dorsalis can lead to reduced applications of synthetic insecticides. Use of biorational and
biocontrol products early in the season will delay the buildup of damaging pest populations
on host plants. Furthermore, reduction in the use of harmful insecticides will increase the
population of natural biocontrol agents.
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strategy which focuses on the longtime control of pests using a combination of techniques,
such as cultural control, biological control, habitat manipulation, and use of biotechnological
methods. Chemical insecticides are used wisely only after monitoring, under suitable guide‐
lines with the aim to control target pests with no effect on non-target organisms and environ‐
ment. In the case of S. dorsalis, evaluation of chemical insecticides against effective predators
like A. swirskii, O. insidiosus and E. sojaensis is needed so that both management systems can
exist together.

In the near future, advancement in biological control strategies of S. dorsalis could be the use
of banker plant systems. Our research group is working in this direction to screen and use
different pepper cultivars which could be effectively used as banker plants for the establish‐
ment of predatory mites in nurseries and in field conditions. It can effectively solve a number
of pest problems in ornamental and vegetable cropping systems including whiteflies, thrips
and mites. Banker plant systems also known as open-rearing systems; it is an integrated
biological control approach which involves combined aspects of augmentative and conserva‐
tional biological control and habitat manipulation proposed as an efficient alternative to
chemical based pest management techniques. [91, 92, 93]. Success of biological control
strategies depends upon the potency of natural enemies against the target pest as well as its
adaptability, survival and long-term establishment in the habitat. Installing banker plants in
the agroecosystem, ornamental landscape and nurseries can support the establishment of
biological control agents by providing suitable ecological infrastructures. The infrastructure
can be in the form of a nutrient supplement (nectar/pollen) which is crucial for their survival
in the absence of prey, or it can be in the form of a modified microhabitat which can provide
protection against adverse abiotic conditions, an insecticide application as well as the hyper‐
predation/parasitism (secondary enemies) of the agents [94]. The provision of food and shelter
reduces mortality of the released biological control agents and may favor their survival,
fecundity, longevity and potency to regulate target pests in the habitat thereby supporting the
success of biological control strategy.
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1. Introduction

At the  present  time,  among the  most  important  factors  limiting  production of  different
crops are soil-borne plant  pathogens [1].  Which include the genera Pythium, Rhizoctonia,
Fusarium,  Verticillium,  Phytophthora  spp,  Sclerotinia,  Sclerotium,  and  Rosellinia  [2].  By  this
reason, different methods have been used to control these pathogens [3]. Cultural practi‐
ces  and chemical  control  using synthetic  fungicides  are  the  most  used control  methods
[4],  however,  use of  some of these synthetic  products has caused various problems due
to environmental pollution, with consequences such as toxicity to humans, as well as re‐
sistance of  certain pathogens to  these  fungicides  [5].  An alternative  to  reduce the effect
of these plant pathogens is the use of antagonistic microorganisms such as: some species
of  the  genusBacillus  which  is  recognized as  one  of  the  most  effective  biological  control
agent because of their properties on pathogens growth inhibition [6-7]. Biological control
has many advantages as an alternative in the integrated management of diseases such as
little or no harmful side effects, rare cases of resistance, long-term control, completely or
substantially eliminates the use of synthetic pesticides, cost / benefit ratio very favorable;
prevents secondary diseases, not symptoms of poisoning and can be used as part of inte‐
grated disease management [8].  Generally, the mode of action of Bacillus  is antibiosis by
producing  extracellular  hydrolytic  enzymes  which  decompose  polysaccharides,  nucleic
acids, other way are: production of antibiotics such as bacitracin, polymyxin, and grami‐
cidin, [9-11],  competition to occupy an ecological niche and metabolize root exudates on
pathogens affecting their growth [12-13]. Also, activating plant resistance induction when

© 2013 Castillo et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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installed  in  the  roots  and  leaves  which  induces  plant  to  produce  phytoalexins  which
give resistance against attack by fungi, bacteria and pathogenic nematodes [14], reducing
in these ways disease incidence.

2. Overview of Bacillus

The genus  Bacillus  Cohn was  established in  1872,  initially  with  two prominent  forming
endospores species: Bacillus anthracis and B. subtilis, actually, this genus has suffered con‐
siderable taxonomic changes,  until  early 1900,  taxonomists not only restricted the genus
to endospore forming bacteria, having that the number of species assigned to this genus
were  146  in  the  5th  edition  of  Bergey's  Manual  of  Systematic  Bacteriology.  Subsequent
comparison studies by Smith et al.  and Gordon et al.  over 1114 strains of aerobic bacte‐
ria forming endospores (PGPR) helped to reduce this number to 22 well-defined species
same as  reported in the 8th edition of  Bergey's  Manual  of  Systematic  Bacteriology [15].
Bacillales is the order to which Bacillaceae family belongs within the genus Bacillus.  This
genus is characterized by having a rod shape within the group of Gram positive [16-17],
and  is  therefore  classified  as  strict  aerobes  or  facultative  anaerobes  [18]  and  integrated
by  88  species  [15].  A  feature  associated  with  this  genus  is  that  it  forms  a  type  of  cell
called endospore as a response to adverse growth conditions which distorts the structure
of the cell.  This spore form is resistant to high temperatures and current chemical disin‐
fectants [19]. This genus is abundant in various ecological niches which include soil, wa‐
ter  and  air  [18,  20],  it  is  also  found  as  food  contaminants.  Generally,  Bacillus  species
used in bio-control are mobile, with peritrichous flagella, but yet some species are of in‐
terest in human medicine (B. anthracis) which are characterized as being stationary [21].

2.1. Ecology and habits

Distribution  and  habitat  of  Bacillus  are  very  diverse;  some  species  have  been  isolated
from soil micro-flora adjacent to plants rhizosphere, water, air and food as contaminants
[18, 20]. Eco-physiological criteria commonly used to group different species such as ver‐
tebrate  pathogens,  insect  pathogens,  antibiotics  producer,  nitrogen-fixing,  denitrifying,
thermophilic,  psychotropic  halophilic,  alkali  and  acidifies  rows.  For  example  B.  thurin‐
giensis is considered an insect pathogen and is used as a bio-pesticide, it has been isolat‐
ed  from  soil,  and  abundantly  found  worldwide  [22-24],  in  soil  remains  largely  in  the
form of endospores [25],  particles of  dust  in suspension [26],  insect  bodies sick or dead
[27], also is found in stored products [28-29], food [30], marine sediments [32], and even
as opportunistic human pathogen [33]. Furthermore, Bacillus species are found abundant‐
ly  in plant  leaves [34-38].  In conclusion,  the Bacillus  genus has a  cosmopolitan distribu‐
tion (Table 1).
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Organism Reference strain isolated from Common habitats and comments

B. acidocaldarius Hot springs Acid hot springs and soils, enrichment from neutral

soils have failed.

B. alcalophilus Human feces soil, water, dung

B. alvei Honeybee larvae suffering from

European foulbrood

Soil, this specie is a saprophyte but common in bees

with European foulbrood

B. aminovorans Soil

B. amyloliquefaciens Soil soil, industrial amylase fermentations

B. amylolyticus Soil

B. aneurinolyticus human feces

B. azotofixans Soil soil, rhizosphere of various grasses

B. azotoformans Soil Soil

B. apiaries Dead larvae of honeybee

B. badius Human feces Dust, coastal waters, soil

B. benzoevarans Soil Soil

B. brevis Soil Foods, soil, seawater, and sediments

B. cereus Soil soil, foods, especially dried foods, spices, and milk;

seawater and sediments

B. circulans Soil Widespread in soil and decomposing vegetables;

medicated creams, Relatively scarce in soil.

B. cirroflagellosus marine mud

B. coagulans evaporated milk Beet sugar, canned foods, especially vegetables;

medicated creams, relatively scarce in soil.

B. epiphytus marine phytoplankton

B. fastidiosus Soil soil, poultry litter

B. firmus Soil soil, seawater and marine sediments, salt marshes

B. freudenreichii Soil, river water, and sewage

B. globisporus Soil soil, mud, and water

B. insolitus Soil soil, mud, water and frozen foods

B. laevolacticus Rhizosphere of ditch crowfoot rhizosphere of plants

B. larvae honeybee larvae suffering from

American foulbrood

Infected brood and honey combs. Presumable in soil

around hives of bees

B. laterosporas Soil soil, water, dead honeybee larvae, rumen of animals

B. lentimorbus hemolymph of larvae of

Japanese beetle

causes milky disease of scarabaeidae larvae
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Organism Reference strain isolated from Common habitats and comments

B. lentus Soil Seawater, marine sediments, salt marshes and soil.

Spices including black and red pepper

B. lecheniformis Soil soil, marine and freshwaters; foods, particularly dried

foods, spices and cocoa beans, compost, rumen of

cattle

B. macerans unknown foods and vegetables, compost

B. macquariensis soil from Macquarie island Unknown

B. macroides cow dung decaying material

B. marinus seawater Unknown

B. megaterium Soil soil including desert soil, seawater and marine

sediments, cocoa bean, dried foods and spices

B. pacificus sand from seashore Seawater

B. pantothenticus Soil generally considered to be a soil inhabitant but also

isolated from pharmaceutical products

B. pasteutii Soil soil, water, sewage, urinals

B. polymyxa Soil widely distributed in soil, decomposing plant matter

and water

B. popilliae Commercial spore dust causes milky disease of scarabaeidae larvae

B. psychrophilus Soil soil, water, mud, frozen foods vegetables

B. pulvifaciens dead larvae of honeybee Unknown

B. pumilus Soil Ubiquitous in soil. Also found in seawater and marine

sediments. Common in dried foods.

B. racemilactius rhizosphere of wild lettuce rhizosphere of plants

B. schlegelii sediments of eutrophic lake Unknown

B. sphaericus Soil soil, marine and freshwaters sediments and foods

B. stearothermoplilus unknown soil, foods including milk, canned foods and sugar beet,

dried foods

B. subtilis Soil soil, marine and freshwater and sediments, foods

including spices, cocoa, pulses, seeds and bread

B. thermoglucosidasius Soil Unknown

B. thiaminolyticus Human feces Unknown

B. thuringiensis Pathogenic for lepidopteran larvae, common in soil.

B. xerothermodurans Soil Unknown

Table 1. Sources and common habitats of aerobic endospore forming bacteria of Bacillus genus, [39].
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2.2. Importance how antifungal agents

Many species of Bacillus including B. subtilis, B. licheniformis, B. pumilus, B. amyloliquefaciens,
B. cereus, B. mycoides and B. thuringiensis, are known to suppress growth of several fungal
pathogens such as Rhizoctonia, Fusarium, Sclerotinia, Sclerotium, Gaeummanomyces, Nectria,
Pythium, Phytophthora and Verticillium [20, 40-43]. The main property of antagonist bacterial
strains is production of antifungal antibiotics [44-45], which seem to play a major role in bio‐
logical control of plant pathogens [6, 44, 46-49] and post-harvest spoilage fungi [50]. Many
of these antifungal substances have been characterized and identified as peptide antibiotics
[51]. Antifungal peptides produced by Bacillus species: iturins [20, 52-53] are: mycosubtilins
[54-55], bacillomycins [56-57], surfactins [58-59], fungistatins [60-61], and subsporins [62-63].
Most of these antibiotics are cyclic peptides composed entirely of amino acids, but some
may contain other residues. However, a few antibiotic peptides are linear such as rhizocti‐
cins [64]. Bacillus spp. produces also a range of other metabolites including chitinases and
other cell wall-degrading enzymes [65-68], and volatiles compounds [68-70] which elicit
plant resistance mechanisms [14, 71].

The amount of antibiotics produced by bacilli class was approaching 167 [45], being 66 de‐
rived from B. subtilis, 23 from B. brevis and the remaining antibiotic peptides are produced
by other species of Bacillus. The main antibiotic producers of this genus are B. brevis (grami‐
cidin, tyrothricin) [72], B. licheniformis (bacitracin), B. polymyxa (polymyxin, colistin), B. pumi‐
lus (pumulin), B. subtilis (polymyxin, difficidin, subtilin, mycobacillin, bacitracin), B. cereus
(cerexin, zwittermicin), B. circulans (circulin), B. laterosporus (laterosporin) [14, 68-71].

2.3. Collection and isolation of Bacillus

Traditional tools for determining composition of the soil bacterial community and diversity
are based largely on in vitro culture methods. Typically, solid organic medium is inoculated
with dilutions of a suspension of soil, then incubated and the colonies obtained are purified
further sub culturing into another medium [73]. Heat treatment or pasteurization is the most
used technique for selecting spores. These techniques are very powerful because they are se‐
lective to remove all non-spore forming microorganisms, and are very efficient for obtaining
populations of bacteria from spores, recommended temperatures oscillate between 65 to 70 °
C for 15 minutes [74-75]. However, heat treatment has to be adapted to certain species be‐
cause endospores of some strains of bacteria are more resistant to heat than others, while
incubation time used can vary from 3 to 30 min [76]. It is recommended to start heating at a
relatively low temperature (70 or 75 ° C) and gradually increasing to achieve an optimum
temperature [77]. To isolate endospores, some authors have taken advantage of spore toler‐
ance to diverse stress conditions, for example, Koransky et al. [78] concluded that treatment
with ethanol (50%) for 1 h is an effective technique to selectively isolate spore- forming bac‐
teria, as effective as heat treatment to 80 ° C for 15 minutes. Patel et al. [79] confirmed this
finding by isolating Bacillus strains from food residues, both by heating at 65 ° C for 45 mi‐
nutes and incubation with ethanol. Soil drying may also be used as a selective method to
isolation by striking desiccation tolerance of spores, which can therefore survive for long pe‐
riods of time under these conditions. Drying treatment is probably more gentle that heating
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Organism Reference strain isolated from Common habitats and comments
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B. lecheniformis Soil soil, marine and freshwaters; foods, particularly dried

foods, spices and cocoa beans, compost, rumen of

cattle

B. macerans unknown foods and vegetables, compost

B. macquariensis soil from Macquarie island Unknown

B. macroides cow dung decaying material

B. marinus seawater Unknown

B. megaterium Soil soil including desert soil, seawater and marine

sediments, cocoa bean, dried foods and spices

B. pacificus sand from seashore Seawater

B. pantothenticus Soil generally considered to be a soil inhabitant but also

isolated from pharmaceutical products

B. pasteutii Soil soil, water, sewage, urinals

B. polymyxa Soil widely distributed in soil, decomposing plant matter

and water

B. popilliae Commercial spore dust causes milky disease of scarabaeidae larvae

B. psychrophilus Soil soil, water, mud, frozen foods vegetables

B. pulvifaciens dead larvae of honeybee Unknown

B. pumilus Soil Ubiquitous in soil. Also found in seawater and marine

sediments. Common in dried foods.

B. racemilactius rhizosphere of wild lettuce rhizosphere of plants

B. schlegelii sediments of eutrophic lake Unknown

B. sphaericus Soil soil, marine and freshwaters sediments and foods

B. stearothermoplilus unknown soil, foods including milk, canned foods and sugar beet,

dried foods

B. subtilis Soil soil, marine and freshwater and sediments, foods

including spices, cocoa, pulses, seeds and bread

B. thermoglucosidasius Soil Unknown

B. thiaminolyticus Human feces Unknown

B. thuringiensis Pathogenic for lepidopteran larvae, common in soil.

B. xerothermodurans Soil Unknown

Table 1. Sources and common habitats of aerobic endospore forming bacteria of Bacillus genus, [39].
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2.2. Importance how antifungal agents

Many species of Bacillus including B. subtilis, B. licheniformis, B. pumilus, B. amyloliquefaciens,
B. cereus, B. mycoides and B. thuringiensis, are known to suppress growth of several fungal
pathogens such as Rhizoctonia, Fusarium, Sclerotinia, Sclerotium, Gaeummanomyces, Nectria,
Pythium, Phytophthora and Verticillium [20, 40-43]. The main property of antagonist bacterial
strains is production of antifungal antibiotics [44-45], which seem to play a major role in bio‐
logical control of plant pathogens [6, 44, 46-49] and post-harvest spoilage fungi [50]. Many
of these antifungal substances have been characterized and identified as peptide antibiotics
[51]. Antifungal peptides produced by Bacillus species: iturins [20, 52-53] are: mycosubtilins
[54-55], bacillomycins [56-57], surfactins [58-59], fungistatins [60-61], and subsporins [62-63].
Most of these antibiotics are cyclic peptides composed entirely of amino acids, but some
may contain other residues. However, a few antibiotic peptides are linear such as rhizocti‐
cins [64]. Bacillus spp. produces also a range of other metabolites including chitinases and
other cell wall-degrading enzymes [65-68], and volatiles compounds [68-70] which elicit
plant resistance mechanisms [14, 71].

The amount of antibiotics produced by bacilli class was approaching 167 [45], being 66 de‐
rived from B. subtilis, 23 from B. brevis and the remaining antibiotic peptides are produced
by other species of Bacillus. The main antibiotic producers of this genus are B. brevis (grami‐
cidin, tyrothricin) [72], B. licheniformis (bacitracin), B. polymyxa (polymyxin, colistin), B. pumi‐
lus (pumulin), B. subtilis (polymyxin, difficidin, subtilin, mycobacillin, bacitracin), B. cereus
(cerexin, zwittermicin), B. circulans (circulin), B. laterosporus (laterosporin) [14, 68-71].

2.3. Collection and isolation of Bacillus

Traditional tools for determining composition of the soil bacterial community and diversity
are based largely on in vitro culture methods. Typically, solid organic medium is inoculated
with dilutions of a suspension of soil, then incubated and the colonies obtained are purified
further sub culturing into another medium [73]. Heat treatment or pasteurization is the most
used technique for selecting spores. These techniques are very powerful because they are se‐
lective to remove all non-spore forming microorganisms, and are very efficient for obtaining
populations of bacteria from spores, recommended temperatures oscillate between 65 to 70 °
C for 15 minutes [74-75]. However, heat treatment has to be adapted to certain species be‐
cause endospores of some strains of bacteria are more resistant to heat than others, while
incubation time used can vary from 3 to 30 min [76]. It is recommended to start heating at a
relatively low temperature (70 or 75 ° C) and gradually increasing to achieve an optimum
temperature [77]. To isolate endospores, some authors have taken advantage of spore toler‐
ance to diverse stress conditions, for example, Koransky et al. [78] concluded that treatment
with ethanol (50%) for 1 h is an effective technique to selectively isolate spore- forming bac‐
teria, as effective as heat treatment to 80 ° C for 15 minutes. Patel et al. [79] confirmed this
finding by isolating Bacillus strains from food residues, both by heating at 65 ° C for 45 mi‐
nutes and incubation with ethanol. Soil drying may also be used as a selective method to
isolation by striking desiccation tolerance of spores, which can therefore survive for long pe‐
riods of time under these conditions. Drying treatment is probably more gentle that heating
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or ethanol incubation. Eman et al. [80] reported that vegetative cells were killed by addition
of chloroform (1% v / v) however; this technique has not been validated. An interesting se‐
lection process, which is different from classical heat treatment was developed by Travers et
al. [81] for isolation of Bacillus thuringiensis, which makes use of ethyl (ethyl selection), B.
thuringiensis is selectively inhibited by sodium acetate (0.25 M), while most unwanted spore-
forming species allowed to germinate. Then all non-sporulating bacteria were eliminated by
heat treatment at 80 ° C for 3 min. Subsequently, surviving spores are germinated on en‐
riched agar medium. Even if some other species of Bacillus are also selected by this method,
such as B. sphaericus and B. cereus, this technique is commonly used for studying the diversi‐
ty worldwide of B. thuringiensis [22, 77]. A modification to the method promotes greater
sporulation spore production by stimulating shock before applying stress. For example,
some authors suggest suspending one gram of soil in 50 mL of sporulation medium after
incubation at 37 ° C under stirring for 48 hours before killing vegetative cells by heat treat‐
ment [80], while others proposed in soil suspensions incubate the culture broth at different
temperatures for 5 days to allow better maturation of spores [77].

2.4. Biochemical identification

Biochemical test were the traditional method for bacteria identification to specie level, after
that, strains are located at the genus taxonomically, based on characteristics of colony
growth in artificial medium, form cell unit, presence, number and orientation of locomotive
units, Gram stain, spore form and specific environmental conditions of growth and finally
the specific use of carbon sources (biochemical tests) gave its metabolic diversity (Table 2
and 3).
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Table 2. Differential characteristics of Bacillus species with ellipsoidal spores (Group I), [39]. += 90 or more of strains
positive catalase; - = 10 or more of strains negative catalese; d= substancial proportion of specie differ; ND= Not done;
NG= no growth.

2.5. Molecular identification

Bacillus species with diverse physiological traits require development of biochemical tests
for identification [82]. But advances in chromatographic analysis using whole cell fatty acid
methyl esters (FAME) profiles allows doing this technique sufficiently sensitive and reliable
for grouping Bacillus to specie level [83-84]. Identification has become even more sensitive,
by analysis of ribosomal DNA regions (16S rDNA) sequencing [85-87], and sequence analy‐
sis of gyrase B (gyrB) which has proved immensely valuable information for phylogenetic
analysis of bacteria [88-90]. Using 16S rDNA sequence, have been identified 5 groups within
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or ethanol incubation. Eman et al. [80] reported that vegetative cells were killed by addition
of chloroform (1% v / v) however; this technique has not been validated. An interesting se‐
lection process, which is different from classical heat treatment was developed by Travers et
al. [81] for isolation of Bacillus thuringiensis, which makes use of ethyl (ethyl selection), B.
thuringiensis is selectively inhibited by sodium acetate (0.25 M), while most unwanted spore-
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such as B. sphaericus and B. cereus, this technique is commonly used for studying the diversi‐
ty worldwide of B. thuringiensis [22, 77]. A modification to the method promotes greater
sporulation spore production by stimulating shock before applying stress. For example,
some authors suggest suspending one gram of soil in 50 mL of sporulation medium after
incubation at 37 ° C under stirring for 48 hours before killing vegetative cells by heat treat‐
ment [80], while others proposed in soil suspensions incubate the culture broth at different
temperatures for 5 days to allow better maturation of spores [77].

2.4. Biochemical identification

Biochemical test were the traditional method for bacteria identification to specie level, after
that, strains are located at the genus taxonomically, based on characteristics of colony
growth in artificial medium, form cell unit, presence, number and orientation of locomotive
units, Gram stain, spore form and specific environmental conditions of growth and finally
the specific use of carbon sources (biochemical tests) gave its metabolic diversity (Table 2
and 3).
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NG= no growth.

2.5. Molecular identification

Bacillus species with diverse physiological traits require development of biochemical tests
for identification [82]. But advances in chromatographic analysis using whole cell fatty acid
methyl esters (FAME) profiles allows doing this technique sufficiently sensitive and reliable
for grouping Bacillus to specie level [83-84]. Identification has become even more sensitive,
by analysis of ribosomal DNA regions (16S rDNA) sequencing [85-87], and sequence analy‐
sis of gyrase B (gyrB) which has proved immensely valuable information for phylogenetic
analysis of bacteria [88-90]. Using 16S rDNA sequence, have been identified 5 groups within
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the genus Bacillus, where group 1 (group B subitilis) comprises species B. amyloliquefaciens, B.

subtilis, B. pumilus and B. licheniformis [9, 39, 91].

Test Bsy Ba Bl B1 B3 B9 B13

Gram staining +z + + + + + +

Flagella staining + + + + + + +

RYU Test - - - - - - -

Oxidase - - - - - - -

Catalase + + + + + + +

Oxidation + + - + - + +

Fermentation + + + + + + +

Motility + + + + + + +

Spore Posicion

Terminal - - - - - - -

Central + + + + + + +

Subterminal - - - - - - -

Colony Growth:

45ºC + + + + + + +

65ºC - + - + - - -

pH Growth at 5.7 + + + + + + +

NaCl Growth:

7% + + + + + + +

5% + - + - + + +

3% + - + - + + +

citrate utilization + + + + + + +

Anaerobic growth in

glucoseglucose

- + + + + + +

Glucose

Acidic Forms:

Arabinose + + + + + + +

Manitol + - + - + + +

Xylose + + + nd nd nd nd

Voges-Proskauer + + + + + + +

Hydrolysis starch + + + + + + +

Table 3. Results on identification of Bacillus isolates B1, B3, B9 and B13 by biochemical tests, [9], and Bs = Bacillus
subtilis, Ba = B. amyloliquefaciens; Bl = B. licheniformis. Positive test Z = +; negative = -, nd = not determined. [9].
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2.6. Antifungal effect in vitro, greenhouse and field

Bacillus species have been reported also as growth promoters of certain crops [92], and with
antifungal properties, for example B. amyloliquefaciens has been reported as a specie with an‐
tifungal activity against Colletotrichum dematium, Colletotrichum lagenarium, Rosellinia necatrix,
Pyricularia oryzae, Agrobacterium tumefaciens, Xanthomonas campestris pv. campestris and Xan‐
thomonas campestris pv. vesicatoria in vitro and in vivo [93-95]; antagonistic to Botrytis elliptica,
under greenhouse conditions [96]; antagonistic to Botrytis cinerea in postharvest [97], in the
biological control of Rhizoctonia solani, Fusarium spp. and Pythium spp. [98], as well as induc‐
tor of resistance mechanisms in plants [99]. Bacillus licheniformis is reported as a fungicide
against a variety of pathogens, both as a preventive and curative particularly leaf spots and
blights, and a growth-promoting bacteria with production likely gibberellins [100]. Bacillus
subtilis is the most studied and has been reported as growth promoter and antagonistic to a
variety of pathogens such as Phytophthora cactorum, Sclerotium cepivorum, Fusarium oxyspo‐
rum, Rhizoctonia solani, Alternaria carthami, Phytophthora capsici, and Fusarium solani among
others, in different cultures and evaluated in vitro, greenhouse and field level [101-103], so
that Bacillus strains can be using as an alternative in biological control for management plant
disease.

2.6.1. In vitro studies

Results of in vitro research using Bacillus spp. as biocontrol agent against various soil patho‐
gens, have reported positive responses through observing a negative effect on pathogen
growth (Figure 1), per example against Alternaria dauci and Rhizoctonia solani, foliage and
soil pathogens, respectively. In the Table 4 and 5, are showed some effect on pathogen my‐
celia inhibition by action of Bacillus, up to 50% compared to treatment control. Furthermore,
in the case of A. dauci, greater control was observed with biocontrol agents compared to
chemical treatment.

Treatments Mycelia Inhibition (%)

Strain Bacillus B3* 35.55 a

Strain Bacillus B9 40.44 ab

Strain Bacillus B15 29.44 ab

L. tridentata extract (4000 ppm) 22.22 b

L. tridentata extract (2000 ppm) 11.11 c

Witness 1 0 d

Table 4. In vitro mycelia inhibition of Rhizoctonia solani with Bacillus spp. strains and Larrea tridentata extract. *
Summated dozes of Bacillus strains were 1x106 cfu / ml, 1 without agrochemicals, [46]. Values in the same column
followed by different letters are significantly at p <0.05.
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Treatments Mycelia inhibitions (%)

Strain Bacillus B1* 53.44ª

Strain Bacillus B3 48.44b

Strain Bacillus B9 40.31c

Strain Bacillus B13 46.25b

Strain Bacillus B15 0f

Strains Bacillus Mix 0f

Q-L 2000-2000 ppm 14.06d

Q-L 2000-1000 4.06e

Q-L 1000-2000 1.88ef

Q-L 1000-1000 0f

Witness1 0f

Table 5. In vitro mycelia growth inhibition of Alternaria dauci by Bacillus spp. and chitosan-Larrea (Q-L) suspensions. *
Strains of Bacillus subtilis. Values in the same column followed by different letters are significantly at p <0.05, [44].

Figure 1. Effect B. subtilis in inhibition of mycelia growth of Fusarium sp., Alternaria dauci and Rhizoctonia solani.

2.6.2. Greenhouse studies

Results under greenhouse conditions, present good evidence of Bacillus as biocontrol source
for pathogens involved in diseases of root and plant foliage, to cause a decrease in disease
development in both incidence and severity. In table 6 is showed that application of Bacillus
on carrot foliage allowed a control of A. dauci incidence up to 25%, which represents a con‐
trol to 2 times more than the chemical treatment used for its control.
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Incidence Severity

Treatments %

Strain Bacillus B1 25d 0.5 de

Strain Bacillus B3 0e 0 e

Strain Bacillus B9 25d 0.5 de

Strain Bacillus B13 25d 0.5 de

Strain Bacillus B15 50c 1 d

Strains Bacillus Mix 50c 1 d

Q-L 2000-2000 ppm 50c 3 c

Fungicides synthetics Mix* 75b 4.24 b

Witness 100ª 6.75 a

Table 6. Product effect of Bacillus based biological products and chemicals on incidence and severity of Alternaria
dauci on carrot plants under greenhouse conditions. * Chlorothalonil, iprodione, propiconazole, thiabendazole and
fluazinam, [44].

Likewise Bacillus use has favored not only reduction of symptoms and therefore incidence,
but also helps to promote plant growth, which is expressed in greater plant height, as shown
in Figure 2, there is an increase in tomato plants height by effect of a microcapsule formula‐
tion of Bacillus applied in the management of disease caused by F. oxysporum and R. solani,
in contrast to the use of synthetic chemicals [104].

Figure 2. Average fruit yield of tomato plants cv. Floradade under greenhouse conditions subjected to different treat‐
ments with microcapsules containing strains of Bacillus subtilis, a chemical control (TQ) and a blank (TA).
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Results under greenhouse conditions, present good evidence of Bacillus as biocontrol source
for pathogens involved in diseases of root and plant foliage, to cause a decrease in disease
development in both incidence and severity. In table 6 is showed that application of Bacillus
on carrot foliage allowed a control of A. dauci incidence up to 25%, which represents a con‐
trol to 2 times more than the chemical treatment used for its control.
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Incidence Severity

Treatments %

Strain Bacillus B1 25d 0.5 de

Strain Bacillus B3 0e 0 e

Strain Bacillus B9 25d 0.5 de

Strain Bacillus B13 25d 0.5 de

Strain Bacillus B15 50c 1 d

Strains Bacillus Mix 50c 1 d

Q-L 2000-2000 ppm 50c 3 c

Fungicides synthetics Mix* 75b 4.24 b

Witness 100ª 6.75 a

Table 6. Product effect of Bacillus based biological products and chemicals on incidence and severity of Alternaria
dauci on carrot plants under greenhouse conditions. * Chlorothalonil, iprodione, propiconazole, thiabendazole and
fluazinam, [44].

Likewise Bacillus use has favored not only reduction of symptoms and therefore incidence,
but also helps to promote plant growth, which is expressed in greater plant height, as shown
in Figure 2, there is an increase in tomato plants height by effect of a microcapsule formula‐
tion of Bacillus applied in the management of disease caused by F. oxysporum and R. solani,
in contrast to the use of synthetic chemicals [104].

Figure 2. Average fruit yield of tomato plants cv. Floradade under greenhouse conditions subjected to different treat‐
ments with microcapsules containing strains of Bacillus subtilis, a chemical control (TQ) and a blank (TA).
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2.6.3. Field experience

Most research has been conducted in laboratory or greenhouse, and virtually no field-level
assessments have been reported. A study carried out using Bacillus spp. for control of dis‐
eases caused by soil fungi including: F. oxysporum, R. solani and P. capsici in pepper and to‐
mato crops allowed control of diseases incidence as seen in Table 7, use of Bacillus at
transplanting can reduce disease incidence in contrast to traditional treatments (fungicide
application) as Folpat, Captan, Mancozeb much as 64% and 72% compared to untreated con‐
trol with the most efficient strain, only 36 and 40 respectively with less efficient biological
treatment.

Harvest 1 B/TT B/T Harvest 2 B/TT B/T Harvest 3 B/TT B/T

Treatments Incidence % Incidence % Incidence %

Bacillus B1 2.71 a 36 33 10.87 c 33 19 19.59 c 34 20

Bacillus B2 2.71 a 36 33 13.04 c 39 23 28.80 c 50 30

Bacillus B9 3.80 a 50 47 11.41 c 34 20 20.65 c 36 21

Bacillus B13 4.89 a 64 60 11.41 c 34 20 25.54 c 44 26

Bacillus Mix 3.25 a 43 40 15.76 c 48 28 20.11 c 35 21

Traditional

treatment

7.61 a 100 93 33.13 b 100 59 57.61 b 100 60

Control 8.15 a 107 100 55.97 a 169 100 96.74 a 168 100

Table 7. Effect of Bacillus and commercial products on root rot incidence in Capsicum annum at different harvest
times, [9]. Variance analysis used transformed data by arcsine. B/TT= Bacillus vs traditional treatments; B/T = Bacillus vs
Control [9].

Furthermore, the suppressive effect was maintained over time or among harvest times, this
indicates that Bacillus strains suppressed disease caused by soil fungi and maintained their
remedial effect through harvest times as seen in Table 8 where disease incidence and severi‐
ty was lower than that offered by the traditional treatment performed by the farmer.

Treatments Incidence Severity

%

Strain Bacillus B1 2.1 c 2.35 b

Strain Bacillus B3 3.05 ac 3.10 ab

Strain Bacillus B9 3.00 ac 3.05 ab

Strain Bacillus B13 2.75 bc 2.85 b

Strains Bacillus mix 2.90 ac 3.00 ab

Treatments Fungicides 3.5 ab 3.25 ab

Witness 3.85 a 3.85 a

Table 8. Effect of four strains of Bacillus and commercial products on severity of wilt and root rot by Fusarium spp.,
Rhizoctonia solani and Phytophthora capsici, on pepper (Capsicum annum) using scales to wilt and root rot, [9].
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In the case of tomato same behavior was observed for disease development with respect to
the presence of Bacillus, Table 9.

Treatments Incidence (%) Severity

Bacillus B1 0.0 d 0.0 c

Bacillus J1 0.0 d 0.0 c

Bacillus M2 12.0.c 1.5 c

B1J1M2 Mix 0.0 b 0.0 c

QT* 27.0 b 3.5 b

AT** 75.0 a 5.0 a

CV (%) 10.4 1.2

Table 9. Disease incidence and severity at harvest time of tomato plants cv. Florade subjected to different treatments
with microcapsules containing strains of Bacillus subtilis. *Chemical control treatments; ** Absolute control treatment,
Values with same letters area not statistically different (Tukey, p<0.01). [104].

The application in field of Bacillus sp on melon crops (Figure 3) for the management of dis‐
ease caused by F. oxysporum, showed an effect in reducing disease incidence in 41% com‐
pared to the conventional chemical treatment (TA), and increases in yields of 26.5% higher
than TA, however there were no significant differences in the brix degrees, consistency of
fruit, but an increase in 12% in the number of fruits and 20% in the length guide, leaves and
stem diameter was observed [105].

Figure 3. Treatments effect with Bacillus subtilis in fields on melon crops with high incidence of Fusarium oxysporum.
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2.7. Effect on plant development and growth

The effects obtained by applying Bacillus as fungicide were positive for crop development,
because Bacillus stimulated biomass production, increased number of flowers and fruiting
mooring, as seen in Table 10, where Bacillus was applied, plants had an increase in height,
flowering and fruiting compared to traditional crop management through use of synthetic
agrochemicals. It is noteworthy that use only at the time of transplantation Bacillus and 20
days after the second application, which is manifested by loss of effect at 84 days, but yet
still persists pathogen control, before such situation should be applied in successive mo‐
ments to keep a Bacillus greater crop protection coverage.

56 days 84 days

Height Flowers Fruits Height Flowers Fruits Frutos

Treatments (cm) (No.) (No.) (cm) (No.) (No.)

Bacillus B1 39.95 ab 3.60 a 1.25 a 61.20 ab 13.35 a 6.00 a

Bacillus B3 42.75 a 3.60 a 1.05 a 60.05 ab 10.70 a 5.05 a

Bacillus B9 41.20 ab 3.05 a 1.05 a 59.40 ab 9.59 a 4.50 a

Bacillus B13 43.75 a 3.50 a 1.35 a 66.40 a 14.35 a 4.90 a

Bacillus mix 40.90 ab 3.15 a 1.40 a 63.55 ab 12.10 a 6.00 a

Traditional treatments 35.30 ab 2.75 a 0.60 a 58.10 ab 10.45 a 5.95 a

Control 32.80 b 2.65 a 0.55 a 55.55 b 12.00 a 5.00 a

Table 10. Effect of Bacillus strains on pepper (Capsicum annuum) cv. Caballero development, at 56 and 84 days after
inoculation under field conditions. [9].

In a similar way, positive effects of Bacillus application were observed on crop yield, by pre‐
vent soil pathogen attack. In Table 11, is showed that application of Bacillus increased pep‐
per yields in contrast to the traditional crop management by up to 74% cumulative
assessment in three harvest times.

Treatment Cut 1

(kg)

B/TT

(%)

Cut 2

(kg)

B/TT

(%)

Cut 3

(kg)

B/TT

(%)

Yield (kg) B/TT

(%)

BacillusB1 4.38 a 100 4.01 a 150 6.69 a 421 15.10 a 174

BacillusB3 3.32 ab 76 3.05 ab 114 4.01 b 252 10.39 b 120

Bacillus B9 2.73 ab 62 2.40 ab 90 4.04 b 254 9.17 b 106

Bacillus B13 3.79 ab 86 3.41 ab 127 4.01 b 252 11.16 ab 129

Bacillus mix 3.14 ab 72 2.80 ab 104 4.30 b 270 10.25 b 118

Traditional Treatments 4.39 a 100 2.68 ab 100 1.59 c 100 8.67 b 100

Control 1.79 b 41 1.71 b 64 0.57 c 36 4.08 c 47

Table 11. Effect of Bacillus strains on pepper (Capsicum annuum) cv. Caballero development at 99, 113 and 146 days
after inoculation under field conditions. B / TT = Bacillus vs. traditional treatment, [9].
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Bacillus favors growth of different plant parts such as stems and leaf area (Tables 12 and 13,

Figure 4).

Figure 4. Effect of Bacillussubtilis in the biomass production of pepper plants (root). Treatments Bacillus and treat‐
ments without Bacillus.

Treatments Height (cm) Leaf area (cm2)

Bacillus B1 119.47 a 6857.01 b

Bacillus J1 118.65 a 7762.92 a

Bacillus M2 102.95 b 5393.32 b

Mixture B1J1M2 121.05 a 7022.90 a

*TQ 99.05 b 4007.51 c

**TA 98.9 b 4302.63 bc

CV (%) 3.11 9.29

Table 12. Height and leaf area of tomato plants cv. Floradade subjected to different treatments with
microencapsulated strains of Bacillus subtilis. *: Chemical control treatment; **Absolute control treatment, Values with
same letters are not statistically different (Tukey, p≤0.01), [104].

Biological Control of Root Pathogens by Plant- Growth Promoting Bacillus spp.
http://dx.doi.org/10.5772/54229

93



2.7. Effect on plant development and growth

The effects obtained by applying Bacillus as fungicide were positive for crop development,
because Bacillus stimulated biomass production, increased number of flowers and fruiting
mooring, as seen in Table 10, where Bacillus was applied, plants had an increase in height,
flowering and fruiting compared to traditional crop management through use of synthetic
agrochemicals. It is noteworthy that use only at the time of transplantation Bacillus and 20
days after the second application, which is manifested by loss of effect at 84 days, but yet
still persists pathogen control, before such situation should be applied in successive mo‐
ments to keep a Bacillus greater crop protection coverage.

56 days 84 days

Height Flowers Fruits Height Flowers Fruits Frutos

Treatments (cm) (No.) (No.) (cm) (No.) (No.)

Bacillus B1 39.95 ab 3.60 a 1.25 a 61.20 ab 13.35 a 6.00 a

Bacillus B3 42.75 a 3.60 a 1.05 a 60.05 ab 10.70 a 5.05 a

Bacillus B9 41.20 ab 3.05 a 1.05 a 59.40 ab 9.59 a 4.50 a

Bacillus B13 43.75 a 3.50 a 1.35 a 66.40 a 14.35 a 4.90 a

Bacillus mix 40.90 ab 3.15 a 1.40 a 63.55 ab 12.10 a 6.00 a

Traditional treatments 35.30 ab 2.75 a 0.60 a 58.10 ab 10.45 a 5.95 a

Control 32.80 b 2.65 a 0.55 a 55.55 b 12.00 a 5.00 a

Table 10. Effect of Bacillus strains on pepper (Capsicum annuum) cv. Caballero development, at 56 and 84 days after
inoculation under field conditions. [9].

In a similar way, positive effects of Bacillus application were observed on crop yield, by pre‐
vent soil pathogen attack. In Table 11, is showed that application of Bacillus increased pep‐
per yields in contrast to the traditional crop management by up to 74% cumulative
assessment in three harvest times.

Treatment Cut 1

(kg)

B/TT

(%)

Cut 2

(kg)

B/TT

(%)

Cut 3

(kg)

B/TT

(%)

Yield (kg) B/TT

(%)

BacillusB1 4.38 a 100 4.01 a 150 6.69 a 421 15.10 a 174

BacillusB3 3.32 ab 76 3.05 ab 114 4.01 b 252 10.39 b 120

Bacillus B9 2.73 ab 62 2.40 ab 90 4.04 b 254 9.17 b 106

Bacillus B13 3.79 ab 86 3.41 ab 127 4.01 b 252 11.16 ab 129

Bacillus mix 3.14 ab 72 2.80 ab 104 4.30 b 270 10.25 b 118

Traditional Treatments 4.39 a 100 2.68 ab 100 1.59 c 100 8.67 b 100

Control 1.79 b 41 1.71 b 64 0.57 c 36 4.08 c 47

Table 11. Effect of Bacillus strains on pepper (Capsicum annuum) cv. Caballero development at 99, 113 and 146 days
after inoculation under field conditions. B / TT = Bacillus vs. traditional treatment, [9].

Weed and Pest Control - Conventional and New Challenges92

Bacillus favors growth of different plant parts such as stems and leaf area (Tables 12 and 13,

Figure 4).

Figure 4. Effect of Bacillussubtilis in the biomass production of pepper plants (root). Treatments Bacillus and treat‐
ments without Bacillus.

Treatments Height (cm) Leaf area (cm2)

Bacillus B1 119.47 a 6857.01 b

Bacillus J1 118.65 a 7762.92 a

Bacillus M2 102.95 b 5393.32 b

Mixture B1J1M2 121.05 a 7022.90 a

*TQ 99.05 b 4007.51 c

**TA 98.9 b 4302.63 bc

CV (%) 3.11 9.29

Table 12. Height and leaf area of tomato plants cv. Floradade subjected to different treatments with
microencapsulated strains of Bacillus subtilis. *: Chemical control treatment; **Absolute control treatment, Values with
same letters are not statistically different (Tukey, p≤0.01), [104].

Biological Control of Root Pathogens by Plant- Growth Promoting Bacillus spp.
http://dx.doi.org/10.5772/54229

93



Treatments Leaves Stems Roots

Bacillus B1 116.41 a 30.31 ab 31.28 c

Bacillus J1 107.57 a 31.92 ab 38.76 b

Bacillus M2 87.67 b 27.90 b 32.04 c

Mixture B1J1M2 94.51 b 34.69 a 96.63 a

*TQ 1 c 28.06 b 33.38 bc

**TA 26.21 d 14.57 c 13.92 d

CV (%) 6.54 8.32 6.97

Table 13. Biomass (g) production of tomato plants cv. Floradade subjected to different treatments with microcapsules
containing strains of Bacillus subtilis. *Chemical control treatment; **: Absolute control treatment. Values with same
letters are not statistically different (Tukey, p≤0.01), [104].

3. Conclusions

Use and application of biological control agents, such as Bacillus spp. prevents negative ef‐
fects of pathogen attack on crops, providing an attractive option for sustainable agriculture
due to their stimulating effects on plant growth, biomass production and its potential to in‐
crease plant production. In this chapter are mentioned clear and efficient biocontrol of plant
pathogenic fungi by Bacillus strains, as evidence of lower disease incidence and severity. For
that reason, it is suggested that B. subtilis can be incorporated to integrated management
disease, where these strain may be used as biocontrol agent as well as biofertilizer.
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1. Introduction

Integrated Pest Management (IPM) has had a varied history, with different definitions. It has
been implemented under an array of different connotations (Lewis et al., 1997). The term was
earlier used as ‘‘integrated control’’ by Bartlett (Bartlett, 1956) and was further elaborated on by
Stern and co-workers (Stern et al., 1959). In reference to the concept of integrating the use of bio‐
logical and other controls in complementary ways, the term was later broadened to embrace co‐
ordinated use of all biological, cultural, and artificial practices (van den Bosch and Stern, 1962).
The term ‘‘IPM,’’ under various authors have advocated for the principle of incorporating, the
full array of pest management practices with production objectives in a total systemic ap‐
proach. Nonetheless, there is no universally agreed definition of IPM.

Alastair (2003) conceived IPM as a method of rationalizing pesticide use to prevent or delay the
resurgence of pest populations, that had become resistant to pesticides, and to protect benefi‐
cial insects. Today, concerns about pesticide residues in the food chain and in the environment
have led to alternative definitions that exclude the use of conventional pesticides. Neverthe‐
less, there are broad agreements on the core principles of IPM. These include IPM being:

• An integrated scheme due to the methods of control that are seen as component technolo‐
gies rather than alternatives.

• emphasizes pest management, within a balanced system whereas control strategy sug‐
gests direct intervention with little concern for sustainability (Alastair, 2003).

In principle, IPM may be defined as a flexible and holistic system. This views the agro-eco‐
system as an interrelated whole, that utilizes a variety of biological, cultural, genetic, physi‐
cal, and chemical techniques that hold pests below economically damaging levels with a
minimum disruption to the cropping ecosystem and the surrounding environment (Malena,
1994). In the definition of FAO (2012), integrated pest management (IPM) is an ecosystem

© 2013 Ehi-Eromosele et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Ehi-Eromosele et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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approach to crop production and protection that combines different management strategies
and practices to grow healthy crops and minimize the use of pesticides. IPM therefore, uti‐
lizes the best mix of control tactics for a given pest problem when compared with the crop
yield, profit and safety of other alternatives (Kenmore et al., 1985). Other definitions of IPM
according to the United States Environment Protection Agency (2012), involves an effective
and environmentally sensitive approach to pest management that relies on a combination of
common-sense practices. IPM could be a broad based ecological approach to structural and
agricultural pest control that integrates pesticides/herbicides into a management system in‐
corporating a range of practices for economic control of a pest. In addition, IPM, attempts to
prevent infestation, to observation of patterns of infestation when they occur, and to inter‐
vene (without poisons) when one deems necessary. Finally, IPM is the intelligent selection
and use of pest control actions that ensures favourable economic, ecological and sociological
consequences (Sandler, 2010).

1.1. Succinct history of IPM

IPM is not a new philosophy. The concept has been around since the 1920’s when cotton
pest management program was developed. Under this scheme, insect control was "super‐
vised" by qualified entomologists, and insecticide applications were based on conclusions
reached from periodic monitoring of pest and natural-enemy populations. This was viewed
as an alternative to calendar-based insecticide programs. Supervised control is based on a
sound knowledge of the ecology and analysis of the projected trends in pest and natural-
enemy populations. In supervised control, (integrated control) the best mix of chemical and
biological controls is sought and identified for a given insect pest. The chemical insecticides
are used in a manner that is least disruptive to biological control. The chemical controls are
applied only after regular monitoring indicates that a pest population had reached an eco‐
nomic threshold level. Thus, such treatment is required to prevent the population from
reaching an economic injury level where economic losses would exceed the cost of the artifi‐
cial control measures.

Typically, the main aim of IPM programmes is on agricultural insect pests (IPM Guidelines,
2009). Although, originally developed for agricultural pest management, IPM programmes
are now developed to encompass diseases, weeds, and other pests that may interfere with
the management objectives of sites such as residential and commercial structures, lawn and
turf areas, and home and community gardens. IPM programs use current, comprehensive
information on the life cycles of pests and their interaction with the environment. This infor‐
mation, in combination with available pest control methods, is used to manage pest damage
by the most economical means, and with the least possible hazard to people, property, and
the environment.

The IPM approach can be applied to both agricultural and non-agricultural settings, such as
the home, garden, and workplace. IPM takes advantage of all appropriate pest management
options including, the judicious use of pesticides.
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2. IPM – A philosophy

2.1. A pest management strategy

Integrated Pest Management (IPM) is a philosophy that involves the management of a pest
instead of controlling or eradicating a pest. It requires a greater knowledge of the pest, crop
and the environment. Therefore, its strategy focuses on harnessing inherent strengths within
ecosystems and directing the pest populations into acceptable bounds rather than toward
eliminating them. This strategy avoids undesirable short term and long term ripple effects
and will ensure a sustainable future (Lewis et al., 1997).

IPM programs should be operated with “pest management objectives” rather than “pesti‐
cide management objectives”. Integrated pest management is a comprehensive long term
pest management program based on knowledge of an ecosystem that weighs economic, en‐
vironmental, and social consequences of interventions (Flint and van den Bosch, 1981). The
foundation for pest management in agricultural systems should be an understanding and
shoring up of the full composite of inherent plant defenses, plant mixtures, soil, natural ene‐
mies, and other components of the system. These natural ‘‘built in’’ regulators are linked in
a web of feedback loops that are renewable and sustainable. The use of pesticides and other
‘‘treat-the-symptoms’’ approaches are unsustainable and should be the last option rather
than the first line of defense. A pest management strategy should always start with the ques‐
tion ‘‘Why is the pest a pest?’’. It should also seek to address underlying weaknesses in eco‐
systems and/or agronomic practice(s) that have allowed organisms to reach pest status
(Lewis et al., 1997).

2.2. An integrated process

Integration or compatibility among pest management tactics is central to Integrated Pest
Management. Simply mixing different management tactics does not constitute IPM. Mixing
the tactics arbitrarily may actually aggravate pest problems or produce other unintended ef‐
fects. IPM recognizes there is no “cure-all” in pest control (dependence on any one pest
management method will have undesirable effects). Reliance on a single tactic will favor
pests that are resistant to that practice. In IPM, integrated control seeks to identify the best
mix of chemical and biological controls for a given insect pest. The term "integrated" is thus
synonymous with "compatibility."

2.3. Understanding pest biology and ecology

The determination of the correct cause of pest problem (understanding pest biology) and
ecology is essential in manipulating the environment to the crop’s advantage and to the det‐
riment of the pest.

2.4. Acceptable pest levels

IPM recognizes that eradication of a pest is seldom necessary or even desirable, and general‐
ly not possible. The primary objective in pest management is not to eliminate a pest organ‐
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ism but to bring it into acceptable bounds (Lawal et al., 1997). The emphasis is on control,
not eradication. IPM holds that wiping out an entire pest population is often impossible, and
the attempt can be expensive and environmentally unsafe. IPM programmes initial task is to
establish acceptable pest levels, called action thresholds, and apply controls where the
thresholds are crossed. These thresholds are pest and site specific, meaning that it may be
acceptable at one site to have for instance a weed such as white clover, but at another site it
may not be acceptable. By allowing a pest population to survive at a reasonable threshold,
selection pressure is reduced. This stops the pest gaining resistance to chemicals produced
by the plant or applied to the crops. If many of the pests are killed, then any that have resist‐
ance to the chemical will form the genetic basis of the future, more resistant, population. By
not killing all the pests there are some un-resistant pests left that will dilute any resistant
genes that appear (Wikipedia, 2011).

2.5. IPM a continuum, not an end

Agriculture is a dynamic system that continually changes to changing crop production prac‐
tices. IPM must continually change to meet pest management challenges. IPM is a continu‐
um that will change with time. Every farmer practices some type of IPM, as long as they
make progress to better its management. As new pest control techniques are discovered, the
producer and crop advisor must adapt their pest control program to reflect these changes.
What is considered a good IPM program today may be considered a chemical intensive pro‐
gram in a few years. Additionally, some good advice to the producer and crop advisor is to
try the new changes on a limited scale, while becoming comfortable with the suggested
practices before wide-scale changes are made.

3. IPM process

IPM is applicable to all types of agriculture and sites such as residential and commercial
structures, lawn and turf areas, and home and community gardens. The process includes:

3.1. Proper identification pest damage and responsible pests

Identification must be the first objective. When the identity of a pest is not known, then, a strat‐
egy built to control the pest cannot be transferred from one site to another, primarily, because
the pest species or strain (biotype) might behave differently. Thus, a solid foundation must be
built on systematic, taxonomy, etiology, and spatial distribution (Irwin, 1999). Cases of mistak‐
en identity may result in ineffective actions. If plant damage is due to over-watering, it could be
mistaken for fungal infection, since many fungal and viral infections arise under moist condi‐
tions. This could lead to spray costs, but the plant would be no better off.

3.2. Pest and host life cycles biology

Understanding crop growth and development is an underlying principle of IPM. We cannot
just focus on the pest. The interactions between crop and pest (as well as the environment)
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are very important. To deplore an efficient IPM programme, literature and other data sour‐
ces about the pest, the pest’s life cycle, host range, distribution, movement, and basic biolo‐
gy will have to be researched. At the time you see a pest, it may be too late to do much
about it except maybe spray with a pesticide (Metcalf and Luckmann, 1994). Often, there is
another stage of the life cycle that is susceptible to preventative actions. For example, weeds
reproducing from last year's seed can be prevented with mulches and pre-emergent herbi‐
cide. Also, learning what a pest needs to survive allows you to remove these.

3.3. Monitor or sample the environment for pest populations

After the pest has been correctly identified, monitoring must begin before it becomes a prob‐
lem. Sampling and monitoring methodologies must be designed and tested to provide the
ability for assessing instantaneous and dynamic aspects of the pest’s density, activity, or in‐
cidence (Irwin, 1999). Understanding how the environment affects pest and crop develop‐
ment is very important. Understanding interactions with the environment allows crop
advisors to react to changing conditions. Environmental influences like drought stress influ‐
ences pest management recommendations. When a crop is under stress it can be less capable
of dealing with the stress caused by insects that extract plant sap (e.g. aphids, leafhoppers)
and this stress may slightly lower the economic threshold. Weed populations which would
not normally cause an economic loss may do so under drought conditions when they com‐
pete with the crop for limited water.

The weather is notorious for affecting pest development and survival. Certain weather pat‐
terns may affect weed seed germination and explain why certain weeds are more abundant
during wet fall or springs.

3.4. Establish action threshold (economic, health, and aesthetic)

The question here is: how many are too many or how much can be tolerated? In some cases,
there are standardized numbers of pests that can be tolerated. Soybeans are quite tolerant of
defoliation, so if there are a few caterpillars in the field and their population may not be in‐
creasing dramatically; thus, no urgent action may be necessary. Conversely, there is a point
at which an action must be taken to control cost. For instance the farmer can control cost at
the point when the cost of damage by the pest is more than the cost of control. This is an
economic threshold. Tolerance of pests varies according to the health hazard (low tolerance)
or merely a cosmetic damage (high tolerance in a non-commercial situation). Different sites
may also have varying requirements based on specific areas. For instance, white clover may
be perfectly acceptable on the sides of a tee box on a golf course, but unacceptable in the
fairway where it could cause confusion in the field of play (Purdue University, 2006).

3.5. Choose an appropriate combination of management tactics

The word ‘integrated’ in IPM initially referred to the simultaneous use or integration of any
number of tactics in combination, with focus on maintaining a single pest species below its
economic injury level. Although, in theory a single strategy results from the simultaneous
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at which an action must be taken to control cost. For instance the farmer can control cost at
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or merely a cosmetic damage (high tolerance in a non-commercial situation). Different sites
may also have varying requirements based on specific areas. For instance, white clover may
be perfectly acceptable on the sides of a tee box on a golf course, but unacceptable in the
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3.5. Choose an appropriate combination of management tactics

The word ‘integrated’ in IPM initially referred to the simultaneous use or integration of any
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integration of several tactics, in practice, the integration actually occurs in a step-wise, time-
delayed fashion. Several of the tactics are compatible, but some are not. Certainly the tactics
of biological control, habitat manipulation, and legal control go alongside. The tactic of host
resistance can stand alone or be combined with the other tactics just mentioned. Chemical
control is generally compatible with host resistance. Thus, a management strategy integrates
one or several compatible tactics into a single package (Irwin, 1999).

3.6. Evaluate and record results

Evaluation is often one of the most important steps in Integrated Pest Management (Bennett
et al., 2005). It is the process of reviewing an IPM program and the results it has generated.
Asking the following questions is useful: Did the steps one took effectively control the popu‐
lation? Was this method safe enough? Where there any expected side effects? What is the
next step? Understanding the effectiveness of the IPM program allows the site manager to
make modifications to the IPM plan prior to pests reaching the action threshold and requir‐
ing action again.

4. Pest management tactics

There are different pest management tactics to suppress pests. They include host resistance,
chemical, biological, cultural, mechanical, sanitary and mechanical controls. The primary
pest management tactic involves maximization of built-in pest reduction features of an eco‐
system. Molecular or genetic mechanisms are potentially manifested in a number of these
more specific tactics. Each category, discussed below, employs a different set of mechanisms
for suppressing populations.

4.1. Chemical control

The therapeutic approach of killing pest organisms with toxic chemicals has been the pre‐
vailing pest control strategy for over 50 years. Safety problems and ecological disruptions
continue to ensue (Wright, 1996), and there are renewed appeals for effective, safe, and eco‐
nomically acceptable alternatives (Benbrook, 1996). Synthetic chemical pesticides are the
most widely used method of pest control. The four major problems encountered with con‐
ventional pesticides are toxic residues, pest resistance, secondary pests, and pest resurgence
(Lewis, 1997). The use of natural pesticides and organophosphates that are more environ‐
mentally friendly are encouraged and synthetic pesticides should only be used as a last re‐
sort or only used as required and often only at specific times in a pests life cycle.

4.2. Biological control

This involves the use of other living things that are enemies of a pest in order to control it.
Sometimes, the term ‘‘biological control’’ has been used in a broad context to encompass a
full spectrum of biological organisms and biologically based products including phero‐
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mones, resistant plant varieties, and autocidal techniques such as sterile insects. IPM is
mainly aimed at developing systems based on biological and non-chemical methods as
much as possible.

4.3. Host plant resistance

This involves breeding varieties with desirable economic traits, but less attractive for pests,
for egg laying and subsequent development of insect, disease or nematode. It also involves
withstanding the infestation/infection or the reduction of pests to level that they are not
large numbers during the plant growth period (Sharma, 2007).

4.4. Cultural measures

This involves practices that suppress pest problems by minimizing the conditions that fa‐
vour their existence (water, shelter, food). Some of these factors are intrinsic to crop produc‐
tion while making the environment less favourable for survival, growth and reproduction of
pest species. If followed in an appropriate manner, the cultural practices can provide signifi‐
cant relief from pests. The selection of appropriate site for the cultivation of field crops and
fruit trees can reduce future infestation from insect pests. The culture should be selected in
such a manner that it should be suitable for growing in the area and tolerant to important
pests diseases of the area.

4.5. Mechanical control

This is the use of machinery and other tools to control pests. It involves agricultural practi‐
ces like tillage, slash and burn, and hand weeding. The pruning of infested parts of fruits
and forest trees and defoliation in certain crops help reduce the pest population. Chaffing of
sorghum/maize stalks and burning of stubbles kills maize borer.

4.6. Sanitary control

Preventive practices are important part of an IPM programme. These include cleaning field
equipment (i.e., tillage equipment, haying equipment, etc.), planting certified seeds and
quarantine of infested crops or farmlands. These are methods used to prevent the introduc‐
tion of a pest into the field.

4.7. Natural control

Natural control involves the enhancement of naturally occurring pest management methods
to combat pests like using beneficial insects and diseases. Here, insecticides will only be
used when they are economically feasible and it is apparent that natural enemies will not
control the pests.
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fruit trees can reduce future infestation from insect pests. The culture should be selected in
such a manner that it should be suitable for growing in the area and tolerant to important
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This is the use of machinery and other tools to control pests. It involves agricultural practi‐
ces like tillage, slash and burn, and hand weeding. The pruning of infested parts of fruits
and forest trees and defoliation in certain crops help reduce the pest population. Chaffing of
sorghum/maize stalks and burning of stubbles kills maize borer.
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equipment (i.e., tillage equipment, haying equipment, etc.), planting certified seeds and
quarantine of infested crops or farmlands. These are methods used to prevent the introduc‐
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used when they are economically feasible and it is apparent that natural enemies will not
control the pests.
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5. IPM: A multi-disciplinary approach

IPM is a management intensive philosophy which stresses a multidisciplinary approach.
Pests interact with each other, the crop, and the environment. Similarly, pest and crop man‐
agement disciplines must work together to develop control recommendations that reflect
these interactions.

For example, management of the Soybean aphid includes entomologists who study the insect
and their damage to soybean, agronomists that identify crop stage which are most vulnerable
to soybean aphid damage, plant pathologists who study the viruses transmitted by aphid feed‐
ing, and soil scientists who study the aphids interaction with nutrient deficiencies.

6. Benefits of an IPM programme

The benefits of Integrated Pest Management are immense directly to farming and indirectly
to society.

a. Integrated Pest Management (IPM) protects environment through elimination of unnec‐
essary pesticide applications. In IPM, pesticides are used at the smallest effective dose
when other methods of pest control have failed. Also, they are used in bringing a pest
organism to acceptable bounds with as little ecological disruption as possible.

b. IPM improves profitability. Since IPM programme applies the most economical man‐
agement pest tactics, profitability is ensured for the grower or farmer.

c. It reduces risk of crop loss by a pest. Applying pest management and monitoring tactics
will also ensure the reduction of crop loss or damage by pests.

d. Long term sociological benefits of IPM would also emerge in areas of employment,
public health, and well being of persons associated with agriculture.

7. Disadvantages of an IPM programme

In spite of the numerous benefits of IPM stated so far, there are also some drawbacks to it:

7.1. An IPM program requires a higher degree of management

Making the decision not to use pesticides on a routine or regular basis requires advanced
planning and therefore, a higher degree of management. This planning includes attention to
field histories to anticipate what the pest problems might be, selecting crop varieties which
are resistant or tolerant to pest damage, choosing tillage systems that will suppress antici‐
pated pest damage while giving the crop the greatest yield potential.
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7.2. IPM can be more labor intensive

Consistent, timely and accurate field scouting takes time. However, it is this information
that is necessary and is the corner stone of IPM programs. Without this information you can‐
not make intelligent management decision.

7.3. Success can be weather dependant

Weather can complicate IPM planning. For example you might want to lower herbicide
rates and use row cultivation to manage weed pressure. However an extended wet period
may reduce (or eliminate) the effectiveness of row cultivation. Therefore, good IPM planners
will have a alternate plan for when these problems arise.
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Chapter 6

Alternative Weed Control Methods: A Review

G.R. Mohammadi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54164

1. Introduction

Weed  interference  is  one  of  the  most  important  limiting  factors  which  decrease  crop
yields and consequently global food production. Weed represent about 0.1% of the world
flora  and in  agroecosystems,  weeds  and crops  have  co-evolved together  right  from the
prehistoric  times  as  revealed  by  pollen  analysis  studies  (Cousens  and  Mortimer  1995).
Weed  can  suppress  crop  yield  by  competing  for  environmental  resources  like  water,
light and nutrients and production of allelopathic compounds. Therefore, weed manage‐
ment  have  been  a  major  challenge  for  crop  producers  from the  start  of  agriculture.  At
the earlier  times,  since  no synthetic  chemicals  were known,  weed control  was achieved
by some methods such as  hand weeding,  crop rotation,  polyculture  and other  manage‐
ment practices that were low input but sustainable. With the discovery of synthetic her‐
bicides  in  the  early  1930s,  there  was a  shift  in  control  methods toward high input  and
target-oriented ones (Singh et al. 2003).

However,  herbicide-reliant weed control  methods can cause high costs for crop produc‐
ers due to the consumption of fossil fuels (the non-renewable energy resources) (Lybeck‐
er  et  al.  1988).  Moreover,  ground  and  surface  water  pollution  by  these  synthetic
chemicals are causes for concern (Hallberg 1989). Fast-developing herbicide-resistant eco‐
types of weeds due to increased herbicide application is  another serious threat for agri‐
culture  production  (Holt  and  LeBaron  1990).  Therefore,  there  is  an  urgent  need  to
develop alternative weed control methods for use in agroecosystems. Many studies have
revealed that the alternative methods such as the use of allelopathy phenomenon, cover
crops and living mulches,  competitive crop cultivars,  suitable nutrient management,  etc.
can be proposed as the low cost, effective and eco-friendly practices for sustainable weed
management  in  cropping systems.  In  this  chapter,  the  most  important  alternative  weed
control methods are discussed.

© 2013 Mohammadi; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Mohammadi; licensee InTech. This is a paper distributed under the terms of the Creative Commons
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2. Allelopathy

The term allelopathy was first introduced by Hans Molisch in 1937 and refers to chemical
interactions among plants, including those mediated by microorganisms. Rice (1984) de‐
fined allelopathy as the effects of one plant (including microorganisms) on another plant
through the release of a chemical compounds into the environment. Allelopathy can play a
beneficial role in various cropping systems such as mixed cropping, multiple cropping, cov‐
er cropping, crop rotations, and minimum and no–tillage systems. The exploitation of allel‐
opathy in agricultural practices as a tool for weed control has shown weed reduction,
pathogen prevention and soil enrichment (Kohli et al., 1998).

2.1. Ways by which allelopathy can be used to control weeds in cropping sysyems

In general, the use of allelopathy as a tool to control weeds can be achieved in different
ways:

1. Use of crop cultivars with allelopathic properties.

2. Application of residues and straw of allelopathic crops as mulches or incorporated into
the soil.

3. Use of an allelopathic crop in a rotational sequence.

4. Application of allelochemicals or modified allelochemicals as herbicides (Kruse et al.
2000).

5. Modification of crops to enhance their allelopathic effects.

2.1.1. Use of crop cultivars with allelopathic properties

It's clear that the crop cultivars differ in their allelopathic ability and thus superior cultivars
can be selected for weed management programs (Wu et al. 1999; Olofsdotter et al. 2002). Dif‐
ferences in allelopathic potential between genotypes has been investigated among acces‐
sions (genetical different lines or strains of a species) of barley, cucumber (Cucumis sativus),
oats, soybean (Glycine max), sunflower, sorghum (Sorghum bicolor), rice and wheat (Copaja et
al. 1999, Dilday et al. 1994, Narwal 1996, Miller 1996,Yoshida et al. 1993, Wu et al. 1998).

In a study on 3000 accessions of Avena spp. Fay and Duke (1977) found that four accessions
apparently exuded up to three times as much scopoletin (a chemical identified as phytotox‐
ic) as a standard oat cultivar. When one of the accessions were grown in sand culture with
wild mustard (Brassica kaber), the growth of the mustard was significantly less than when it
was grown with an accession that exuded a lower amount of scopoletin. In a field experi‐
ment, 1000 accessions of rice were screened for allelopathic activity against the two weedy
species, barnyardgrass (Echinochloa crus-galli Beauv) and Cyperus difformis. Of these, 45 acces‐
sions showed allelopathic activity against one of the weeds and five accessions inhibited
both species (Olofsdotter et al. 1997). Dilday et al. (2001) evaluated 12,000 rice accessions
from 110 countries for allelopathy to ducksalad [Heteranthera limosa (S.w.) Willd.] and about
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5000 have been assessed for allelopathy to redstem (Ammannia coccinea) and barnyardgrass.
Results indicated that among them, 145 accessions were allelopathic to ducksalad and red‐
stem and 94 accessions demonstrated apparent allelopathic activity to barnyardgrass.

Many weed species are most susceptible to allelochemicals in the seed and seedling stages.
Therefore, the ideal allelopathic cultivar must therefore release allelochemicals in bioactive
concentrations before the target weeds grow to old. Knowledge about both the critical de‐
velopmental stage where the crop starts releasing allelochemicals and the critical sensitive
stage of the target weeds is therefore essential (Inderjit and Olofsdotter 1998).

2.1.2. Application of residues and straw of allelopathic crops

Weed suppressive effects of crop residues have been explained by different mechanisms, in‐
cluding initial low nitrogen availability following cover crop incorporation (Dyck and Lieb‐
man 1994; Kumar et al. 2008; Samson 1991), mulch effects (Mohler 1996; Mohler and
Callaway 1991; Mohler and Teasdale 1993), stimulation of pathogens or predators of weed
seeds (Carmona and Landis 1999; Conklin et al. 2002; Davis and Liebman 2003; Gallandt et
al. 2005; Kremer 1993), and allelopathy (Chou 1999; Weston 1996).

Allelopathic compounds released from crop residues during decomposition can reduce both
emergence and growth of weeds. Allelochemicals can be released either through leaching,
decomposition of residues, volatilization or root exudation (Chou 1999). In production sys‐
tems with no-till or conservation tillage that leave nearly all crop residues on the soil sur‐
face, the release of allelochemicals from both the growing plants and during residue
decomposition could be advantageous (Kruse et al. 2000).

Barnes and Putnam (1983) reported that rye residue used as mulch reduced total weed bio‐
mass by 63%. It was found that disappearance of rye allelochemicals was more closely relat‐
ed to weed suppression than to the disappearance of rye residues. Especially due to the
massive production of biomass, rye has the potential to influence the growth of succeeding
plant species through the release of allelochemicals from the residue (Barnes et al. 1985).

Wheat residues suppress weeds due to the physical effect and to the production of allelo‐
chemicals (Petho 1992). their allelopathic effects was positively correlated with the total phe‐
nolic content in the tissue of the wheat cultivars (Wu et al 1998). Hydroxamic acids have also
been identified in shoot and root tissue of wheat.

The residues of barley have also been associated with phytotoxicity (Overland 1966, Lovett
and Hoult 1995). Phytotoxic phenolic compounds, including ferulic, vanillic and phydroxy‐
benzoic acids, have been identified in barley (Börner 1960). The two alkaloids, gramine and
hordenine have been confirmed to play an important role in the phytotoxic ability of barley
(Lovett and Hoult 1995, Overland 1966). In a study, allelopathic compounds released from
residues of barley apparently inhibit the emergence of yellow foxtail (Setaria glauca) (Cream‐
er et al. 1996).
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2.1.2. Application of residues and straw of allelopathic crops

Weed suppressive effects of crop residues have been explained by different mechanisms, in‐
cluding initial low nitrogen availability following cover crop incorporation (Dyck and Lieb‐
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plant species through the release of allelochemicals from the residue (Barnes et al. 1985).
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In another study, the use of sorghum plant tissues as a mulch or incorporated into the soil
led to the reduced weed growth in corn field (Mohammadi et al. 2009). This can be attribut‐
ed to the allelopathic compounds released from the sorghum plant tissues.

2.1.3. Use of an allelopathic crop in a rotational sequence

The entrance of allelopathic crops into the crop rotations can effectively control weeds. In a
study, under reduced or no-till condition a considerable reduction in the population of giant
foxtail (Setaria faberii Herrm.) was occurred when allelopathic soybean-corn-wheat rotation
was followed than in corn alone (Schreiber 1992). In a 5–year field study with sunflower
(Helianthus annuus L.)–oat rotation, the weed density increase was significantly less in sun‐
flower plots than in control plots (Leather, 1983 a, b; 1987). It was found that sunflower
plants possess chemicals, which inhibit the growth of common weed species. Macias et al.,
(1999) reported some sesquiterpene lactones with germacranolide and guaianolide skeletons
and heliannuol from different cultivars of sunflower.

In another study, the inclusion of alfalfa in the crop rotation sequence significantly de‐
creased the interference of weeds in the next crops (Entz et al. 1995). Ominski et al. (1999)
conducted a survey in 117 fields in Manitoba, Canada, and found that rotation with alfalfa
can effectively reduce the interference of wild oat (Avena fatua L.), Canada thistle (Cirsium
arvense L.), wild mustard (Brassica kaber L.) and catchweed bedstraw (Galium aparine L.) in
the succeeding cereal crops. Therefore, it can be concluded that the inclusion of alfalfa in
crop rotation can be an efficient tool in an integrated weed management program. However,
climatic and economic conditions are important limiting factors which can notably influence
the regional crop rotation scenarios.

2.1.4. Application of allelochemicals or modified allelochemicals as herbicides

A promising way to use allelopathy in weed control is using extracts of allelopathic plants
as herbicides (Dayan, 2002; Singh et al., 2005). Because biosynthesized herbicides are easily
biodegradable, they are believed to be much safer than synthesized herbicides (Rice, 1984,
1995; Dayan et al., 1999; Duke et al., 2000). Duke et al. (2000) discussed that natural com‐
pounds have several benefits over synthetic compounds. For example, natural compounds
may have novel structure due to diversity of molecular structure. This diversity is because
synthetic chemists have been biased toward certain types of chemistry. They have had al‐
most no interest in water-soluble compounds. Unlike a high proportion of synthetic pesti‐
cides, natural compounds are mostly water-soluble and non-halogenated molecules.
Natural products relatively have short half-life and therefore considered safe of environ‐
mental toxicology standpoint (Duke et al., 2002).

Although, allelochemicals have the potential to be explored as natural herbicides, but prior
to using them as herbicides, the following questions should be considered (Bhowmik and
Inderjit 2003):

1. At what minimum concentration does each compound have phytotoxic activity?

2. Whether the compound is accurately separated and correctly identified?
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3. What is the residence time and fate of the compound in the soil environment?

4. Does the compound influence microbial ecology and physicochemical properties of the
soil?

5. What is the mode of action of the compound?

6. Has the compound any adverse effect on desired crops?

7. Whether the compounds are safe from health standpoint?

8. Whether the large production of the compound at commercial scale is economical?

Plant chemicals associated with allelopathic activity have been reported in most cases to be
secondary metabolites from shikimic acid, acetate, or terpenoid pathways (Rizvi and Rizvi
1992; Vokou 2007). Some of the natural products exploited as commercial herbicides are tri‐
ketone, cinmethylin, bialaphos, glufosinate and dicamba. The compounds having potential
herbicidal activity but not commercially used are sorgoleone, artemisinin and ailanthone
(Bhowmik and Inderjit 2003).

Sorgoleone is an allelochemical of sorghum which constitutes more than 80% of root exu‐
date composition (Nimbal et al., 1996a; Czarnota et al., 2003). This compound inhibited the
evolution of O2 during photosynthesis in potato (Solanum tuberosum L.) and in common
groundsel (Senecio vulgaris L.) (Nimbal et al. 1996a). Nimbal et al. (1996b) carried out a study
on sorgoleone using triazine-susceptible potato and redroot pigweed thylakoids. Sorgoleone
was a competitive inhibitor of atrazine binding sites. Sorgoleone also inhibited the photosys‐
tem II electron transport reactions (Gonzalez et al., 1997).

However, sorghum shoots produce higher amounts of cynogenic glucosides whose phenolic
breakdown products inhibit plant growth (Einhellig and Rasmussen, 1989; Weston et al.,
1989; Se´ne et al., 2001). In a study, Mohammadi et al. (2009) reported that the spray of sor‐
ghum shoot extract (Sorgaab) reduced weed infestation in corn field.

Artemisinin, a sesquiterpenoid lactone is an allelochemical of annual wormwood (Artemisia
annua L.). It has been shown to inhibit the growth of redroot pigweed, pitted morning glory
(Ipomoea lacunosa L.), annual wormwood and common purslane (Purtulaca oleracea L.) (Duke
et al., 1987). Duke et al. (1987) concluded that artemisinin is a selective phytotoxin with her‐
bicidal activity similar to cinmethylin (Bhowmik, 1988).

Ailanthone an allelochemical of Ailanthus altissima L. exhibited a strong herbicidal activity
when sprayed on soil before the seed germination. It, however, also had dramatic effects
when sprayed onto seedlings after their emergence from soil (Bhowmik and Inderjit 2003).

However, most of allelochemicals indicate a poor performance under field conditions com‐
pared to laboratory conditions. Moreover, many allelochemicals exhibit rapid dissipation
under natural situations and thus fail to give desired results (Singh et al. 2003). Therefore,
further studies are needed to enhance performance and stability of allelochemicals under
field conditions.
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2.1.5. Modification of crops to enhance the allelopathic effect

Breeding of crops for allelopathic ability by using the methods like screening and biotech‐
nology is another promising strategy for efficient weed control. Just as crop plants are bred
for disease resistance, crop plants can be bred to be allelopathic to weeds common to specific
regions (Rice, 1984, 1995; Jensen et al., 2001; Wu et al., 2000, 2003; Olofsdotter et al., 2002; He
et al., 2004). Allelopathic effect against a broad spectrum of weeds has been proposed as a
valuable character of an allelopathic crop and the possibility of inserting resistance genes to‐
wards one or several weeds as part of a breeding strategy of a crop has been mentioned
(Olofsdotter et al. 1997).

Genetic modification of crop plants to improve their allelopathic properties and enhance‐
ment  of  their  weed-suppressing ability  has  been suggested as  a  possibility  (Kruse  et  al
2000). Use of biotechnological transfer of allelopathic traits between cultivars of the same
species  or  between species  has  also  been proposed (Chou 1999,  Macias  1995,  Macias  et
al. 1998, Rice 1984).

Several researchers have suggested improvement of allelopathic properties of crop cultivars
by traditional breeding or by genetic manipulation. For example, there has been significant
progress in isolating rice allelochemicals (Rimando et al., 2001) and locating genes control‐
ling allelopathic effects of rice (Jensen et al., 2001). These researchers identified quantitative
trait loci (QTL) associated with the rice allelochemicals against barnyardgrass. This is an im‐
portant step toward breeding allelopathic rice varieties. It was found that 35% of the total
phenotypic variation of allelopathic activity of population was explained by four main effect
QTLs situated on three chromosomes.

In wheat, the control of hydroxamic acid accumulation seems to be multigenic involving
several chromosomes. Chromosomes of group 4 and 5B are apparently involved in the accu‐
mulation of hydroxamic acids (Niemeyer and Jerez 1997).

In barley, a gramine synthesis gene has been detected on chromosome 5 (Yoshida et al.
1997). Moharramipour et al. (1999) reported that one or two genes control the synthesis of
gramine. DIBOA is a hydroxamic acid compound which has been found in wild Hordeum
species by Barria et al. in 1992 and the production of DIBOA by cultivated barley could pos‐
sibly be achieved by transferring genetic material from wild barley species (Gianoli and Nie‐
meyer 1998).

Duke et al. (2000) suggested that biotechnology may eventually allow for the production of
highly allelopathic crops through the use of transgenes to increase allelochemical produc‐
tion to levels that effectively manage weeds without herbicides or with reduced herbicides
input. However, it has been stated by Wu et al. (1999), that even though genetic manipula‐
tion seems promising, it might be more feasible to select for crop cultivars with improved
allelopathic properties using conventional breeding methods, because of the strict regulation
and public concern about transgenic crops.
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2.2. Aromatic plants

Aromatic plants could play an important role in the establishment of sustainable agriculture
because of their ability to produce essential oils that could be used in the development of
biological pesticides (Isman 2000). Eessential oils are increasingly adopted in agriculture for
their use as pesticides (Daferera et al. 2003; Isman 2000; Tuncw and Sahinkaya 1998).

Palmer amaranth (Amaranthus palmeri L.) germination was inhibited by essential oils of cer‐
tain aromatic plants including lemon basil (Ocimum citriodorum L.), oregano (Origanum vul‐
gare L.), and sweet marjoram (Origanum majorana L.) (Dudai et al. 1999). Dhima et al. (2009)
found that anise, sweet fennel, lacy phacelia, and coriander aqueous extracts inhibited by
100% germination, root length, and seedling fresh weight of barnyardgrass. In another
study, Tworkoski (2002) tested 25 plant-derived essential oils for herbicidal activity and
found that those from red thyme (Thymus vulgaris L.), summer savory (Satureja hortensis L.),
cinnamon (Cinnamomum zeylanicum L.) and clove (Syzygium aromaticum L.) were most toxic
and caused cell death due to rapid electrolyte leakage on the detached leaves of dandelion
(Taraxacum officinale L.).

3. Cover crops and living mulches

The term cover  crop refers  to  a  plant  which is  grown in rotation during periods when
main  crops  are  not  grown.  Cover  crops  are  usually  killed  (mechanically  or  chemically)
before the planting of  the main crop.  However,  living mulches are cover crops that  are
planted between the rows of  a  main crop and are maintained as a  living ground cover
during the growing season of the main crop. Although, living mulches are sometimes re‐
ferred  to  as  cover  crops,  they  grow  at  least  part  of  the  time  simultaneously  with  the
main crop. Apart from the definitions, both cover crop and living mulch suppress weeds
by the similar mechanisms.

In general, cover cropping systems have high potentials for weed management in agroeco‐
systems. Cover cropping has long and short-term weed control effects (Barberi 2002) as a re‐
sult of competition and/or allelopathy exerted by the crop (Randall et al. 1989; Boydston and
Hang 1995). These effects can enhance the effectiveness of other non-chemical weed control
means in view of an effective integrated approach (Creamer et al. 1996; Bond and Grundy
2001). Long-term weed control effects are due to the prevention of emergence and/or seed‐
ling suppression of species of different seasonality compared to the following crop, while
short-term effects take place when emergence prevention and seedling suppression occur in
species presenting the same seasonality of the following crop (Campiglia et al. 2009).

3.1. How can a cover crop or living mulch affect weed growth?

The effects of a cover crop or living mulch are achieved by a rapid occupation of the open
space between the rows of the main crop or generally, the niches that would normally be
filled by weeds (Teasdale 1998). This prevents germination of weed seeds and reduces the
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growth and development of weed seedlings. Generally, the weed suppressing ability of
these systems is thought to be based on alleopathic properties, physical impedance of germi‐
nation and seedling growth, and competition for light, water, and nutrients (Teasdale, 1993;
Teasdale and Mohler, 1993).

Germination of weed seeds may be inhibited by complete light interception (Phatak, 1992)
by cover crops or by secretion of allelochemicals (White et al., 1989; Overland, 1966). A delay
in emergence of weeds because of the presence of living mulches or cover crops can also ad‐
versely affect weed seed production. Moreover, the presence of living mulches or cover
crops leads to greater seed mortality of weeds by favoring predators (Cromar et al. 1999).

Once established, cover crops and living mulches can use the light, water, and nutritional
resources that would otherwise be available to weeds. This can result in the inhibition of
weed seed germination and reduction in the growth and development of weed seedlings.
Therefore, weeds attempting to establish along with a cover crop or living mulch would be
in competition for resources and may not develop sufficiently. Moreover, physical impedi‐
ment to weed seedlings is another mechanism by which these crops suppress weeds (Facelli
and Pickett 1991; Teasdale 1996; Teasdale and Mohler 1993).

Since, most crop-living mulch systems are sufficiently supported by water and nutrients, it
seems that light is the most important resource for competition between living mulches and
weeds. In a study, Kruidhof et al. (2008) found that weed suppression is positively correlat‐
ed to early light interception by the living mulch and is sustained by the strong negative cor‐
relation between cumulative light interception and weed biomass. Similarly, Steinmaus et
al. (2008) reported that weed suppression was linked to light interception by the mulch cov‐
er for most weed species.

Allelopathy is another mechanism by which living mulches may suppress weeds (Fujii
1999). However, this is difficult to separate experimentally from mechanisms relating to
competition for growth resources. Allelopathic compounds can be released into the soil by a
variety of mechanisms that include decomposition of residues, root exudation, and volatili‐
zation (Weston 2005). According to Westra (2010) root exudation produces allelopathic com‐
pounds that are actively secreted directly into the soil rhizosphere by living root systems.
The allelochemicals then move through the soil by diffusion and come into contact neigh‐
boring plants. This creates a radius effect, where proximity to the allelopathic species results
in greater concentrations of the allelochemical, which, in turn, typically decreases the
growth of neighboring plants.

3.2. Factors influencing the weed suppressive ability of a cover cropping system

The success of a cover cropping system to suppress weeds can be influenced by some factors
including:

3.2.1. Cover crop species

The variability among cover crop species determines the importance and opportunities of
species selection as a component in the design of a suitable weed management system (den
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Hollander et al. 2007). Cover crop species are significantly different in their ability to sup‐
press weeds. In a study, among six leguminous species (Persian clover, Trifolium resupinatum
L.; white clover, T. repens L.; berseem clover, T. alexandrinum L.; hairy vetch; alfalfa; and
black alfalfa, M. lupulina L.), the lowest weed dry weights were obtained from the plots in‐
terseeded with hairy vetch as compared with the other species (Mohammadi 2009).

Morphological growth characteristics, such as early relative growth rate of leaf area and ear‐
liness of height development, have been identified to determine competition in intercrop‐
ping systems (Kropff and van Laar 1993). Weed suppression benefits from a rapid soil cover,
as this reduces the germination and establishment of weeds as well as the relative competi‐
tive ability of established weed seedlings (Ross and Lembi, 1985). The relative growth rate
reflects the increase of characteristics like soil cover and dry matter accumulation during
early development, when growth is still exponential. The relative growth rate of a plant spe‐
cies is thus affected by its light capturing ability, by the efficiency by which it converts light
into biomass and by the fraction of newly produced biomass which is invested in leaves
(den Hollander et al. 2007).

For weed competition and weed suppression, earliness has also been reported an important
characteristic (De Haan et al., 1994). Particularly for competition for light, which is asym‐
metric (Weiner, 1986), obtaining a good starting position seems highly relevant. From that
perspective the relative growth rate seems to be a more important characteristic than the
maximum accumulated amount of biomass (den Hollander et al. 2007).

Apart from soil cover development, height is also an important characteristic, determining
competition for light (Berkowitz, 1988). Akanvou et al. (2001) found that Crotalaria juncea,
Cajanus cajan and M. pruriens can be considered as species with a higher competitive ability
than Calopogonium mucunoides, Stylosanthes hamata and A. histrix. This was explained by the
combination of high initial growth rates for height and leaf area development. Additionally,
the high final height of C. juncea and C. cajan may confer higher competitiveness throughout
the growing season.

However, differences in soil cover development do not only depend on species differences
in morphology and physiology. The relative starting position, determined by, for instance,
seed size, seeding rate and date of emergence, is another major factor in this respect. As
small-seeded species may be more sensitive to conditions that might cause a poor establish‐
ment (den Hollander et al. 2007).

In general, ideal cover crops or living mulches for weed suppression should have the fol‐
lowing characteristics:

a. Ability to provide a complete ground cover of dense vegetation.

b. Rapid establishment and growth that develops a canopy faster than weeds.

c. Selectivity between suppression of weeds and the associated crop (Teasdale 2003).
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growth and development of weed seedlings. Generally, the weed suppressing ability of
these systems is thought to be based on alleopathic properties, physical impedance of germi‐
nation and seedling growth, and competition for light, water, and nutrients (Teasdale, 1993;
Teasdale and Mohler, 1993).

Germination of weed seeds may be inhibited by complete light interception (Phatak, 1992)
by cover crops or by secretion of allelochemicals (White et al., 1989; Overland, 1966). A delay
in emergence of weeds because of the presence of living mulches or cover crops can also ad‐
versely affect weed seed production. Moreover, the presence of living mulches or cover
crops leads to greater seed mortality of weeds by favoring predators (Cromar et al. 1999).

Once established, cover crops and living mulches can use the light, water, and nutritional
resources that would otherwise be available to weeds. This can result in the inhibition of
weed seed germination and reduction in the growth and development of weed seedlings.
Therefore, weeds attempting to establish along with a cover crop or living mulch would be
in competition for resources and may not develop sufficiently. Moreover, physical impedi‐
ment to weed seedlings is another mechanism by which these crops suppress weeds (Facelli
and Pickett 1991; Teasdale 1996; Teasdale and Mohler 1993).

Since, most crop-living mulch systems are sufficiently supported by water and nutrients, it
seems that light is the most important resource for competition between living mulches and
weeds. In a study, Kruidhof et al. (2008) found that weed suppression is positively correlat‐
ed to early light interception by the living mulch and is sustained by the strong negative cor‐
relation between cumulative light interception and weed biomass. Similarly, Steinmaus et
al. (2008) reported that weed suppression was linked to light interception by the mulch cov‐
er for most weed species.

Allelopathy is another mechanism by which living mulches may suppress weeds (Fujii
1999). However, this is difficult to separate experimentally from mechanisms relating to
competition for growth resources. Allelopathic compounds can be released into the soil by a
variety of mechanisms that include decomposition of residues, root exudation, and volatili‐
zation (Weston 2005). According to Westra (2010) root exudation produces allelopathic com‐
pounds that are actively secreted directly into the soil rhizosphere by living root systems.
The allelochemicals then move through the soil by diffusion and come into contact neigh‐
boring plants. This creates a radius effect, where proximity to the allelopathic species results
in greater concentrations of the allelochemical, which, in turn, typically decreases the
growth of neighboring plants.

3.2. Factors influencing the weed suppressive ability of a cover cropping system

The success of a cover cropping system to suppress weeds can be influenced by some factors
including:

3.2.1. Cover crop species

The variability among cover crop species determines the importance and opportunities of
species selection as a component in the design of a suitable weed management system (den
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Hollander et al. 2007). Cover crop species are significantly different in their ability to sup‐
press weeds. In a study, among six leguminous species (Persian clover, Trifolium resupinatum
L.; white clover, T. repens L.; berseem clover, T. alexandrinum L.; hairy vetch; alfalfa; and
black alfalfa, M. lupulina L.), the lowest weed dry weights were obtained from the plots in‐
terseeded with hairy vetch as compared with the other species (Mohammadi 2009).

Morphological growth characteristics, such as early relative growth rate of leaf area and ear‐
liness of height development, have been identified to determine competition in intercrop‐
ping systems (Kropff and van Laar 1993). Weed suppression benefits from a rapid soil cover,
as this reduces the germination and establishment of weeds as well as the relative competi‐
tive ability of established weed seedlings (Ross and Lembi, 1985). The relative growth rate
reflects the increase of characteristics like soil cover and dry matter accumulation during
early development, when growth is still exponential. The relative growth rate of a plant spe‐
cies is thus affected by its light capturing ability, by the efficiency by which it converts light
into biomass and by the fraction of newly produced biomass which is invested in leaves
(den Hollander et al. 2007).

For weed competition and weed suppression, earliness has also been reported an important
characteristic (De Haan et al., 1994). Particularly for competition for light, which is asym‐
metric (Weiner, 1986), obtaining a good starting position seems highly relevant. From that
perspective the relative growth rate seems to be a more important characteristic than the
maximum accumulated amount of biomass (den Hollander et al. 2007).

Apart from soil cover development, height is also an important characteristic, determining
competition for light (Berkowitz, 1988). Akanvou et al. (2001) found that Crotalaria juncea,
Cajanus cajan and M. pruriens can be considered as species with a higher competitive ability
than Calopogonium mucunoides, Stylosanthes hamata and A. histrix. This was explained by the
combination of high initial growth rates for height and leaf area development. Additionally,
the high final height of C. juncea and C. cajan may confer higher competitiveness throughout
the growing season.

However, differences in soil cover development do not only depend on species differences
in morphology and physiology. The relative starting position, determined by, for instance,
seed size, seeding rate and date of emergence, is another major factor in this respect. As
small-seeded species may be more sensitive to conditions that might cause a poor establish‐
ment (den Hollander et al. 2007).

In general, ideal cover crops or living mulches for weed suppression should have the fol‐
lowing characteristics:

a. Ability to provide a complete ground cover of dense vegetation.

b. Rapid establishment and growth that develops a canopy faster than weeds.

c. Selectivity between suppression of weeds and the associated crop (Teasdale 2003).
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3.2.2. Agricultural practices

Among agricultural practices, both time and rate of living mulch or cover crop planting can
be important factors determining the success of a these systems to suppress weeds. In a
study, Mohammadi (2010) observed that increased hairy vetch planting rate from 0 to 50 kg
ha-1 improved corn yield (by 11%) and reduced weed dry weight (by 50.9%). In another
study, increasing berseem clover (as a living mulch) planting rate from 20 to 40 kg ha-1 re‐
duced weed density and biomass by 20.2 and 10.1% respectively, in corn field (Mohammadi
et al. 2012). It was hypothesized that as living mulch density is increased, canopy closure
would occur more rapidly, decreasing the amount of photosynthetically active radiation
(PAR) available beneath the canopy. This would result in a concomitant decrease in weed
biomass until an optimum living mulch density is achieved, beyond which, no further de‐
crease in weed biomass could be obtained (Collins et al. 2008).

Planting time of a cover crop or living mulch is also a very important factor which affects its
weed suppressive ability. For example, when rye (Secale sp.) or small-grain living mulches
were interseeded at or near planting of the main crop, they could provide higher levels of
weed suppression (Rajalahti et al. 1999; Brainard and Bellinder 2004). Mohammadi et al.
(2012) also reported that the lowest weed density and biomass were occurred in the treat‐
ment in which berseem clover (as a living mulch) was interseeded 15 days before corn plant‐
ing as compared with the other interseeding times (simultaneous with or 15 days after corn
planting). This may be related to the faster occupation of the open space between the rows
of the main crop and consequently a more efficient use of the environmental resources by
the living mulch which can ultimately lead to the reduced weed growth and development.

Generally,  the biomass produced by a living mulch highly depends on its  planting rate
and time. Moreover, there is often a negative correlation between living mulch and weed
biomasses  (Akemo  et  al.  2000;  Ross  et  al.  2001;  Sheaffer  et  al.  2002).  Similar  findings
were  also  reported  by  other  researchers  (Meschede  et  al.  2007;  Mohammadi  2010;  Mo‐
hammadi et al. 2012).

However, an important concern on cover cropping systems is reduced main crop yield due
to competition or allelopathic effects of living mulches or cover crops. Therefore, appropri‐
ate management of these systems is very critical to reduce harmful effects of cover crops or
living mulches on main crop while allowing them to grow sufficiently to reap potential ben‐
efits. The selection of suitable cover crop and living mulch species is very important. Ideally,
the main crop and the cover crop should differ to a high degree in the way they explore re‐
sources, thus avoiding competition between both species to at least some extent (Vander‐
meer, 1989). Generally, greater potential benefits might be expected from living mulches
with a very different active growth period than the main crop.

Other attempts have also been made to reduce the unsuitable effects of the cover crops
while maintaining their weed suppressing ability. Brandsaeter and Netland (1999) focused
on temporal complementarity by separating periods of vigorous growth of the cover crop
and the main crop, while Vrabel (1983) used chemical control of the cover crop to reduce
yield losses. Brainard et al. (2004) evaluated different options, particularly, cover crop spe‐
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cies, time of seeding, use of supplemental nitrogen and herbicide regulation. Ross et al.
(2001) conducted mechanical control of the cover crop and combined this with a screening
of different cover crops.

It can be concluded that, although, inclusion of cover crops and living mulches in cropping
systems can be useful to reduce harmful effects of weeds, but an appropriate management
program is very essential to obtain the best results.

(For more information on the weed suppressing role of living mulches and their manage‐
ment in cropping systems, please see Mohammadi (2012), Living mulch as a tool to control
weeds in agroecosystems: A Review).

4. Planting arrangement

An integrated weed management approach should employ multiple control strategies
(Walker and Buchanan 1982), possibly including the development of weed suppressing
cropping systems (Shrestha and Fidelibus 2005). Alteration of planting arrangement can be
proposed as an efficient practice to suppress weeds in agroecosystems. This can be achieved
by the change of planting density, row spacing, row orientation, etc.

4.1. Planting density and row spacing

The practice of increasing crop plant density by using higher seeding rates associated with
narrower row spacing can lead to earlier canopy closure, thus shading weeds in their early
developmental stages (Vera et al. 2006). Sharma and Angiras (1996 a,b) and Angiras and
Sharma (1996) found that reduced row spacing increased light interception by crops and re‐
duced weed biomass, increasing crop yield. The studies conducted on barley (Hordeum vul‐
gare L.) have shown that higher seeding rates using cultivars with differing competitive
abilities enhanced crop competitiveness against wild oat (Avena fatua L.) (Harker et al. 2009;
Watson et al. 2006; O’Donovan et al. 2000).

In general, increasing crop seeding rates can hasten and increase resource use, and thereby
reduce the negative effect of weeds (Berkowitz 1988; Mohler 1996). Therefore, weed man‐
agement and cereal and pulse crop yields were improved with higher than recommended
seeding rates in the absence of herbicides (Barton et al. 1992; Kirkland 1993; Townley-Smith
and Wright 1994; Khan et al. 1996; Ball et al. 1997; O’Donovan et al. 2000). In another study,
tartary buckwheat (Fagopyrum tataricum) was effectively suppressed when canola (B. rapa)
seeding rate was increased from 2 to 8 kg ha–1 (O’Donovan and Newman 1996).

Weed suppression by crops appears to be enhanced by size-asymmetric competition, in
which the larger crop plants suppress the initially smaller weed plants (Schwinning and
Weiner 1998; Weiner 1990). At high-density, size-asymmetric competition is stronger and
starts earlier, whereas the crop still has a large size advantage. At relatively low crop densi‐
ties, crop cover early in growing season is low, leaving a larger amount of resources availa‐
ble for the weeds, thus enabling them to establish and grow quickly (Kristensen et al. 2008).
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3.2.2. Agricultural practices

Among agricultural practices, both time and rate of living mulch or cover crop planting can
be important factors determining the success of a these systems to suppress weeds. In a
study, Mohammadi (2010) observed that increased hairy vetch planting rate from 0 to 50 kg
ha-1 improved corn yield (by 11%) and reduced weed dry weight (by 50.9%). In another
study, increasing berseem clover (as a living mulch) planting rate from 20 to 40 kg ha-1 re‐
duced weed density and biomass by 20.2 and 10.1% respectively, in corn field (Mohammadi
et al. 2012). It was hypothesized that as living mulch density is increased, canopy closure
would occur more rapidly, decreasing the amount of photosynthetically active radiation
(PAR) available beneath the canopy. This would result in a concomitant decrease in weed
biomass until an optimum living mulch density is achieved, beyond which, no further de‐
crease in weed biomass could be obtained (Collins et al. 2008).

Planting time of a cover crop or living mulch is also a very important factor which affects its
weed suppressive ability. For example, when rye (Secale sp.) or small-grain living mulches
were interseeded at or near planting of the main crop, they could provide higher levels of
weed suppression (Rajalahti et al. 1999; Brainard and Bellinder 2004). Mohammadi et al.
(2012) also reported that the lowest weed density and biomass were occurred in the treat‐
ment in which berseem clover (as a living mulch) was interseeded 15 days before corn plant‐
ing as compared with the other interseeding times (simultaneous with or 15 days after corn
planting). This may be related to the faster occupation of the open space between the rows
of the main crop and consequently a more efficient use of the environmental resources by
the living mulch which can ultimately lead to the reduced weed growth and development.

Generally,  the biomass produced by a living mulch highly depends on its  planting rate
and time. Moreover, there is often a negative correlation between living mulch and weed
biomasses  (Akemo  et  al.  2000;  Ross  et  al.  2001;  Sheaffer  et  al.  2002).  Similar  findings
were  also  reported  by  other  researchers  (Meschede  et  al.  2007;  Mohammadi  2010;  Mo‐
hammadi et al. 2012).

However, an important concern on cover cropping systems is reduced main crop yield due
to competition or allelopathic effects of living mulches or cover crops. Therefore, appropri‐
ate management of these systems is very critical to reduce harmful effects of cover crops or
living mulches on main crop while allowing them to grow sufficiently to reap potential ben‐
efits. The selection of suitable cover crop and living mulch species is very important. Ideally,
the main crop and the cover crop should differ to a high degree in the way they explore re‐
sources, thus avoiding competition between both species to at least some extent (Vander‐
meer, 1989). Generally, greater potential benefits might be expected from living mulches
with a very different active growth period than the main crop.

Other attempts have also been made to reduce the unsuitable effects of the cover crops
while maintaining their weed suppressing ability. Brandsaeter and Netland (1999) focused
on temporal complementarity by separating periods of vigorous growth of the cover crop
and the main crop, while Vrabel (1983) used chemical control of the cover crop to reduce
yield losses. Brainard et al. (2004) evaluated different options, particularly, cover crop spe‐
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cies, time of seeding, use of supplemental nitrogen and herbicide regulation. Ross et al.
(2001) conducted mechanical control of the cover crop and combined this with a screening
of different cover crops.

It can be concluded that, although, inclusion of cover crops and living mulches in cropping
systems can be useful to reduce harmful effects of weeds, but an appropriate management
program is very essential to obtain the best results.

(For more information on the weed suppressing role of living mulches and their manage‐
ment in cropping systems, please see Mohammadi (2012), Living mulch as a tool to control
weeds in agroecosystems: A Review).

4. Planting arrangement

An integrated weed management approach should employ multiple control strategies
(Walker and Buchanan 1982), possibly including the development of weed suppressing
cropping systems (Shrestha and Fidelibus 2005). Alteration of planting arrangement can be
proposed as an efficient practice to suppress weeds in agroecosystems. This can be achieved
by the change of planting density, row spacing, row orientation, etc.

4.1. Planting density and row spacing

The practice of increasing crop plant density by using higher seeding rates associated with
narrower row spacing can lead to earlier canopy closure, thus shading weeds in their early
developmental stages (Vera et al. 2006). Sharma and Angiras (1996 a,b) and Angiras and
Sharma (1996) found that reduced row spacing increased light interception by crops and re‐
duced weed biomass, increasing crop yield. The studies conducted on barley (Hordeum vul‐
gare L.) have shown that higher seeding rates using cultivars with differing competitive
abilities enhanced crop competitiveness against wild oat (Avena fatua L.) (Harker et al. 2009;
Watson et al. 2006; O’Donovan et al. 2000).

In general, increasing crop seeding rates can hasten and increase resource use, and thereby
reduce the negative effect of weeds (Berkowitz 1988; Mohler 1996). Therefore, weed man‐
agement and cereal and pulse crop yields were improved with higher than recommended
seeding rates in the absence of herbicides (Barton et al. 1992; Kirkland 1993; Townley-Smith
and Wright 1994; Khan et al. 1996; Ball et al. 1997; O’Donovan et al. 2000). In another study,
tartary buckwheat (Fagopyrum tataricum) was effectively suppressed when canola (B. rapa)
seeding rate was increased from 2 to 8 kg ha–1 (O’Donovan and Newman 1996).

Weed suppression by crops appears to be enhanced by size-asymmetric competition, in
which the larger crop plants suppress the initially smaller weed plants (Schwinning and
Weiner 1998; Weiner 1990). At high-density, size-asymmetric competition is stronger and
starts earlier, whereas the crop still has a large size advantage. At relatively low crop densi‐
ties, crop cover early in growing season is low, leaving a larger amount of resources availa‐
ble for the weeds, thus enabling them to establish and grow quickly (Kristensen et al. 2008).
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Row spacing can also affect the crop competitive ability against weeds. In a study, rice
grown in 30-cm rows had greater weed biomass and less grain yield than in15-cm and 10–
20–10-cm rows and crops in the wider spacing (30-cm) were vulnerable to weed competition
for the longest period (Chauhan and Johnson 2011). In another study, Mohammadi et al.
(2012) reported that corn yield improved and weed biomass reduced in response to increas‐
ing plant density and decreasing row spacing.

Row spacing can also influence the critical period of weed control in crops. It is hypothe‐
sized that narrow row spacings may decrease the interval of critical weed competition peri‐
ods (Chauhan and Johnson 2011). According to Chauhan and Johnson (2011) the critical
weed-free periods for rice planted at the 30-cm rows were up to 8 days longer than the other
two rows spacings (15-cm and 10–20–10-cm rows).

Moreover, several studies have documented the reduced competitive ability of short-stature
cultivars (Harker et al., 2009; O’Donovan et al., 2000) and improvements in the competitive
ability of shorter varieties could be derived from narrower row spacing (Drews et al., 2004).

In general, the higher weed densities typical in low-input and organic systems may make
narrow row spacing and higher planting density particularly attractive.

4.2. Row orientation

Light is an important determinant of crop productivity. Crops can be manipulated to in‐
crease shading of weeds by the crop canopy, to suppress weed growth, and to maximize
crop yield (Borger et al. 2010). In general, cropping systems that reduce the quantity and
quality of light in the weed canopy zone suppress weed growth and reduce competition
(Borger et al. 2010; Crotser and Witt 2000; Rajcan et al. 2002; Sattin et al. 1994; Shrestha and
Fidelibus 2005; Teasdale 1995). During early growth stages, there is interference between
crop and weed plants because of reflected light. The reflection of far-red photons by the
stem of one plant lowers the red to far red photon ratio of light experienced by the stems of
neighboring plants. This modifies the light environment in the plant stem tissue, which re‐
sults in an increased stem elongation rate. As plants age, the crop canopy closes, and mutual
shading further increases the competition for photosynthetic light (Borger et al. 2010).

One possible way to reduce light interception by weeds and to increase light interception by
the crop canopy is to manipulate the crop row orientation (Holt 1995). So that, orientating
crop rows at a near right angle to the sunlight direction increases the shading of weeds be‐
tween the rows. In a study, within wheat and barley crops oriented east–west, weed bio‐
mass was reduced by 51 and 37%, and grain yield increased by 24 and 26% (compared with
crops oriented north–south). This reduction in weed biomass and increase in crop yield like‐
ly resulted from the increased light (photosynthetically active radiation) interception by
crops oriented east–west (i.e., light interception by the crop canopy as opposed to the weed
canopy was 28 and 18% greater in wheat and barley crops oriented east–west, compared
with north–south crops) (Borger et al. 2010).

According to Alcorta et al. (2011), rows oriented east-west allowed less light penetration to
the weed canopy zone than north-south rows throughout the growing season and weed spe‐
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cies responded to low light levels by producing leaves with larger specific leaf area and leaf
area ratios than those in the north-south rows. Moreover, the leaf, stem and root dry weight
of the weed species in the east-west rows was reduced by 30% compared to the weed spe‐
cies in north-south rows.

According to the results of another study, during periods of peak PAR, the Red : Far Red
(R : FR) ratio was more than three times greater under the grape canopy in north-south rows
than in east-west rows, indicating that row orientation can affect both quantity and quality
of light available to weeds (Shrestha and Fidelibus 2005).

However, the effect of row orientation can vary with latitude and with the seasonal tilt of
the earth in relation to the sun. Near the equator, north–south (as opposed to east–west) ori‐
entation gives crops higher levels of light absorption for most of the year. At higher lati‐
tudes (up to 55o), absorption is highest in north–south crops in summer and east–west crops
for the rest of the year. From 65o upwards, east–west orientation gives greatest light absorp‐
tion all year (although the difference between orientations is minor) (Mutsaers 1980).

It can be concluded that manipulation of row orientation can be an ideal method to incorpo‐
rate into an integrated weed-management program because it does not cost growers any‐
thing to implement, and it is environmentally friendly compared with chemical weed
control tactics (Mohler 2001). However, the geographical and seasonal conditions should be
considered.

4.3. Spatial uniformity

According to  Kristensen et  al.  (2008)  increased crop density  and spatial  uniformity  can
play  an  important  role  in  weed  management  and  a  strategy  based  on  increased  crop
density  and spatial  uniformity can reduce or  eliminate  herbicide application in  conven‐
tional  cereal  production.  Crop spatial  uniformity  decreases  competition  within  the  crop
population early in the growing season (Olsen and Weiner 2007) and maximizes the total
shade cast  by the crop by reducing self-shading (Weiner et  al.  2001).  In a study,  In the
presence  of  weeds,  the  highest  yields  were  obtained  with  high  crop  density  and  high
spatial uniformity (Kristensen et al. 2008).

However,  the early size advantage of the crop is the theoretical basis for our prediction
of  positive  effects  of  increased  density  and  spatial  uniformity  on  weed  suppression
(Weiner et al.  2001).  Therefore, it  can be concluded that increased crop density and uni‐
formity will not lead to effective weed suppression when weeds have the initial size ad‐
vantage  (e.g.,  perennial  weeds),  or  are  able  to  catch  up  in  size  with  the  crop  before
competition becomes intense (Kristensen et al. 2008). Moreover, one might expect the ef‐
fects  of  high  crop  density  and  spatial  uniformity  on  weeds  to  be  more  pronounced  at
low  soil  nitrogen  levels  because  weeds  grow  more  slowly  at  low  fertilization  levels
(Blackshaw et al. 2003).
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Row spacing can also affect the crop competitive ability against weeds. In a study, rice
grown in 30-cm rows had greater weed biomass and less grain yield than in15-cm and 10–
20–10-cm rows and crops in the wider spacing (30-cm) were vulnerable to weed competition
for the longest period (Chauhan and Johnson 2011). In another study, Mohammadi et al.
(2012) reported that corn yield improved and weed biomass reduced in response to increas‐
ing plant density and decreasing row spacing.

Row spacing can also influence the critical period of weed control in crops. It is hypothe‐
sized that narrow row spacings may decrease the interval of critical weed competition peri‐
ods (Chauhan and Johnson 2011). According to Chauhan and Johnson (2011) the critical
weed-free periods for rice planted at the 30-cm rows were up to 8 days longer than the other
two rows spacings (15-cm and 10–20–10-cm rows).

Moreover, several studies have documented the reduced competitive ability of short-stature
cultivars (Harker et al., 2009; O’Donovan et al., 2000) and improvements in the competitive
ability of shorter varieties could be derived from narrower row spacing (Drews et al., 2004).

In general, the higher weed densities typical in low-input and organic systems may make
narrow row spacing and higher planting density particularly attractive.

4.2. Row orientation

Light is an important determinant of crop productivity. Crops can be manipulated to in‐
crease shading of weeds by the crop canopy, to suppress weed growth, and to maximize
crop yield (Borger et al. 2010). In general, cropping systems that reduce the quantity and
quality of light in the weed canopy zone suppress weed growth and reduce competition
(Borger et al. 2010; Crotser and Witt 2000; Rajcan et al. 2002; Sattin et al. 1994; Shrestha and
Fidelibus 2005; Teasdale 1995). During early growth stages, there is interference between
crop and weed plants because of reflected light. The reflection of far-red photons by the
stem of one plant lowers the red to far red photon ratio of light experienced by the stems of
neighboring plants. This modifies the light environment in the plant stem tissue, which re‐
sults in an increased stem elongation rate. As plants age, the crop canopy closes, and mutual
shading further increases the competition for photosynthetic light (Borger et al. 2010).

One possible way to reduce light interception by weeds and to increase light interception by
the crop canopy is to manipulate the crop row orientation (Holt 1995). So that, orientating
crop rows at a near right angle to the sunlight direction increases the shading of weeds be‐
tween the rows. In a study, within wheat and barley crops oriented east–west, weed bio‐
mass was reduced by 51 and 37%, and grain yield increased by 24 and 26% (compared with
crops oriented north–south). This reduction in weed biomass and increase in crop yield like‐
ly resulted from the increased light (photosynthetically active radiation) interception by
crops oriented east–west (i.e., light interception by the crop canopy as opposed to the weed
canopy was 28 and 18% greater in wheat and barley crops oriented east–west, compared
with north–south crops) (Borger et al. 2010).

According to Alcorta et al. (2011), rows oriented east-west allowed less light penetration to
the weed canopy zone than north-south rows throughout the growing season and weed spe‐
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cies responded to low light levels by producing leaves with larger specific leaf area and leaf
area ratios than those in the north-south rows. Moreover, the leaf, stem and root dry weight
of the weed species in the east-west rows was reduced by 30% compared to the weed spe‐
cies in north-south rows.

According to the results of another study, during periods of peak PAR, the Red : Far Red
(R : FR) ratio was more than three times greater under the grape canopy in north-south rows
than in east-west rows, indicating that row orientation can affect both quantity and quality
of light available to weeds (Shrestha and Fidelibus 2005).

However, the effect of row orientation can vary with latitude and with the seasonal tilt of
the earth in relation to the sun. Near the equator, north–south (as opposed to east–west) ori‐
entation gives crops higher levels of light absorption for most of the year. At higher lati‐
tudes (up to 55o), absorption is highest in north–south crops in summer and east–west crops
for the rest of the year. From 65o upwards, east–west orientation gives greatest light absorp‐
tion all year (although the difference between orientations is minor) (Mutsaers 1980).

It can be concluded that manipulation of row orientation can be an ideal method to incorpo‐
rate into an integrated weed-management program because it does not cost growers any‐
thing to implement, and it is environmentally friendly compared with chemical weed
control tactics (Mohler 2001). However, the geographical and seasonal conditions should be
considered.

4.3. Spatial uniformity

According to  Kristensen et  al.  (2008)  increased crop density  and spatial  uniformity  can
play  an  important  role  in  weed  management  and  a  strategy  based  on  increased  crop
density  and spatial  uniformity can reduce or  eliminate  herbicide application in  conven‐
tional  cereal  production.  Crop spatial  uniformity  decreases  competition  within  the  crop
population early in the growing season (Olsen and Weiner 2007) and maximizes the total
shade cast  by the crop by reducing self-shading (Weiner et  al.  2001).  In a study,  In the
presence  of  weeds,  the  highest  yields  were  obtained  with  high  crop  density  and  high
spatial uniformity (Kristensen et al. 2008).

However,  the early size advantage of the crop is the theoretical basis for our prediction
of  positive  effects  of  increased  density  and  spatial  uniformity  on  weed  suppression
(Weiner et al.  2001).  Therefore, it  can be concluded that increased crop density and uni‐
formity will not lead to effective weed suppression when weeds have the initial size ad‐
vantage  (e.g.,  perennial  weeds),  or  are  able  to  catch  up  in  size  with  the  crop  before
competition becomes intense (Kristensen et al. 2008). Moreover, one might expect the ef‐
fects  of  high  crop  density  and  spatial  uniformity  on  weeds  to  be  more  pronounced  at
low  soil  nitrogen  levels  because  weeds  grow  more  slowly  at  low  fertilization  levels
(Blackshaw et al. 2003).
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5. Competitive crop cultivars

In a plant community, competition occurs when the environmental resources are limited.
Competition for limited resources is the primary causes of crop loss from weeds. Crop culti‐
vars that better compete with weeds or preempt resources from weeds may benefit an inte‐
grated weed management program (Jordan 1993; Lemerle et al. 1996; Lindquist and Kropff
1996).

The competitive ability of a plant has two components, the competitive effect—ability of an
individual to suppress other individuals—and the competitive response—ability of an indi‐
vidual to avoid being suppressed—corresponding to different abilities of plants to acquire
and use resources (Goldberg, 1990). Competitive effect is related to resource acquisition,
with large or tall plants competitively depressing smaller ones (Gaudet and Keddy, 1988;
Keddy and Shipley, 1989; Aarssen, 1992). Plants avoid being suppressed by acquiring re‐
sources faster (foraging strategy), shifting resource acquisition site or time relative to neigh‐
bors (escaping strategy), or conserving scarce resources (persistent strategy) (Navas and
Moreau-Richard 2005).

The development of competitive crop cultivars is an important aspect of integrated weed
management and can reduce reliance on herbicides (McDonald 2003). The ideal weed com‐
petitive cultivars are high-yielding under both weed-free and weedy conditions and have
strong weed-suppressive ability. Weed-suppressive ability is the ability to suppress weed
growth and reduce weed seed production and, hence, benefit weed management in the sub‐
sequent growing season (Jannink et al., 2000; Zhao et al., 2006).

In a general view, crop competitive ability can be divided into two practical perspectives.
Crop tolerance is defined as the ability of the crop to endure competitive stress from the
presence of weeds without substantial reduction in growth or yield. Weed suppressive abili‐
ty is the ability of the crop to reduce weed growth and fecundity (So et al. 2009). Weed sup‐
pressive ability is determined by assessing weed biomass or weed seeds under weedy
conditions. Stronger Weed suppressive ability is not always associated with higher yield un‐
der weedy conditions (Saito et al. 2010). However, suppressing weeds reduces weed seed
production and benefits weed management in future grow- treating seasons while tolerating
weeds only benefits the current growing season. Moreover, weed pressure from unsup‐
pressed weeds increases the likelihood of crop yield loss, irrespective of the crop’s tolerance
(Jannink et al. 2000).

Ideally, a competitive cultivar should both tolerate weeds and suppress their growth (Jor‐
dan 1993). The tolerance of a crop cultivar to weeds is the ability of that cultivar to maintain
high seed yields when weeds are present. The weed suppression ability of a crop cultivar is
the ability of that cultivar to reduce weed growth and subsequent seed production (Spies et
al. 2011). Callaway (1992) documents genetic variability for both perspectives in numerous
crop species and many authors suggest breeding to improve the traits (Garrity et al., 1992;
Callaway and Forcella, 1993; Kropff and van Laar, 1993; Wortmann, 1993; Liebman and Gal‐
landt, 1997; Bussan et al., 1997).
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In general, the traits offering weed competitive ability to crop cultivars can be divided into
the several groups including:

5.1. Canopy and morphological traits

Canopy architecture influences many canopy processes including interactions between the
crop and specific aspects of its environment (Daughtry et al., 1983; Welles and Norman,
1991). Canopy architecture is a function of leaf number, shape, distribution, orientation, and
plant size, which collectively determine the vertical distribution of light within the crop can‐
opy (Williams et al., 1968; Girardin and Tollenaar, 1994).

Sinoquet and Caldwell (1995) reported that light is the primary resource for which weeds
will compete in an irrigated and high N-input crop production system. Total canopy leaf
area index, height, rate of leaf area development and their distribution in the canopy, are the
most important traits in competition for light (Sinoquet and Caldwell, 1995), which can be
improved through cultural practices or/and by plant breeding (Lindquist and Mortensen,
1998). Identifications and improvements in traits driving light interception, such as height,
leaf area index and canopy diameter can increase competitiveness of several crops (Bennett
and Shaw 2000; Callaway 1992; Lindquist and Mortensen 1998; Lindquist et al. 1998). Ac‐
cording to Watson et al. (2002) a species competitive strength is strongly determined by its
share in leaf area when the canopy closes and interplant competition starts. In general, rapid
canopy closure and a large, late-maturing canopy were positively associated with competi‐
tive ability (So et al. 2009).

In field pea cultivars, vine length and the leafy characteristic may be important genetic char‐
acteristics associated with competition (Spies et al. 2011). However, Wall and Townley-
Smith (1996) believed that vine length was more important than the leafed or semi leafless
trait. Several traits relate to competitive ability of dent corn, including plant height, shoot
growth rate, canopy density (Lindquist and Mortensen 1998), leaf uprightness (Sankula et
al. 2004), crop maturity, leaf area growth rate (Begna et al. 2001 a, b), canopy closure, and
maximum leaf area index (Lindquist et al. 1998).

In an experiment, when wild-proso millet competed with sweet corn, hybrids with a large
canopy were best equipped to tolerate the weed and suppress wild-proso millet growth and
seed production, even for late-maturing hybrids that competed the longest period of time
(So et al. 2009).

Plant height and tillering ability are also key characteristics for wed suppressive ability un‐
der specific growing environments. Their relative contributions to weed suppressive ability
could be affected by crop establishment method, agro-ecosystems (upland or lowland) or
weed species (Saito et al. 2010). According to Lemerle et al., (1996) greater tiller numbers,
taller plants, elevated photosynthetically active radiation interception, and greater early sea‐
son biomass accumulation were all found in the most competitive genotypes in a study of
wheat genotypes from around the world.

Wang et al. (2006) also reported that an erect cowpea genotype is more competitive due to
its taller stature, greater height growth rate, and higher position of maximal leaf area densi‐
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5. Competitive crop cultivars

In a plant community, competition occurs when the environmental resources are limited.
Competition for limited resources is the primary causes of crop loss from weeds. Crop culti‐
vars that better compete with weeds or preempt resources from weeds may benefit an inte‐
grated weed management program (Jordan 1993; Lemerle et al. 1996; Lindquist and Kropff
1996).

The competitive ability of a plant has two components, the competitive effect—ability of an
individual to suppress other individuals—and the competitive response—ability of an indi‐
vidual to avoid being suppressed—corresponding to different abilities of plants to acquire
and use resources (Goldberg, 1990). Competitive effect is related to resource acquisition,
with large or tall plants competitively depressing smaller ones (Gaudet and Keddy, 1988;
Keddy and Shipley, 1989; Aarssen, 1992). Plants avoid being suppressed by acquiring re‐
sources faster (foraging strategy), shifting resource acquisition site or time relative to neigh‐
bors (escaping strategy), or conserving scarce resources (persistent strategy) (Navas and
Moreau-Richard 2005).

The development of competitive crop cultivars is an important aspect of integrated weed
management and can reduce reliance on herbicides (McDonald 2003). The ideal weed com‐
petitive cultivars are high-yielding under both weed-free and weedy conditions and have
strong weed-suppressive ability. Weed-suppressive ability is the ability to suppress weed
growth and reduce weed seed production and, hence, benefit weed management in the sub‐
sequent growing season (Jannink et al., 2000; Zhao et al., 2006).

In a general view, crop competitive ability can be divided into two practical perspectives.
Crop tolerance is defined as the ability of the crop to endure competitive stress from the
presence of weeds without substantial reduction in growth or yield. Weed suppressive abili‐
ty is the ability of the crop to reduce weed growth and fecundity (So et al. 2009). Weed sup‐
pressive ability is determined by assessing weed biomass or weed seeds under weedy
conditions. Stronger Weed suppressive ability is not always associated with higher yield un‐
der weedy conditions (Saito et al. 2010). However, suppressing weeds reduces weed seed
production and benefits weed management in future grow- treating seasons while tolerating
weeds only benefits the current growing season. Moreover, weed pressure from unsup‐
pressed weeds increases the likelihood of crop yield loss, irrespective of the crop’s tolerance
(Jannink et al. 2000).

Ideally, a competitive cultivar should both tolerate weeds and suppress their growth (Jor‐
dan 1993). The tolerance of a crop cultivar to weeds is the ability of that cultivar to maintain
high seed yields when weeds are present. The weed suppression ability of a crop cultivar is
the ability of that cultivar to reduce weed growth and subsequent seed production (Spies et
al. 2011). Callaway (1992) documents genetic variability for both perspectives in numerous
crop species and many authors suggest breeding to improve the traits (Garrity et al., 1992;
Callaway and Forcella, 1993; Kropff and van Laar, 1993; Wortmann, 1993; Liebman and Gal‐
landt, 1997; Bussan et al., 1997).
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In general, the traits offering weed competitive ability to crop cultivars can be divided into
the several groups including:

5.1. Canopy and morphological traits

Canopy architecture influences many canopy processes including interactions between the
crop and specific aspects of its environment (Daughtry et al., 1983; Welles and Norman,
1991). Canopy architecture is a function of leaf number, shape, distribution, orientation, and
plant size, which collectively determine the vertical distribution of light within the crop can‐
opy (Williams et al., 1968; Girardin and Tollenaar, 1994).

Sinoquet and Caldwell (1995) reported that light is the primary resource for which weeds
will compete in an irrigated and high N-input crop production system. Total canopy leaf
area index, height, rate of leaf area development and their distribution in the canopy, are the
most important traits in competition for light (Sinoquet and Caldwell, 1995), which can be
improved through cultural practices or/and by plant breeding (Lindquist and Mortensen,
1998). Identifications and improvements in traits driving light interception, such as height,
leaf area index and canopy diameter can increase competitiveness of several crops (Bennett
and Shaw 2000; Callaway 1992; Lindquist and Mortensen 1998; Lindquist et al. 1998). Ac‐
cording to Watson et al. (2002) a species competitive strength is strongly determined by its
share in leaf area when the canopy closes and interplant competition starts. In general, rapid
canopy closure and a large, late-maturing canopy were positively associated with competi‐
tive ability (So et al. 2009).

In field pea cultivars, vine length and the leafy characteristic may be important genetic char‐
acteristics associated with competition (Spies et al. 2011). However, Wall and Townley-
Smith (1996) believed that vine length was more important than the leafed or semi leafless
trait. Several traits relate to competitive ability of dent corn, including plant height, shoot
growth rate, canopy density (Lindquist and Mortensen 1998), leaf uprightness (Sankula et
al. 2004), crop maturity, leaf area growth rate (Begna et al. 2001 a, b), canopy closure, and
maximum leaf area index (Lindquist et al. 1998).

In an experiment, when wild-proso millet competed with sweet corn, hybrids with a large
canopy were best equipped to tolerate the weed and suppress wild-proso millet growth and
seed production, even for late-maturing hybrids that competed the longest period of time
(So et al. 2009).

Plant height and tillering ability are also key characteristics for wed suppressive ability un‐
der specific growing environments. Their relative contributions to weed suppressive ability
could be affected by crop establishment method, agro-ecosystems (upland or lowland) or
weed species (Saito et al. 2010). According to Lemerle et al., (1996) greater tiller numbers,
taller plants, elevated photosynthetically active radiation interception, and greater early sea‐
son biomass accumulation were all found in the most competitive genotypes in a study of
wheat genotypes from around the world.

Wang et al. (2006) also reported that an erect cowpea genotype is more competitive due to
its taller stature, greater height growth rate, and higher position of maximal leaf area densi‐
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ty, despite a lower photosynthetic rate and light use efficiency than the other cowpea geno‐
types. They concluded that erect growth habit may be generally more competitive with
weeds compared to semi-erect or prostrate growth habit. In another study, the size of the
flag leaf has been correlated with competitive ability in barley (Watson et al. 2002).

5.2. Phenological traits

Weed species differ markedly in their development phenologies. An effective, ‘broad spec‐
trum’ weed-suppressive cultivar will therefore need a strong competitive presence over the
full duration of the season. The positive correlation between weed biomass and time to ma‐
turity of cultivars in organic fields indicates that weed growth was higher in cultivars with
increased time to maturity. Thus, it may be desirable for organic producers to use early ma‐
turing cultivars to reduce weed biomass in the field (Jannink et al. 2001). In other words,
faster time to maturity was found to be associated with reduced weed biomass. Huel and
Hucl (1996) in evaluating 16 genotypes of spring wheat (Triticum aestivum L.), found a posi‐
tive correlation between early maturity and competitive ability. In another study, earlier
flowering cultivars of soybean were more successful at suppressing weed growth.

In general, earlier maturing cultivars might have higher relative growth rate. Across a broad
spectrum of species, researchers have found a negative relationship between leaf longevity
and plant relative growth rate (Reich et al., 1997). They posit that this relationship occurs be‐
cause long-lived leaves require more structural carbon and protective secondary metabolites
than short-lived leaves, such that the cost to the plant of developing photosynthetic capacity
is greater (Jannink et al. 2001).

Moreover, earlier maturing cultivars might produce larger seeds if they diverted a greater
proportion of photosynthate to their fewer reproductive structures (Kollman et al., 1979;
Openshaw et al., 1979; Wallace et al., 1993). With a larger initial size they might achieve a
higher absolute growth rate despite equal relative growth rate. This can lead to the higher
competitive abilities of these cultivars.

However, this idea contrasts with that of some workers who have suggested that later ma‐
turity confers greater competitive ability against weeds because cultivars that remain vege‐
tative grow to be taller (Hinson and Hanson, 1962; McWhorter and Hartwig, 1972; Monks
and Oliver, 1988). Jannink et al. (2000) also found earlier-maturity soybean cultivars dis‐
played greater initial growth and weed suppression, compared to later-maturity cultivars,
but were less able to sustain weed suppression throughout the season due to senescence. It
can be concluded that earlier maturing cultivars have a higher weed suppressive ability if
they can sustain this ability throughout the growing season.

5.3. Growth parameters

In plant ecology, relative growth rate (RGR) is considered to be one of the key characteristics
of plants that is positively correlated with competitive ability (Grime 1977; Grace 1990). Holt
and Ocrutt (1991) showed that the RGR is one of the most important plant growth parame‐
ters to increase the competitive ability of cotton against weeds. As a result of a high RGR, a
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crop will rapidly increase in size and can occupy a larger space, both below and above
ground. Consequently, such a crop has the opportunity to acquire a larger share of limiting
resources, such as light, nutrients, and water, than a weed.

In a study conducted by Mohammadi (2007) some plant growth parameters including leaf
area index, specific leaf area, crop growth rate, relative growth rate and net assimilation rate
were evaluated to identify which of them can enhance corn competitive ability against
weeds. The variable selection using the stepwise multiple linear regression method revealed
that, among the growth parameters under study, both the relative growth rate and the spe‐
cific leaf area (SLA) were the best predictors of corn cultivar competitiveness.

Broad surveys across taxa have found SLA to predict relative growth rate (Hunt and Corne‐
lissen, 1997; Reich et al., 1997) and implicate SLA in competitive ability (van der Werf et al.,
1993). A high SLA contributed to increased light interception by crops ( Jannink et al. 2000)
and led to a reduction in the amount of light available to weeds. According to Johnson et al.
(1998), a high SLA is one of the best predictors of cultivar competitiveness against weeds.
Dingkuhn et al. (1999) also reported that more weed competitive cultivars have a high SLA,
which leads to a high leaf area index.

Tollenaar et al. (1994) showed that differences among corn hybrids in competition against
weeds can be attributed to differences among them in the leaf area index and the transmis‐
sion of late-season photosynthetic photon flux density. In the case of interactions with
weeds, more rapid early leaf area development, higher leaf area index and biomass accumu‐
lation can play important roles. Leaf area and plant height might affect significantly crop–
weed interactions (Blackshaw, 1994; Lemerle et al., 1996). Cultivars with strong weed sup‐
pressive ability accumulated more biomass, produced more tillers and displayed higher leaf
area index during the vegetative growth stage than those with weak weed suppressive abili‐
ty (Saito et al. 2010).

Plant height is another growth parameter which can influence weed suppressive ability of a
crop cultivar. The negative correlation between weed biomass and plant height in organic
fields implies that weed biomass decreased as height increased, suggesting that height does
help to suppress weeds. In several studies, plant height was associated with competitive
ability in both conventional (Huel and Hucl, 1996; Lemerle et al., 1996; Hucl, 1998) and or‐
ganic systems (Gooding et al., 1993). In soybean, plant height 6 to 7 wk after emergence
showed moderately high heritability, strong genetic correlation to weed suppressive ability
and was quick and simple to measure. These characteristics make it an ideal indirect selec‐
tion criterion, particularly in a practical soybean breeding program where labor needs at the
time to measure early height are not as high as in the spring or the fall (Jannink et al. 2000).

In rice, under severe weed competition, higher biomass accumulation at 42 days after sow‐
ing was associated with higher weedy yield. For adaptation to both moderate and severe
weed pressure, cultivars should have high-yielding ability, high plant height at maturity,
and large biomass accumulation at 42 days after sowing (Saito et al. 2010). Dingkuhn et al.
(1999) also considered relative yield (the ratio of grain yield under weedy conditions and
grain yield under weed-free conditions) as an indicator of weed competitiveness and Roden‐
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ty, despite a lower photosynthetic rate and light use efficiency than the other cowpea geno‐
types. They concluded that erect growth habit may be generally more competitive with
weeds compared to semi-erect or prostrate growth habit. In another study, the size of the
flag leaf has been correlated with competitive ability in barley (Watson et al. 2002).

5.2. Phenological traits

Weed species differ markedly in their development phenologies. An effective, ‘broad spec‐
trum’ weed-suppressive cultivar will therefore need a strong competitive presence over the
full duration of the season. The positive correlation between weed biomass and time to ma‐
turity of cultivars in organic fields indicates that weed growth was higher in cultivars with
increased time to maturity. Thus, it may be desirable for organic producers to use early ma‐
turing cultivars to reduce weed biomass in the field (Jannink et al. 2001). In other words,
faster time to maturity was found to be associated with reduced weed biomass. Huel and
Hucl (1996) in evaluating 16 genotypes of spring wheat (Triticum aestivum L.), found a posi‐
tive correlation between early maturity and competitive ability. In another study, earlier
flowering cultivars of soybean were more successful at suppressing weed growth.

In general, earlier maturing cultivars might have higher relative growth rate. Across a broad
spectrum of species, researchers have found a negative relationship between leaf longevity
and plant relative growth rate (Reich et al., 1997). They posit that this relationship occurs be‐
cause long-lived leaves require more structural carbon and protective secondary metabolites
than short-lived leaves, such that the cost to the plant of developing photosynthetic capacity
is greater (Jannink et al. 2001).

Moreover, earlier maturing cultivars might produce larger seeds if they diverted a greater
proportion of photosynthate to their fewer reproductive structures (Kollman et al., 1979;
Openshaw et al., 1979; Wallace et al., 1993). With a larger initial size they might achieve a
higher absolute growth rate despite equal relative growth rate. This can lead to the higher
competitive abilities of these cultivars.

However, this idea contrasts with that of some workers who have suggested that later ma‐
turity confers greater competitive ability against weeds because cultivars that remain vege‐
tative grow to be taller (Hinson and Hanson, 1962; McWhorter and Hartwig, 1972; Monks
and Oliver, 1988). Jannink et al. (2000) also found earlier-maturity soybean cultivars dis‐
played greater initial growth and weed suppression, compared to later-maturity cultivars,
but were less able to sustain weed suppression throughout the season due to senescence. It
can be concluded that earlier maturing cultivars have a higher weed suppressive ability if
they can sustain this ability throughout the growing season.

5.3. Growth parameters

In plant ecology, relative growth rate (RGR) is considered to be one of the key characteristics
of plants that is positively correlated with competitive ability (Grime 1977; Grace 1990). Holt
and Ocrutt (1991) showed that the RGR is one of the most important plant growth parame‐
ters to increase the competitive ability of cotton against weeds. As a result of a high RGR, a
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crop will rapidly increase in size and can occupy a larger space, both below and above
ground. Consequently, such a crop has the opportunity to acquire a larger share of limiting
resources, such as light, nutrients, and water, than a weed.

In a study conducted by Mohammadi (2007) some plant growth parameters including leaf
area index, specific leaf area, crop growth rate, relative growth rate and net assimilation rate
were evaluated to identify which of them can enhance corn competitive ability against
weeds. The variable selection using the stepwise multiple linear regression method revealed
that, among the growth parameters under study, both the relative growth rate and the spe‐
cific leaf area (SLA) were the best predictors of corn cultivar competitiveness.

Broad surveys across taxa have found SLA to predict relative growth rate (Hunt and Corne‐
lissen, 1997; Reich et al., 1997) and implicate SLA in competitive ability (van der Werf et al.,
1993). A high SLA contributed to increased light interception by crops ( Jannink et al. 2000)
and led to a reduction in the amount of light available to weeds. According to Johnson et al.
(1998), a high SLA is one of the best predictors of cultivar competitiveness against weeds.
Dingkuhn et al. (1999) also reported that more weed competitive cultivars have a high SLA,
which leads to a high leaf area index.

Tollenaar et al. (1994) showed that differences among corn hybrids in competition against
weeds can be attributed to differences among them in the leaf area index and the transmis‐
sion of late-season photosynthetic photon flux density. In the case of interactions with
weeds, more rapid early leaf area development, higher leaf area index and biomass accumu‐
lation can play important roles. Leaf area and plant height might affect significantly crop–
weed interactions (Blackshaw, 1994; Lemerle et al., 1996). Cultivars with strong weed sup‐
pressive ability accumulated more biomass, produced more tillers and displayed higher leaf
area index during the vegetative growth stage than those with weak weed suppressive abili‐
ty (Saito et al. 2010).

Plant height is another growth parameter which can influence weed suppressive ability of a
crop cultivar. The negative correlation between weed biomass and plant height in organic
fields implies that weed biomass decreased as height increased, suggesting that height does
help to suppress weeds. In several studies, plant height was associated with competitive
ability in both conventional (Huel and Hucl, 1996; Lemerle et al., 1996; Hucl, 1998) and or‐
ganic systems (Gooding et al., 1993). In soybean, plant height 6 to 7 wk after emergence
showed moderately high heritability, strong genetic correlation to weed suppressive ability
and was quick and simple to measure. These characteristics make it an ideal indirect selec‐
tion criterion, particularly in a practical soybean breeding program where labor needs at the
time to measure early height are not as high as in the spring or the fall (Jannink et al. 2000).

In rice, under severe weed competition, higher biomass accumulation at 42 days after sow‐
ing was associated with higher weedy yield. For adaptation to both moderate and severe
weed pressure, cultivars should have high-yielding ability, high plant height at maturity,
and large biomass accumulation at 42 days after sowing (Saito et al. 2010). Dingkuhn et al.
(1999) also considered relative yield (the ratio of grain yield under weedy conditions and
grain yield under weed-free conditions) as an indicator of weed competitiveness and Roden‐
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burg et al. (2009) showed that longer duration and higher yield under weed-free conditions
were associated with higher grain yields under weedy conditions.

5.4. Seed traits

In annual plants, and thus in many agricultural contexts, seed size can be an important de‐
terminant of success during initial stages of competition simply because larger seeds lead to
greater initial growth and therefore to greater capture of available resources at the expense
of other competitors (Black, 1958; Ross and Harper, 1972). Vigorous seed, expressed as early
emergence and root growth contribute to cultivar competitiveness against weeds. In sweet
corn, early vigor and seedling growth rate are largely attributed to endosperm phenotype,
specifically, the result of starch concentration of the endosperm (Azanza et al. 1996).

In general, seed vigour within a genotype has been attributed to seed size, protein, which is
in turn related to ATP production and ultimately, mitochondrial quality and quantity. Seed
vigour has been positively related to both seedling vigour and final yield and can be im‐
proved to enhance crop competitive ability (Watson et al. 2002).

6. Nutrient management

A suitable nutrient management program can be an effective tool to control weeds in crop‐
ping systems. The competitive relationship between crop and weeds is highly dependent on
supply and availability of nutrients (Evans et al. 2003; Di Tomaso 1995). Manipulation of soil
fertility, whether using organic or inorganic amendments should be considered as an impor‐
tant component of long-term weed management programs and effective fertilizer manage‐
ment is an important component of integrated weed management systems (Blackshaw et al.
2007; DiTomaso 1995). Unfortunately, nutrients applied to soils are also available for weeds.
In most farming systems, competition for N is the most important source of nutrient inter‐
ference (DiTomaso 1995). Walker and Buchanan (1982) also found that of all nutrients, plant
response to nitrogen (N) fertilizer is the most widely observed and the manipulation of soil
N supply offers the most promise in the short term as a means by which crop–weed compet‐
itive outcomes can be influenced.

Therefore, it is important to develop fertilization strategies for crop production that enhance
the competitive ability of the crop, minimize weed competition, and reduce the risk of non‐
point source pollution from nitrogen (Cathcart and Swanton 2003; DiTomaso 1995).

6.1. Aspects of nutrient management

Different aspects of nutrient management including fertilizer rate, timing and application
method can be successfully manipulated to reduce weed interference in crops (Angonin et
al. 1996; Blackshaw et al. 2004; Van Delden et al. 2002).
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6.1.1. Application rate and timing

Weed emergence and growth in the field can be stimulated by fertilizer application rate and
timing. Generally, weed growth may increase as the nitrogen application rate increases, re‐
sulting in the need for more frequent POST herbicide applications or cultivation (Sweeney et
al. 2008). In sugar beet, weed emergence from sown seed increased as the N application rate
at planting increased from 56 to 224 kg N ha-1 (Dotzenko et al. 1969).

The timing of  fertilizer  application in early planted crops,  such as  sugar beet  and corn,
may especially influence the germination, emergence, and competitiveness of weeds that
might otherwise remain dormant early in the growing season. In a study, when nitrogen
was broadcasted in April at the time of planting, weed germination and emergence were
stimulated. In contrast, nitrogen application at the time of planting in May did not influ‐
ence seed germination and weed emergence because of greater N availability because of
mineralization at  this  time of  year  or  because seed germination has been stimulated by
other  environmental  cues  (Sweeney et  al.  2008).  Results  of  both greenhouse (Alka¨mper
et  al.  1979)  and field  experiments  (Davis  and Liebman 2001;  Dyck  et  al.  1995)  indicate
that  for  certain  crop-weed combinations,  delaying soil  N availability  can shift  the  com‐
petitive balance to favor crop growth. For example, the competitiveness of wild mustard
(Sinapis arvensis  L.),  a winter annual, in sugar beet was favored by early compared with
late  nitrogen fertilization (Paolini  et  al.  1999).  Generally,  delaying nitrogen applications,
applying slow-release nitrogen fertilizers or placing nitrogen below the weed seed germi‐
nation zone could be potential strategies for reducing early season weed establishment in
cropping systems (Sweeney et al. 2008).

In the case of phosphorus, early-season application is critically important for vigorous plant
growth and development (Grant et al. 2001). Thus, fertilization strategies that restrict weed
access to phosphorus fertilizer early in the growing season would appear to have merit
(Blackshaw and Molnar 2009).

6.1.2. Application method

Crop-weed interactions can also influence by fertilizer application method. Since, weeds of‐
ten germinate at or near the soil surface, especially in zero-tillage systems (Yenish et al.,
1992; Hoffman et al., 1998), therefore, in this situation the greatest benefits may be realized
by physically placing nitrogen (N) in an area of the soil profile where crop seeds, but not
weed seeds, are germinating (Blackshaw 2005). Subsurface-banded N was often better than
surface-broadcast N fertilizer in terms of N uptake by wheat vs. weeds, weed biomass pro‐
duction and wheat yield (Blackshaw et al. 2005).

Petersen (2003) reported that weed N uptake and weed biomass were 50% lower with sub‐
surface-banded compared with surface-broadcast liquid swine manure. Rasmussen (2002)
similarly documented lower weed biomass and higher crop yield with injected than with
surface-broadcast liquid swine manure. In another study, subsurface-banded N compared
with broadcast N fertilizer reduces N uptake by weeds and decreases weed growth and bio‐
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burg et al. (2009) showed that longer duration and higher yield under weed-free conditions
were associated with higher grain yields under weedy conditions.

5.4. Seed traits

In annual plants, and thus in many agricultural contexts, seed size can be an important de‐
terminant of success during initial stages of competition simply because larger seeds lead to
greater initial growth and therefore to greater capture of available resources at the expense
of other competitors (Black, 1958; Ross and Harper, 1972). Vigorous seed, expressed as early
emergence and root growth contribute to cultivar competitiveness against weeds. In sweet
corn, early vigor and seedling growth rate are largely attributed to endosperm phenotype,
specifically, the result of starch concentration of the endosperm (Azanza et al. 1996).

In general, seed vigour within a genotype has been attributed to seed size, protein, which is
in turn related to ATP production and ultimately, mitochondrial quality and quantity. Seed
vigour has been positively related to both seedling vigour and final yield and can be im‐
proved to enhance crop competitive ability (Watson et al. 2002).

6. Nutrient management

A suitable nutrient management program can be an effective tool to control weeds in crop‐
ping systems. The competitive relationship between crop and weeds is highly dependent on
supply and availability of nutrients (Evans et al. 2003; Di Tomaso 1995). Manipulation of soil
fertility, whether using organic or inorganic amendments should be considered as an impor‐
tant component of long-term weed management programs and effective fertilizer manage‐
ment is an important component of integrated weed management systems (Blackshaw et al.
2007; DiTomaso 1995). Unfortunately, nutrients applied to soils are also available for weeds.
In most farming systems, competition for N is the most important source of nutrient inter‐
ference (DiTomaso 1995). Walker and Buchanan (1982) also found that of all nutrients, plant
response to nitrogen (N) fertilizer is the most widely observed and the manipulation of soil
N supply offers the most promise in the short term as a means by which crop–weed compet‐
itive outcomes can be influenced.

Therefore, it is important to develop fertilization strategies for crop production that enhance
the competitive ability of the crop, minimize weed competition, and reduce the risk of non‐
point source pollution from nitrogen (Cathcart and Swanton 2003; DiTomaso 1995).

6.1. Aspects of nutrient management

Different aspects of nutrient management including fertilizer rate, timing and application
method can be successfully manipulated to reduce weed interference in crops (Angonin et
al. 1996; Blackshaw et al. 2004; Van Delden et al. 2002).
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6.1.1. Application rate and timing

Weed emergence and growth in the field can be stimulated by fertilizer application rate and
timing. Generally, weed growth may increase as the nitrogen application rate increases, re‐
sulting in the need for more frequent POST herbicide applications or cultivation (Sweeney et
al. 2008). In sugar beet, weed emergence from sown seed increased as the N application rate
at planting increased from 56 to 224 kg N ha-1 (Dotzenko et al. 1969).

The timing of  fertilizer  application in early planted crops,  such as  sugar beet  and corn,
may especially influence the germination, emergence, and competitiveness of weeds that
might otherwise remain dormant early in the growing season. In a study, when nitrogen
was broadcasted in April at the time of planting, weed germination and emergence were
stimulated. In contrast, nitrogen application at the time of planting in May did not influ‐
ence seed germination and weed emergence because of greater N availability because of
mineralization at  this  time of  year  or  because seed germination has been stimulated by
other  environmental  cues  (Sweeney et  al.  2008).  Results  of  both greenhouse (Alka¨mper
et  al.  1979)  and field  experiments  (Davis  and Liebman 2001;  Dyck  et  al.  1995)  indicate
that  for  certain  crop-weed combinations,  delaying soil  N availability  can shift  the  com‐
petitive balance to favor crop growth. For example, the competitiveness of wild mustard
(Sinapis arvensis  L.),  a winter annual, in sugar beet was favored by early compared with
late  nitrogen fertilization (Paolini  et  al.  1999).  Generally,  delaying nitrogen applications,
applying slow-release nitrogen fertilizers or placing nitrogen below the weed seed germi‐
nation zone could be potential strategies for reducing early season weed establishment in
cropping systems (Sweeney et al. 2008).

In the case of phosphorus, early-season application is critically important for vigorous plant
growth and development (Grant et al. 2001). Thus, fertilization strategies that restrict weed
access to phosphorus fertilizer early in the growing season would appear to have merit
(Blackshaw and Molnar 2009).

6.1.2. Application method

Crop-weed interactions can also influence by fertilizer application method. Since, weeds of‐
ten germinate at or near the soil surface, especially in zero-tillage systems (Yenish et al.,
1992; Hoffman et al., 1998), therefore, in this situation the greatest benefits may be realized
by physically placing nitrogen (N) in an area of the soil profile where crop seeds, but not
weed seeds, are germinating (Blackshaw 2005). Subsurface-banded N was often better than
surface-broadcast N fertilizer in terms of N uptake by wheat vs. weeds, weed biomass pro‐
duction and wheat yield (Blackshaw et al. 2005).

Petersen (2003) reported that weed N uptake and weed biomass were 50% lower with sub‐
surface-banded compared with surface-broadcast liquid swine manure. Rasmussen (2002)
similarly documented lower weed biomass and higher crop yield with injected than with
surface-broadcast liquid swine manure. In another study, subsurface-banded N compared
with broadcast N fertilizer reduces N uptake by weeds and decreases weed growth and bio‐
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mass. Moreover, banded N fertilizer resulted in the lowest seed bank numbers of both grass
and broadleaf weeds (Blackshaw 2005).

Phosphorus (P) fertilization practices could also have an impact on the extent of interference
by weeds. Researchers indicated that banding P near lettuce rooting system as opposed to
broadcast P could potentially reduce the damage of spiny amaranth (Amaranthus spinosus),
smooth pigweed, and common purslane by enhancing the competitive ability of the crop
(Santos et al. 1997; Shrefler et al. 1994). In wheat, seed-placed or mid row-banded P com‐
pared with surface-broadcast P fertilizer often resulted in higher yields when wheat was in
the presence of competitive weeds (Blackshaw and Molnar 2009).

In general, weed P concentration and biomass production were often greatest with surface-
broadcast P fertilizer, indicating that this common application method of P fertilizer should
be discouraged. Alternative practices such as seed-placed or subsurface-banded P fertilizer
were less advantageous to weeds. Weed seed bank was also affected by P application meth‐
od. So that, seedbank evaluation at the end of the experiment indicated that the seed density
of five of six weed species under study was reduced with seed-placed or subsurface-banded
P compared with surface-broadcast P (Blackshaw and Molnar 2009).

However, the benefit of seed-placed or subsurface-banded P fertilizer will likely be greatest
in soils with low background P levels and within zero-tillage production systems, where
weed seeds are not distributed throughout the soil profile but rather concentrated near the
soil surface (Blackshaw and Molnar 2009).

6.2. Organic and biofertilizer

Organic manure may affect crop–weed competitive interactions differently than chemical ni‐
trogen fertilizer (Davis and Liebman, 2001), probably due to speed of N release or form of N.
In a study, the gradual N release from manure and compost over years appeared to benefit
weeds more than spring wheat. Moreover, fresh and composted manure had the greatest
seed bank of both grass and broadleaf species as compared with chemical fertilizer treat‐
ment (Blackshaw 2005). In another study, Mohammadi et al. (2012) found that phosphate bi‐
ofertilizer had no significant effect on corn yield, whereas, weed biomass was notably
increased when phosphate biofertilizer was applied.

It seems that, in most cases, weed infestation level and duration may enhance by the use
of organic fertilizers. However, the other beneficial aspects of these fertilizers should not
be ignored.

6.3. Critical period of weed control in response to nutrient management

The critical period of weed control (CPWC) is an important principal of an integrated weed
management program. It is a period in the crop growth cycle during which weeds must be
controlled to prevent yield losses (Knezevic et al. 2002). Weeds that are present before or
emerge after this period do not cause significant yield loss. Studies on the critical period of
weed control are important in making weed control recommendations because they indicate
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the optimum time for implementing and maintaining weed control and reduce cost of weed
control practices (Hall et al. 1992; Van Acker et al. 1993).

According to Weaver et al. (1992) the manipulation of edaphic factors including the altera‐
tion of soil nutrient supply can influence the crop-weed interference relationships, especially
in determining the critical time of weed removal (the start of the critical period). Evans et al.
(2003) reported that the addition of nitrogen fertilizer delayed the beginning and hastened
the end of the critical period of weed control in corn. Their study showed that the effect of
nitrogen fertilization on early season crop growth provided a competitive advantage for
corn relative to weeds. In another study, Mohammadi and Amiri (2011) found that the use
of mono ammonium phosphate as a starter fertilizer slightly delayed the end of the CPWC
in soybean (by 5 days), but this condition shortened the CPWC by 12 days because of the
later beginning of the CPWC (by 17 days).

6.4. Weed response to fertilization

Some weed species are considered to be luxury consumers of nutrients (Qasem 1992; Teyker
et al. 1991) and this might contribute to their ability to take up higher amounts of N at high‐
er N fertilizer rates. Weeds not only reduce the amount of N available to crops but the
growth of many weed species is enhanced by higher soil N levels (Blackshaw et al. 2003;
Henson and Jordan 1982; Supasilapa et al. 1992). Thus, adding N fertilizer in cropping sys‐
tems can potentially have the unintended consequence of increasing the growth and com‐
petitive ability of weeds more than that of the crop.

In a greenhouse study, Teyker et al. (1991) reported greater N uptake for redroot pigweed
(Amaranthus retroflexus L.) than corn when the addition of N was elevated, suggesting that
redroot pigweed interference in corn may be greater at higher levels of N. Others also have
postulated that weeds may be more competitive when fertility is enhanced with N addition
because of the superior uptake efficiency of many weed species (Di Tomaso 1995; Sibuga
and Bandeen 1980).

At the conclusion of a 47-yr soil fertility study, carpetweed (Mollugo verticillata L.) and hen‐
bit (Lamium amplexicaule L.) densities were greatest on plots that had received annual appli‐
cations of P fertilizer (Banks et al. 1976). In another study, downy brome (Bromus tectorum
L.) densities were reported to be higher on soils with higher P levels (Belnap et al. 2003).
Verma et al. (1999) similarly reported that weed growth and competitiveness with fenu‐
greek (Trigonella foenum-graecum L.) increased at the higher soil P levels.

Weed germination and dormancy are also influenced by fertilizer application. For example,
germination of common lambsquarters seed from mother plants that received 280 kg ha-1 of
ammonium nitrate was greater than germination of seed from a mother plant where no N
was applied, suggesting that N deficiency increased dormancy in seeds (Baskin and Baskin
1998; Fawcett and Slife 1978). According to Cairns and de Villiers (1986) the dormancy of
several grass weed species was broken by ammonia, but the gas had no effect on the dor‐
mancy of dicotyledonous weed seed. Redroot pigweed (Amaranthus retroflexus L.) seed ger‐
mination was also stimulated by 10 to 100 ppmv of ammonium nitrate or urea (Sardi and
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mass. Moreover, banded N fertilizer resulted in the lowest seed bank numbers of both grass
and broadleaf weeds (Blackshaw 2005).

Phosphorus (P) fertilization practices could also have an impact on the extent of interference
by weeds. Researchers indicated that banding P near lettuce rooting system as opposed to
broadcast P could potentially reduce the damage of spiny amaranth (Amaranthus spinosus),
smooth pigweed, and common purslane by enhancing the competitive ability of the crop
(Santos et al. 1997; Shrefler et al. 1994). In wheat, seed-placed or mid row-banded P com‐
pared with surface-broadcast P fertilizer often resulted in higher yields when wheat was in
the presence of competitive weeds (Blackshaw and Molnar 2009).

In general, weed P concentration and biomass production were often greatest with surface-
broadcast P fertilizer, indicating that this common application method of P fertilizer should
be discouraged. Alternative practices such as seed-placed or subsurface-banded P fertilizer
were less advantageous to weeds. Weed seed bank was also affected by P application meth‐
od. So that, seedbank evaluation at the end of the experiment indicated that the seed density
of five of six weed species under study was reduced with seed-placed or subsurface-banded
P compared with surface-broadcast P (Blackshaw and Molnar 2009).

However, the benefit of seed-placed or subsurface-banded P fertilizer will likely be greatest
in soils with low background P levels and within zero-tillage production systems, where
weed seeds are not distributed throughout the soil profile but rather concentrated near the
soil surface (Blackshaw and Molnar 2009).

6.2. Organic and biofertilizer

Organic manure may affect crop–weed competitive interactions differently than chemical ni‐
trogen fertilizer (Davis and Liebman, 2001), probably due to speed of N release or form of N.
In a study, the gradual N release from manure and compost over years appeared to benefit
weeds more than spring wheat. Moreover, fresh and composted manure had the greatest
seed bank of both grass and broadleaf species as compared with chemical fertilizer treat‐
ment (Blackshaw 2005). In another study, Mohammadi et al. (2012) found that phosphate bi‐
ofertilizer had no significant effect on corn yield, whereas, weed biomass was notably
increased when phosphate biofertilizer was applied.

It seems that, in most cases, weed infestation level and duration may enhance by the use
of organic fertilizers. However, the other beneficial aspects of these fertilizers should not
be ignored.

6.3. Critical period of weed control in response to nutrient management

The critical period of weed control (CPWC) is an important principal of an integrated weed
management program. It is a period in the crop growth cycle during which weeds must be
controlled to prevent yield losses (Knezevic et al. 2002). Weeds that are present before or
emerge after this period do not cause significant yield loss. Studies on the critical period of
weed control are important in making weed control recommendations because they indicate
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the optimum time for implementing and maintaining weed control and reduce cost of weed
control practices (Hall et al. 1992; Van Acker et al. 1993).

According to Weaver et al. (1992) the manipulation of edaphic factors including the altera‐
tion of soil nutrient supply can influence the crop-weed interference relationships, especially
in determining the critical time of weed removal (the start of the critical period). Evans et al.
(2003) reported that the addition of nitrogen fertilizer delayed the beginning and hastened
the end of the critical period of weed control in corn. Their study showed that the effect of
nitrogen fertilization on early season crop growth provided a competitive advantage for
corn relative to weeds. In another study, Mohammadi and Amiri (2011) found that the use
of mono ammonium phosphate as a starter fertilizer slightly delayed the end of the CPWC
in soybean (by 5 days), but this condition shortened the CPWC by 12 days because of the
later beginning of the CPWC (by 17 days).

6.4. Weed response to fertilization

Some weed species are considered to be luxury consumers of nutrients (Qasem 1992; Teyker
et al. 1991) and this might contribute to their ability to take up higher amounts of N at high‐
er N fertilizer rates. Weeds not only reduce the amount of N available to crops but the
growth of many weed species is enhanced by higher soil N levels (Blackshaw et al. 2003;
Henson and Jordan 1982; Supasilapa et al. 1992). Thus, adding N fertilizer in cropping sys‐
tems can potentially have the unintended consequence of increasing the growth and com‐
petitive ability of weeds more than that of the crop.

In a greenhouse study, Teyker et al. (1991) reported greater N uptake for redroot pigweed
(Amaranthus retroflexus L.) than corn when the addition of N was elevated, suggesting that
redroot pigweed interference in corn may be greater at higher levels of N. Others also have
postulated that weeds may be more competitive when fertility is enhanced with N addition
because of the superior uptake efficiency of many weed species (Di Tomaso 1995; Sibuga
and Bandeen 1980).

At the conclusion of a 47-yr soil fertility study, carpetweed (Mollugo verticillata L.) and hen‐
bit (Lamium amplexicaule L.) densities were greatest on plots that had received annual appli‐
cations of P fertilizer (Banks et al. 1976). In another study, downy brome (Bromus tectorum
L.) densities were reported to be higher on soils with higher P levels (Belnap et al. 2003).
Verma et al. (1999) similarly reported that weed growth and competitiveness with fenu‐
greek (Trigonella foenum-graecum L.) increased at the higher soil P levels.

Weed germination and dormancy are also influenced by fertilizer application. For example,
germination of common lambsquarters seed from mother plants that received 280 kg ha-1 of
ammonium nitrate was greater than germination of seed from a mother plant where no N
was applied, suggesting that N deficiency increased dormancy in seeds (Baskin and Baskin
1998; Fawcett and Slife 1978). According to Cairns and de Villiers (1986) the dormancy of
several grass weed species was broken by ammonia, but the gas had no effect on the dor‐
mancy of dicotyledonous weed seed. Redroot pigweed (Amaranthus retroflexus L.) seed ger‐
mination was also stimulated by 10 to 100 ppmv of ammonium nitrate or urea (Sardi and
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Beres 1996). Other researchers found that the chilling or light requirement for seed germina‐
tion in some species can be replaced with N, particularly nitrate (Cohn et al. 1983; Egley and
Duke 1985; Sexsmith and Pittman 1963; Steinbauer and Grigsby 1957).

Generally, fertilizer management strategies that favour crops over weeds deserve greater at‐
tention when weed infestations consist of species known to be highly responsive to higher
soil nutrient (e.g. N) levels. In these situations farmers should consider the benefits of specif‐
ic fertilizer timing and/or placement methods that would minimize weed interference
(Blackshaw et al. 2004; Kirkland and Beckie 1998; Mesbah and Miller 1999).

7. Biological control

Biological control of weeds refers to the use of any kind of organism (micro or macro) to
suppress weeds and reduce their harmful effects in agroecosystems. Plant pathogens are po‐
tentially valuable additions to the arsenal of weapons for use against weeds.

7.1. Weed biological control approaches using pathogens

Biological control of weeds using pathogens can be considered from two broad approaches
including classical biological control (CBC) and inundative biological control (IBC) (Mohan
babu et al. 2003).

7.1.1. Classical biological control

This approach is fairly simple in its concept: discover effective and highly host-specific
agents from the weed's native geographic range, confirm their safety and effectiveness by
rigorous experimental evaluation, and introduce them into regions where the weed has been
newly introduced and requires control (Charudattan and Dinoor 2000). Host specificity tests
provide the information on which to base the risk assessment and, thereby play the central
role in any CBC project (Mohan babu et al. 2003).

Classical biological control by means of pathogens has been used in several parts of the
world to control exotic weeds (Bruckart and Hasan 1991; Watson 1991). One of the most suc‐
cessful examples of classical biological control of weeds is the introduction of a rust fungus,
Puccinia chondrillina, into Australia to control rush skeleton weed (Chondrilla juncea). A plant
of Mediterranean origin, it became a serious weed in Australian cereal crops. The fungus,
also from the Mediterranean was introduced along with three insects, as a classical biocon‐
trol agent. Following the introduction and establishment, the fungus disseminated rapidly
and widely and controlled the most common biotype of the weed (Cullen, 1985).

Other successful examples of classical biocontrol programs include the use of a smut fungus,
Entyloma ageratinae, imported from Jamaica to control Hamakua pamakani (Ageratina riparia,
Asteraceae) in Hawaiian forests and rangelands (Trujillo, 1985) and three other rust fungi,
Puccinia carduorum, imported from Turkey and released into northeastern United States to
control musk thistle (Carduus thoermeri) (Baudoin et al., 1993), Phragmidium violaceum to con‐

Weed and Pest Control - Conventional and New Challenges138

trol weedy species of Rubus in Chile (Oehrens, 1977) and Australia (Bruzzese, 1995) and Uro‐
mycladium tepperianum, to control an introduced invasive tree species, Acacia saligna in South
Africa (Morris, 1997). The last fungus causes extensive gall formation on branches and twigs
accompanied by a significant energy loss. Heavily infected trees are eventually killed (Char‐
udattan and Dinoor 2000).

However, there is a potential problem in using biological control, namely, a shift in the
weed population toward more resistant weed biotypes. Although, it also illustrates the pos‐
sibility to counter the presence of natural resistance in weed populations by the introduction
of new pathogen strains (Charudattan and Dinoor 2000).

7.1.2. Inundative biological control

The strategy of inundative biological control is to simulate natural epiphytotics of a selected
pathogen within the population of the target weed species, early in the season and thus kill
or at least significantly reduce the competitive ability of the weed and so prevent crop loss‐
es. This approach is typically used against endemic weeds, in which indigenous pathogens
are mass-produced and applied as formulated products (bioherbicides) (Mohan babu et al.
2003). A bioherbicide is defined as a plant pathogen used as a weed-control agent through
inundative and repeated applications of its inoculum (Charudattan and Dinoor 2000). The
specificity of bioherbicides is considered as a positive attribute (Mohan babu et al. 2003).

Some examples of registered bioherbicides consisted of DeVine®, composed of a Florida iso‐
late of Phytophthora palmivora, is used for the control of Morrenia odorata (stranglervine or
milkweed vine) in citrus in Florida. Collego®, based on Colletotrichum gloeosporioides f.sp. ae‐
schynomene, is used to control Aeschynomene virginica (northern jointvetch), a leguminous
weed in rice and soybean crops in Arkansas, Mississippi and Louisiana. BioMal®, registered
in Canada for the control of Malva pusilla (round-leaved mallow), containing Colletotrichum
gloeosporioides f.sp. malvae, is presently unavailable for commercial use. The fourth bioherbi‐
cide, Dr. BioSedge®, based on the rust fungus Puccinia canaliculata and registered for the
control of Cyperus esculentus (yellow nutsedge) in the United States, is also unavailable for
commercial use. An isolate of Xanthomonas campestris pv. poae, a wilt-inducing bacterium,
isolated in Japan from Poa annua (annual bluegrass or wintergrass), is registered in Japan as
the bioherbicide CAMPERICO® to control annual bluegrass in golf courses (Charudattan
and Dinoor 2000).

Bioherbicides can make a significant contribution to weed control in the future, once the
well-documented constraints have been overcome, particularly through improved target se‐
lection, formulation and marketing. The over-riding concern in using plant pathogens for
weed control is their potential threat to non-targets (Mohan babu et al. 2003) which needs a
serious attention.

7.2. Microbial-derived herbicides

Microbial-derived herbicides, especially microorganism secondary metabolites are a new
kind of microbial herbicide to control weeds which are always phytotoxins. They are very
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Beres 1996). Other researchers found that the chilling or light requirement for seed germina‐
tion in some species can be replaced with N, particularly nitrate (Cohn et al. 1983; Egley and
Duke 1985; Sexsmith and Pittman 1963; Steinbauer and Grigsby 1957).

Generally, fertilizer management strategies that favour crops over weeds deserve greater at‐
tention when weed infestations consist of species known to be highly responsive to higher
soil nutrient (e.g. N) levels. In these situations farmers should consider the benefits of specif‐
ic fertilizer timing and/or placement methods that would minimize weed interference
(Blackshaw et al. 2004; Kirkland and Beckie 1998; Mesbah and Miller 1999).

7. Biological control

Biological control of weeds refers to the use of any kind of organism (micro or macro) to
suppress weeds and reduce their harmful effects in agroecosystems. Plant pathogens are po‐
tentially valuable additions to the arsenal of weapons for use against weeds.

7.1. Weed biological control approaches using pathogens

Biological control of weeds using pathogens can be considered from two broad approaches
including classical biological control (CBC) and inundative biological control (IBC) (Mohan
babu et al. 2003).

7.1.1. Classical biological control

This approach is fairly simple in its concept: discover effective and highly host-specific
agents from the weed's native geographic range, confirm their safety and effectiveness by
rigorous experimental evaluation, and introduce them into regions where the weed has been
newly introduced and requires control (Charudattan and Dinoor 2000). Host specificity tests
provide the information on which to base the risk assessment and, thereby play the central
role in any CBC project (Mohan babu et al. 2003).

Classical biological control by means of pathogens has been used in several parts of the
world to control exotic weeds (Bruckart and Hasan 1991; Watson 1991). One of the most suc‐
cessful examples of classical biological control of weeds is the introduction of a rust fungus,
Puccinia chondrillina, into Australia to control rush skeleton weed (Chondrilla juncea). A plant
of Mediterranean origin, it became a serious weed in Australian cereal crops. The fungus,
also from the Mediterranean was introduced along with three insects, as a classical biocon‐
trol agent. Following the introduction and establishment, the fungus disseminated rapidly
and widely and controlled the most common biotype of the weed (Cullen, 1985).

Other successful examples of classical biocontrol programs include the use of a smut fungus,
Entyloma ageratinae, imported from Jamaica to control Hamakua pamakani (Ageratina riparia,
Asteraceae) in Hawaiian forests and rangelands (Trujillo, 1985) and three other rust fungi,
Puccinia carduorum, imported from Turkey and released into northeastern United States to
control musk thistle (Carduus thoermeri) (Baudoin et al., 1993), Phragmidium violaceum to con‐
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trol weedy species of Rubus in Chile (Oehrens, 1977) and Australia (Bruzzese, 1995) and Uro‐
mycladium tepperianum, to control an introduced invasive tree species, Acacia saligna in South
Africa (Morris, 1997). The last fungus causes extensive gall formation on branches and twigs
accompanied by a significant energy loss. Heavily infected trees are eventually killed (Char‐
udattan and Dinoor 2000).

However, there is a potential problem in using biological control, namely, a shift in the
weed population toward more resistant weed biotypes. Although, it also illustrates the pos‐
sibility to counter the presence of natural resistance in weed populations by the introduction
of new pathogen strains (Charudattan and Dinoor 2000).

7.1.2. Inundative biological control

The strategy of inundative biological control is to simulate natural epiphytotics of a selected
pathogen within the population of the target weed species, early in the season and thus kill
or at least significantly reduce the competitive ability of the weed and so prevent crop loss‐
es. This approach is typically used against endemic weeds, in which indigenous pathogens
are mass-produced and applied as formulated products (bioherbicides) (Mohan babu et al.
2003). A bioherbicide is defined as a plant pathogen used as a weed-control agent through
inundative and repeated applications of its inoculum (Charudattan and Dinoor 2000). The
specificity of bioherbicides is considered as a positive attribute (Mohan babu et al. 2003).

Some examples of registered bioherbicides consisted of DeVine®, composed of a Florida iso‐
late of Phytophthora palmivora, is used for the control of Morrenia odorata (stranglervine or
milkweed vine) in citrus in Florida. Collego®, based on Colletotrichum gloeosporioides f.sp. ae‐
schynomene, is used to control Aeschynomene virginica (northern jointvetch), a leguminous
weed in rice and soybean crops in Arkansas, Mississippi and Louisiana. BioMal®, registered
in Canada for the control of Malva pusilla (round-leaved mallow), containing Colletotrichum
gloeosporioides f.sp. malvae, is presently unavailable for commercial use. The fourth bioherbi‐
cide, Dr. BioSedge®, based on the rust fungus Puccinia canaliculata and registered for the
control of Cyperus esculentus (yellow nutsedge) in the United States, is also unavailable for
commercial use. An isolate of Xanthomonas campestris pv. poae, a wilt-inducing bacterium,
isolated in Japan from Poa annua (annual bluegrass or wintergrass), is registered in Japan as
the bioherbicide CAMPERICO® to control annual bluegrass in golf courses (Charudattan
and Dinoor 2000).

Bioherbicides can make a significant contribution to weed control in the future, once the
well-documented constraints have been overcome, particularly through improved target se‐
lection, formulation and marketing. The over-riding concern in using plant pathogens for
weed control is their potential threat to non-targets (Mohan babu et al. 2003) which needs a
serious attention.

7.2. Microbial-derived herbicides

Microbial-derived herbicides, especially microorganism secondary metabolites are a new
kind of microbial herbicide to control weeds which are always phytotoxins. They are very
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different in chemical structure and size. These bioactive components invade into the host
plant, cause pathogenicity, destroy their structure and lead them to produce necrotic lesions
or chlorotic halo (Li et al. 2003). They are less poisonous to most of mammalian systems,
easily degraded and so far result in no biological disaster compared to chemical herbicides
(Charudattan, 1991).

Phytotoxins used for microbial herbicides can be divided into three types: bacterial, fungal
and actinomycete derived product. The pathogens which produce phytotoxins as a microbi‐
al herbicide must fit certain requirements: (1) be reproduced by biological technique, (2)
grow fast after spraying or be capable of killing weeds within definite time, (3) suit industri‐
al production and (4) be suitable for packaging, transport and use (Li et al. 2003).

In comparison with fungi, bacteria have some advantageous characteristics such as short-
growth period,  simple  fermentation technique and easily  controlled production process.
In  addition,  bacteria  can  produce  secondary  metabolites  unlike  fungal  spores,  which
need  strict  conditions  for  action  as  herbicides  and  their  residues  are  easily  degraded.
Bacterial herbicides have a good prospect in application and exploitation (Li et al. 2003).
Most of the bacteria with an ability to produce toxins are Gram-positive bacteria such as
Pseudomonas,  Erwinia,  Xanthomonas  but  there  are  a  few  Gram-negative  bacteria  such  as
Streptomyces,  Corynebacterium  fasciomonads  and  some  are  non-fluorescent  pseudomonads
(Kremer et al., 1990).

Two phytotoxins from actinomycetes including herbicidines and herbimycins are higher-
plant toxins and produced by Streptomyces saganonensis. The former is used to control grassy
weeds in paddy field as a selective herbicide, the latter controls monocotyledonous and di‐
cotyledonous weeds (Stephen and Lydon, 1987).

However, the role of biomicrobial herbicides in agriculture is still problematic and insignifi‐
cant (Mohan babu et al. 2003). Although, the current emphasis on lowering use of chemical
herbicides may increase the production and use of biological-based herbicides in the future.

In general, the use of alternative weed control strategies can prevent or reduce the chemical
herbicide application. This can lead to less reliance on fossil fuels (the non-renewable energy
resources), lower environmental degradations and consequently a higher degree of sustaina‐
bility for agroecosystems.
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1. Introduction

Irrigation has transformed agriculture and shaped civilization since its use in the Fertile
Crescent more than 6000 years ago. Access to fresh water for irrigation transformed bar‐
ren  landscapes,  allowing populations  to  move to  previously  uninhabitable  regions.  Ad‐
vances  in  water  management  increased the  productivity  of  agricultural  systems around
the world; supporting substantial population growth. Water consumption for agricultural
use accounted for nearly 90% of global water use during the previous century [1] and is
responsible for approximately 70% of fresh water withdrawals worldwide [2]. Currently,
US water withdrawals for irrigation represent nearly 34% (137 billion gallons/day) of do‐
mestic  water  use  [3].  Treating  and  pumping  irrigation  water  has  a  significant  carbon
footprint  as  well.  Pumping groundwater  for  irrigation requires  about  150 kg Carbon/ha
[4].  In the US more than 65% of total vegetable acreage and 76% of fruit acreage is irri‐
gated [5]. Irrigating fruit and vegetable crops can increase marketable yields by 200% or
more and is  necessary to  produce the high quality  and yields  required to  be  profitable
[6]. It was estimated by Howell [5], that irrigated lands account for 18% of total cropped
area, but produce approximately 50% of crop value. Due to the large observable increas‐
es  in  yield  and  quality  associated  with  irrigation,  many  farmers  tend  to  over-irrigate,
viewing it  as  an insurance policy for  growing fruits  and vegetables.  Irrigation can rou‐
tinely exceed 10% of input costs  in the US [7]  and over-irrigating may reduce yields in
some  instances  [8].  Excessive  irrigation  not  only  depletes  freshwater  reserves,  but  may
leach fertilizers and other chemicals from agricultural lands [9-11].  Unnecessary applica‐
tions  of  water  and  fertilizer  can  also  allow  weeds  to  flourish  in  modern  agriculture.
While  irrigation  systems  are  usually  designed  and  managed  with  a  crop  of  interest  in
mind; the impact of irrigation on weed growth is an important component of any mod‐
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ern production system. The following chapter will address the impact of different irriga‐
tion systems on weed management with an emphasis on drip irrigation technologies.

2. The influence of irrigation method on weeds

Surface, sprinkler, and drip irrigation are the three primary types of irrigation methods used
to grow crops (Figure 1). Within each method, there are several subcategories, each of which
varies in water use efficiency, cost, yield, and weed management potential.

Figure 1. An irrigation canal for furrow irrigation of cabbage (Brassica oleracea) (left), solid set sprinkler irrigation of
onion (Allium cepa) (center) and surface drip irrigation of recently seeded cabbage (right)

2.1. Surface irrigation and the impact on weeds

Surface irrigation, which floods entire fields or supplies water in furrows between planted
rows, is the most common type of irrigation used worldwide. Some surface irrigation sys‐
tems have been operating continuously for thousands of years and have the ability to sup‐
ply enormous quantities of water over widespread areas. Flood and furrow irrigation can
have water use efficiencies per unit of yield ranging from 25-50% of well managed drip irri‐
gation systems [12]. One of the most common crops grown worldwide with flood irrigation
is lowland rice (Oryza sativa). Flood irrigation can be an integral part of weed management
for this crop.

As a semi-aquatic crop, lowland rice production utilizes substantial quantities of water. It
was estimated that more than 2m of water are used per crop of rice grown [13]. This under‐
scores the substantial water requirements for lowland rice production; particularly in the in‐
itial flooding stages when large quantities of water may be lost prior to saturation [14].
Although it has been reported that rice grown under saturated field conditions did not expe‐
rience additional water stress and yielded no differently than rice grown under standing
water [15,16]; rice which is grown under standing water competes better with weeds than
when grown in saturated soils [17, 18]. Although some weeds propagate vegetatively, most
develop from seeds; thus flooding can restrict the germination and reduce the abundance of
many weeds found in rice paddies [19].

Weed and Pest Control - Conventional and New Challenges162

Despite reducing the presence of some weed species, flooded lowland rice fields have over
time selected for the presence of semi-or aquatic weed species. To reduce the presence of
some of these weeds flooded soils are often tilled. While the primary goal of tillage is to up‐
root recently germinated weed seedlings; tilling flooded soils can destroy structure and po‐
rosity. This results in soils within low infiltration rates, which increases water retention,
allowing fields to remain flooded [20].

Weed control in modern rice production is a system where irrigation management is inte‐
grated with tillage and planting practices as well as herbicides. Williams et al. [21] reported
that weed control was better in fields submerged under 20 cm of water compared to those
submerged under 5 cm of water when no herbicides were used. However, when herbicides
were included weed control improved significantly at all depths [17]. Flowable-granular
herbicide formulations, which are often used in lowland rice production, also rely on stand‐
ing water for dispersal. Flooded paddy fields allow uniform dispersal of low quantities of
herbicides resulting in superior control of weeds [22, 23]. The integration of herbicides into
the lowland rice production systems has reduced labor requirements for weed control by
more than 80% since the introduction of 2,4-D in 1950, while simultaneously improving
overall weed management [23]. Flooding has been an effective weed management technique
in lowland rice for thousands of years. Coupled with modern herbicides, farmers can effi‐
ciently manage weeds on a large scale. Nonetheless, the high costs of water and demands on
finite fresh water resources may result in substantial changes to the current lowland rice
production system. The development of “aerobic-rice,” drought tolerant lowland varieties
that can yield well on non-saturated soils, may change how irrigation is used to manage
weeds in lowland rice. Aerobic-rice is grown in a manner similar to many other grains, with
land allowed to dry between irrigation cycles. This has the potential to reduce the reliance
on flooding and irrigation water for weed control, likely shifting to chemical or mechanical
methods [24].

Furrow irrigation is a common irrigation method where water is sent through ditches dug
between raised beds to provide water to plants. Instead of flooding entire fields, only fur‐
rows between beds are wetted, allowing water to seep into growing beds through capillary
action. Furrow irrigation is commonly used on millions of hectares of crops worldwide;
where complex canal networks can move irrigation water hundreds of miles from upland
sources to lower elevation growing areas. As would be expected, weed pressure in the irri‐
gated furrows between rows is generally higher than with the rows themselves [25]. To con‐
trol these weeds, mechanical cultivation may be used, but in many instances, herbicides,
either applied to the soil as sprays or through irrigation water, are relied upon. However,
the administration of herbicides through furrow irrigation can be challenging. Poor applica‐
tion uniformity, downstream pollution, and inaccuracies due to difficulties in measuring
large quantities of water are challenges associated with applying herbicides through surface
irrigation water [26, 27]. Chemical choice also is important when applying herbicides in sur‐
face irrigation systems. For example, Cliath et al. [27] noted that large quantities of the herbi‐
cide EPTC volatilized shortly after application via flood irrigation in alfalfa (Medicago sativa);
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Amador-Ramirez et al. [28] reported variability in the effectiveness of some herbicides when
applied through furrow irrigation compared to conventional methods.

A variant on the typical furrow irrigation system has been developed that combines furrow
irrigation with polyethylene mulches and rainwater collection to irrigate crops, while con‐
trolling weeds. The production method, called the “ridge-furrow-ridge rainwater harvesting
system,” uses woven, water-permeable, polyethylene mulches that cover two ridges as well
as a shallow furrow between the ridges [29, 30]. The system is similar to a raised-bed plastic
mulch system, with inter-row areas being left in bare soil. However, unlike a traditional
plastic mulch system, a furrow is made in the center of the raised bed to collect any rainwa‐
ter that ordinarily would be lost as runoff from the bed. This system significantly reduces
weed pressure in the furrow area and increases yield with the use of a polyethylene mulch,
while reducing the need for supplemental irrigation by collecting rainwater [29]. Interesting‐
ly, a similar method of irrigation was employed during early experiments with plastic
mulch, prior to the introduction of drip irrigation tubing. In these trials irrigation was ach‐
ieved by cutting furrows in the soil next to the crop, covering them with plastic, and cutting
holes in the plastic for the water to penetrate the plant bed [31, 32]

2.2. Sprinkler irrigation and the impact on weeds

Introduced  on  a  large  scale  in  the  1940s,  sprinkler  irrigation  systems  are  used  on  mil‐
lions of ha of crop land. The three primary types of sprinkler irrigation are center pivot,
solid set, and reel or travelling gun systems. Sprinkler systems require a pump to deliv‐
er  water  at  high pressures  and are  costlier  than surface  irrigation systems,  but  provide
superior  application  uniformity  and  require  less  water  to  operate  [33,34].  While  center
pivot systems require relatively level ground; solid set and reel-type systems can be used
on with varied topographies.  Because of improved application uniformity, sprinkler irri‐
gation is the method of choice when applying herbicides or other agrichemicals through
the  irrigation  system  [26].  Sayed  and  Bedaiwy  [35]  noted  a  nearly  8-fold  reduction  in
weed pressure when applying herbicides through sprinkler irrigation compared to tradi‐
tional methods. Sprinkler irrigation permits growers to uniformly apply water over large
areas, which can allow for proper incorporation of some preemergent herbicides [36].  In
addition  to  applying  herbicides,  preplant  sprinkler  irrigation  of  fields,  when  combined
with  shallow  tillage  events  after  drying,  has  been  shown  to  significantly  reduce  weed
pressure during the growing season. This process of supplying water to weed seeds pri‐
or  to  planting,  which  causes  them  to  germinate,  where  they  can  then  be  managed
through shallow cultivation  or  through herbicide  application is  termed “stale  seed-bed‐
ding” and is routinely used by farmers in many parts of the US.

2.3. Drip irrigation and the impact on weeds

Introduced on a large scale in the late 1960s and early 1970s, drip irrigation has steadily
grown in popularity [37]. Although drip irrigation is only utilized on approximately 7% of
the total irrigated acreage in the US, it is widely used on high value crops such as berries
and vegetables [3]. Drip irrigation, if properly managed, is highly efficient with up to 95%
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application efficiencies [38]. The productivity of drip irrigation has prompted significant in‐
creases (> 500%) in its use over the previous 20-30 years [5]. While drip irrigation is typically
expensive and require significant labor to install and manage; the water savings compared
to other methods of irrigation have prompted grower adoption. Drip irrigation has several
benefits in addition to improved water use efficiencies. By only wetting the soil around
plants leaves are kept dry reducing foliar disease and potential for leaf burn when using sal‐
ine water [37, 39]. Fertilizers, which are easily supplied through drip irrigation, are restrict‐
ed to an area near active rooting. This leads to more efficient use by the target crop. Because
drip irrigation only wets the soil in the vicinity of the drip line or emitter, growers are able
to supply irrigation water only in the areas required to grow the crop of interest. Soils be‐
tween rows are not supplied with water or fertilizer, reducing weed growth. When drip irri‐
gation is coupled with plastic mulch and preplant soil fumigation, weeds can be effectively
controlled within rows, leaving only between-row areas to be managed. By restricting weed
management to areas between rows growers increase their chemical and mechanical control
options. While many farmers may apply preemergent herbicides to between-row areas,
weeds that do germinate can be controlled easily with directed sprays of postemergent her‐
bicides with low risk to the crops growing in the plastic mulch. In arid growing regions the
combination of plastic mulch and drip irrigation may lead to acceptable weed control with‐
out the use of herbicides.

Because drip irrigation can supply limited quantities of water to an area immediately sur‐
rounding the crop root zone, it can be ideally suited for insecticide or fungicide injection.
The small quantities of water delivered with drip irrigation requires significantly less chemi‐
cal to maintain a given concentration applied to plants compared to surface or sprinkler irri‐
gation [40]. However, while drip irrigation is one of the most efficient means to deliver
chemicals such as systemic insecticides to plants, it is much less effective than comparable
sprinkler systems for herbicide applications. The limited wetting pattern and low volume of
water used for drip irrigation means that herbicides do not reach much of the cropped area.
Within wetted areas herbicides may be degraded prior to the end of the season [26]. Because
drip systems are often designed for frequent, low-volume irrigations, soils around plants
may remain moist, reducing the efficacy of preemergent herbicides. Fischer et al. [41] report‐
ed significantly better weed control when using micro sprinklers compared to drip irriga‐
tion in vineyards and orchards. This was due to a reduction in the effectiveness of
preemergent herbicides in drip irrigated treatments late in the growing season. The authors
speculated that the drip irrigated plants had persistent soil moisture near the emitters result‐
ing in enhanced degradation of the applied herbicides. Drip irrigation is often used in tan‐
dem with herbicides; however, they are often applied using conventional sprayers.
Therefore, the weed control benefits of drip irrigation are due to the ability to precisely man‐
age and locate water where it will most benefit crops while reducing availability for weed
growth. One method that allows growers to precisely locate water in the root zone, below
the soil surface, away from weed seeds is subsurface drip irrigation.
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application efficiencies [38]. The productivity of drip irrigation has prompted significant in‐
creases (> 500%) in its use over the previous 20-30 years [5]. While drip irrigation is typically
expensive and require significant labor to install and manage; the water savings compared
to other methods of irrigation have prompted grower adoption. Drip irrigation has several
benefits in addition to improved water use efficiencies. By only wetting the soil around
plants leaves are kept dry reducing foliar disease and potential for leaf burn when using sal‐
ine water [37, 39]. Fertilizers, which are easily supplied through drip irrigation, are restrict‐
ed to an area near active rooting. This leads to more efficient use by the target crop. Because
drip irrigation only wets the soil in the vicinity of the drip line or emitter, growers are able
to supply irrigation water only in the areas required to grow the crop of interest. Soils be‐
tween rows are not supplied with water or fertilizer, reducing weed growth. When drip irri‐
gation is coupled with plastic mulch and preplant soil fumigation, weeds can be effectively
controlled within rows, leaving only between-row areas to be managed. By restricting weed
management to areas between rows growers increase their chemical and mechanical control
options. While many farmers may apply preemergent herbicides to between-row areas,
weeds that do germinate can be controlled easily with directed sprays of postemergent her‐
bicides with low risk to the crops growing in the plastic mulch. In arid growing regions the
combination of plastic mulch and drip irrigation may lead to acceptable weed control with‐
out the use of herbicides.

Because drip irrigation can supply limited quantities of water to an area immediately sur‐
rounding the crop root zone, it can be ideally suited for insecticide or fungicide injection.
The small quantities of water delivered with drip irrigation requires significantly less chemi‐
cal to maintain a given concentration applied to plants compared to surface or sprinkler irri‐
gation [40]. However, while drip irrigation is one of the most efficient means to deliver
chemicals such as systemic insecticides to plants, it is much less effective than comparable
sprinkler systems for herbicide applications. The limited wetting pattern and low volume of
water used for drip irrigation means that herbicides do not reach much of the cropped area.
Within wetted areas herbicides may be degraded prior to the end of the season [26]. Because
drip systems are often designed for frequent, low-volume irrigations, soils around plants
may remain moist, reducing the efficacy of preemergent herbicides. Fischer et al. [41] report‐
ed significantly better weed control when using micro sprinklers compared to drip irriga‐
tion in vineyards and orchards. This was due to a reduction in the effectiveness of
preemergent herbicides in drip irrigated treatments late in the growing season. The authors
speculated that the drip irrigated plants had persistent soil moisture near the emitters result‐
ing in enhanced degradation of the applied herbicides. Drip irrigation is often used in tan‐
dem with herbicides; however, they are often applied using conventional sprayers.
Therefore, the weed control benefits of drip irrigation are due to the ability to precisely man‐
age and locate water where it will most benefit crops while reducing availability for weed
growth. One method that allows growers to precisely locate water in the root zone, below
the soil surface, away from weed seeds is subsurface drip irrigation.
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3. Subsurface drip irrigation

Subsurface drip irrigation (SDI) has been utilized in various forms for more than a century
[37, 42]. Presently SDI uses standard drip irrigation tubing that is slightly modified for be‐
low-ground use. While typical surface drip irrigation tubing have walls that are usually 8 or
10-mil thick; tubing made specifically for multi-season SDI applications, have walls with a
15-mil thickness. In addition, tubing made specifically for SDI applications may have emit‐
ters which are impregnated with herbicides to prevent root intrusion [43]. Because growers
are unable to inspect buried tubing, any problems with emitter clogging or cuts in the line
may go unnoticed for long periods of time. Subsurface drip irrigation used for the produc‐
tion of high-value crops such as vegetables, which tend to have shallow root systems, may
be buried at depths of 15-25 cm [44]. Subsurface drip tubing that is used for agronomic crops
such as cotton (Gossypium spp.) or corn (Zea maize) is generally buried 40-50 cm below the
soil surface [45]. Drip irrigation tubing used for agronomic crops is typically left in place for
several years in order to be profitable and must reside below the tillage zone to avoid being
damaged [45]. Agronomic crops in general tend to be deeper rooted than many vegetable
crops allowing them to access water supplied at greater depths. In addition, the deeper
placement of the irrigation tubing reduces the potential rodent damage, which can be signif‐
icant [45, 46].

Drip tubing may be placed during or after bed formation in tilled fields or into conservation
tillage fields with drip tape injection sleds (Figure 2). While SDI that is used for a single sea‐
son may be connected to flexible “lay-flat” tubing at the ends of fields; more permanent in‐
stallations are generally coupled to rigid PVC header lines.

Figure 2. Injection sled for SDI.

Although concern over buried drip tubing collapsing under the pressure of the soil above is
justified; properly maintained SDI systems have lasted 10-20 years in the Great Plains with‐
out significant problems [45]. For permanent systems, lines must be cleaned and flushed af‐
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ter every crop if not more frequently. In single-season trials conducted by the author, end of
season flow rates were found to be no different between surface and SDI systems placed at a
depth of 15 cm (T. Coolong, unpublished data). However, when comparing SDI that had been
in use for three years for onion production to new SDI tubing, there were slight reductions
in discharge uniformity in the used tapes [47].

3.1. Subsurface drip irrigation in organic farming

Some of the earliest uses of SDI were not based on enhanced water use efficiency but be‐
cause drip irrigation tubing on the soil surface could interfere with agricultural equipment,
particularly cultivation tools [48]. While many conventional farmers now rely more on
chemical weed control than on cultivation, most organic growers must rely exclusively on
cultivation to manage weeds. For this reason, SDI is particularly appropriate for organic
farming systems. Traditional placement of drip irrigation tubing requires growers to remove
the tubing prior to cultivation, increasing labor costs. By burying drip tubing below the
depth of cultivation, growers can control weeds mechanically. SDI is routinely used for
bare-ground, organic vegetable production at The University of Kentucky Center for Horti‐
culture Research (Lexington, KY, US). This system uses a SDI injection sled (Figure 2) cou‐
pled with in-row cultivators to effectively control weeds in a humid environment (Figure 3).

Figure 3. Buried drip irrigation tubing entering the soil at the end of a field (top left), a two-row cultivator using side-
knives and spring hoes (top right), a rolling basket weeder controlling weeds within and between rows (bottom left),
and organically-managed kale and collard (Brassica oleracea Acephala group) crops (bottom right) that are grown
with SDI and mechanical cultivation for near complete weed control in a humid environment.

In this system, SDI tubing is placed approximately 15 cm below the surface on a shallow
raised bed. Using SDI in combination with precision cultivation has allowed for nearly com‐
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10-mil thick; tubing made specifically for multi-season SDI applications, have walls with a
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tion of high-value crops such as vegetables, which tend to have shallow root systems, may
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several years in order to be profitable and must reside below the tillage zone to avoid being
damaged [45]. Agronomic crops in general tend to be deeper rooted than many vegetable
crops allowing them to access water supplied at greater depths. In addition, the deeper
placement of the irrigation tubing reduces the potential rodent damage, which can be signif‐
icant [45, 46].

Drip tubing may be placed during or after bed formation in tilled fields or into conservation
tillage fields with drip tape injection sleds (Figure 2). While SDI that is used for a single sea‐
son may be connected to flexible “lay-flat” tubing at the ends of fields; more permanent in‐
stallations are generally coupled to rigid PVC header lines.

Figure 2. Injection sled for SDI.

Although concern over buried drip tubing collapsing under the pressure of the soil above is
justified; properly maintained SDI systems have lasted 10-20 years in the Great Plains with‐
out significant problems [45]. For permanent systems, lines must be cleaned and flushed af‐
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ter every crop if not more frequently. In single-season trials conducted by the author, end of
season flow rates were found to be no different between surface and SDI systems placed at a
depth of 15 cm (T. Coolong, unpublished data). However, when comparing SDI that had been
in use for three years for onion production to new SDI tubing, there were slight reductions
in discharge uniformity in the used tapes [47].

3.1. Subsurface drip irrigation in organic farming

Some of the earliest uses of SDI were not based on enhanced water use efficiency but be‐
cause drip irrigation tubing on the soil surface could interfere with agricultural equipment,
particularly cultivation tools [48]. While many conventional farmers now rely more on
chemical weed control than on cultivation, most organic growers must rely exclusively on
cultivation to manage weeds. For this reason, SDI is particularly appropriate for organic
farming systems. Traditional placement of drip irrigation tubing requires growers to remove
the tubing prior to cultivation, increasing labor costs. By burying drip tubing below the
depth of cultivation, growers can control weeds mechanically. SDI is routinely used for
bare-ground, organic vegetable production at The University of Kentucky Center for Horti‐
culture Research (Lexington, KY, US). This system uses a SDI injection sled (Figure 2) cou‐
pled with in-row cultivators to effectively control weeds in a humid environment (Figure 3).

Figure 3. Buried drip irrigation tubing entering the soil at the end of a field (top left), a two-row cultivator using side-
knives and spring hoes (top right), a rolling basket weeder controlling weeds within and between rows (bottom left),
and organically-managed kale and collard (Brassica oleracea Acephala group) crops (bottom right) that are grown
with SDI and mechanical cultivation for near complete weed control in a humid environment.

In this system, SDI tubing is placed approximately 15 cm below the surface on a shallow
raised bed. Using SDI in combination with precision cultivation has allowed for nearly com‐
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plete control of weeds on an organic farm in an environment which may regularly experi‐
ence 25 cm or more rain during the growing season.

3.2. Subsurface drip irrigation and water use

More than 40 types of crops have been tested under SDI regimes [42]. In most cases yields
with SDI were no different than or exceeded yields for surface drip irrigation. In many cases
water savings were substantial. However, SDI relies on capillary movement of water up‐
ward to plant roots. Soil hydraulic properties can significantly affect the distribution pat‐
terns of water around emitters, making interpretation of data difficult when comparing the
effectiveness of SDI in different soil types [49]. Trials often report water savings or increased
yield in SDI systems compared to surface drip systems for vegetable crop production [44, 50,
51], although some do not [46].

In 2012, studies were conducted at The University of Kentucky Center for Horticulture Re‐
search (Lexington, KY, US) comparing SDI at a depth of 15 cm to surface placement of drip irri‐
gation tubing for the production of acorn squash (Cucurbita pepo) ‘Table Queen’. The soil was a
Maury silt loam series, mesic Typic Paleudalfs. Irrigation was controlled automatically with
switching-tensiometers placed at a depth of 15 cm from soil surface [52, 53]. Tensiometers were
placed approximately 20 cm from plants and 15 cm from the drip tubing which was centered on
raised beds. Tensiometer set points were as follows: on/off -40/-10 kPa and -60/-10 kPa for both
SDI and surface drip systems. In both moisture regimes the surface applied drip irrigation uti‐
lized less water during the growing season than SDI (Table 1). Interestingly, the number of irri‐
gation events and the average duration of each event varied significantly among the surface and
SDI treatments when irrigation was initiated at -40 kPa, but were similar when irrigation was
scheduled at -60 kPa. Irrigations were frequent, but relatively short for the -40/-10 kPa surface
irrigation treatment. Comparable results have been reported in studies conducted in tomato
(Lycopersicon esculentum syn. Solanum lycopersicum) and pepper (Capsicum annuum) using a sim‐
ilar management system and set points. However the SDI -40/-10 kPa treatment irrigated rela‐
tively infrequently and for longer periods of times. When irrigation was initiated at -60 kPa and
terminated at -10 kPa there were differences in water use between the two drip systems, with
the surface system being more efficient. However, unlike the -40/-10 kPa treatments, the num‐
bers of irrigation events were not different between the two drip irrigation systems. The differ‐
ence in the response of the SDI and surface systems when compared under different soil
moisture regimes was not expected and suggests that irrigation scheduling as well as soil type
may have a significant impact on the relative performance of SDI compared to surface drip irri‐
gation. This should be noted when comparing the performance of SDI and surface drip irriga‐
tion systems.

3.3. Subsurface drip irrigation for improved weed management

As previously  discussed,  a  key benefit  of  SDI  is  a  reduction in  soil  surface  wetting for
weed germination and growth.  Although the lack of  surface wetting can negatively im‐
pact direct-seeded crops, transplanted crops often have significant root systems that may
be  wetted  without  bringing  water  to  the  soil  surface.  Direct-seeded  crops  grown  with
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SDI are often germinated using overhead microsprinkler irrigation [51]. The placement of
SDI tubing as well as irrigation regime [54] can impact the potential for surface wetting
and weed growth. As mentioned previously, SDI is often located 40-50 cm below the soil
surface  in  most  agronomic  crops,  but  is  typically  shallower  (15-25  cm)  for  vegetable
crops [51]. Patel and Rajput [55] evaluated five depths (0, 5, 10, 15, and 20 cm) of drip ir‐
rigation with three moisture regimes in potato (Solanum tuberosum). Soil water content at
the  surface  of  the  soil  was relatively  moist  for  drip tubing placed 5  cm below the sur‐
face,  while  the soil  surface remained relatively dry for  the 10,  15,  and 20 cm depths of
drip  tubing  placement  [55].  Because  that  study  was  carried  out  on  sandy  (69%  sand)
soils,  greater  depths may be required to prevent  surface wetting on soils  with a  higher
clay content and greater capillary movement of water [56].

Irrigation treatment

on/off
Irrigation type Events Mean irrigation time Mean irrigation vol.

kPa no. min/event l∙ha-1

-40/-10 Surface 48 92 1.25 x 106

-40/-10 SDI 18 276 1.50 x 106

-60/-10 Surface 14 201 0.84 x 106

-60/-10 SDI 14 251 1.06 x 106

Mean number of irrigation events, irrigation time per event, and irrigation volume for the season ‘Table Queen’

squash grown with automated irrigation in 2012 in Lexington, KY.

Table 1. A comparison of SDI and surface drip irrigation under two automated irrigation schedules.

SDI not only keeps the soil surface drier, but also encourages deeper root growth than sur‐
face drip systems. Phene et al. [57] reported greater root densities below 30 cm in sweet corn
grown under SDI compared to traditional surface drip. In that study the SDI tubing was
placed at a depth of 45 cm. In bell pepper, a shallow rooted crop, SDI encouraged a greater
proportion of roots at depths below 10 cm when laterals were buried at 20 cm [58]. Encour‐
aging deeper root growth may afford greater drought tolerance in the event of irrigation re‐
strictions during the production season.

In arid climates SDI has been shown to consistently reduce weed pressure in several crops,
including cotton, corn, tomato, and pistachio (Pistacia vera) [25, 59, 60]. For example, weed
growth in pistachio orchards in Iran was approximately four-fold higher in surface irrigated
plots compared to those with SDI [59]. In humid regions, benefits may depend on the level
of rainfall received during the growing season; however, a reduction in the consistent wet‐
ting of the soil surface should allow for a reduction in weed pressure, particularly when
coupled with preemergent herbicides (Figure 4).

Processing tomatoes represent one of the most common applications of SDI in vegetable
crops. The impact of SDI (25 cm below the soil surface) and furrow irrigation on weed
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plete control of weeds on an organic farm in an environment which may regularly experi‐
ence 25 cm or more rain during the growing season.
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irrigation treatment. Comparable results have been reported in studies conducted in tomato
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ilar management system and set points. However the SDI -40/-10 kPa treatment irrigated rela‐
tively infrequently and for longer periods of times. When irrigation was initiated at -60 kPa and
terminated at -10 kPa there were differences in water use between the two drip systems, with
the surface system being more efficient. However, unlike the -40/-10 kPa treatments, the num‐
bers of irrigation events were not different between the two drip irrigation systems. The differ‐
ence in the response of the SDI and surface systems when compared under different soil
moisture regimes was not expected and suggests that irrigation scheduling as well as soil type
may have a significant impact on the relative performance of SDI compared to surface drip irri‐
gation. This should be noted when comparing the performance of SDI and surface drip irriga‐
tion systems.

3.3. Subsurface drip irrigation for improved weed management

As previously  discussed,  a  key benefit  of  SDI  is  a  reduction in  soil  surface  wetting for
weed germination and growth.  Although the lack of  surface wetting can negatively im‐
pact direct-seeded crops, transplanted crops often have significant root systems that may
be  wetted  without  bringing  water  to  the  soil  surface.  Direct-seeded  crops  grown  with
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SDI are often germinated using overhead microsprinkler irrigation [51]. The placement of
SDI tubing as well as irrigation regime [54] can impact the potential for surface wetting
and weed growth. As mentioned previously, SDI is often located 40-50 cm below the soil
surface  in  most  agronomic  crops,  but  is  typically  shallower  (15-25  cm)  for  vegetable
crops [51]. Patel and Rajput [55] evaluated five depths (0, 5, 10, 15, and 20 cm) of drip ir‐
rigation with three moisture regimes in potato (Solanum tuberosum). Soil water content at
the  surface  of  the  soil  was relatively  moist  for  drip tubing placed 5  cm below the sur‐
face,  while  the soil  surface remained relatively dry for  the 10,  15,  and 20 cm depths of
drip  tubing  placement  [55].  Because  that  study  was  carried  out  on  sandy  (69%  sand)
soils,  greater  depths may be required to prevent  surface wetting on soils  with a  higher
clay content and greater capillary movement of water [56].

Irrigation treatment

on/off
Irrigation type Events Mean irrigation time Mean irrigation vol.

kPa no. min/event l∙ha-1

-40/-10 Surface 48 92 1.25 x 106
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Table 1. A comparison of SDI and surface drip irrigation under two automated irrigation schedules.
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strictions during the production season.
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including cotton, corn, tomato, and pistachio (Pistacia vera) [25, 59, 60]. For example, weed
growth in pistachio orchards in Iran was approximately four-fold higher in surface irrigated
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growth were compared in tomato [25]. In that trial the authors reported a significant de‐
crease in weed growth in plant beds and furrows with SDI compared to furrow irrigation.
When no herbicides were applied, annual weed biomass was approximately 1.75 and 0.05
tons per acre dry weight in the furrow and SDI treatments, respectively [25]. With herbi‐
cides, both irrigation treatments had similar levels of weed biomass. However, in that study,
weed biomass in the SDI non-herbicide treatment was similar to the furrow irrigation with
herbicide treatment, suggesting that when using SDI, herbicides may not be necessary in
arid environments.

Figure 4. The difference in weed growth approximately 10 days after transplanting between acorn squash (Cucurbita
pepo) which were subjected to SDI at a depth of 15 cm below the soil surface (left) and surface drip irrigation (right). A
preemergent herbicide (halosulfuron methyl, Sandea™) was applied to all plots

A similar trial compared SDI and furrow irrigation across different tillage regimes with and
without the presence of herbicides in processing tomato [60]. In that study, both conserva‐
tion tillage and SDI reduced the weed pressure compared to conventional alternatives.
However, when main effects were tested, SDI had the largest impact on weed growth of any
treatment. Main effects mean comparisons showed that SDI treatments had weed densities
of 0.5 and 0.6 weeds per m2 in the planting bed in years one and two of the trial, respective‐
ly, compared to 17.9 and 98.6 weeds per m2 in the plant bed for furrow irrigated treatments.
As would be expected, SDI substantially reduced weed populations in the furrows between
beds as they remained dry during the trial. In this trial SDI had a greater impact on weed
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populations than herbicide applications. The authors concluded that SDI could reduce weed
populations sufficiently in conservation tillage tomato plantings in arid environments such
that herbicides may not be necessary [60]. In another related trial, weed populations were
evaluated for processing tomatoes grown with SDI and furrow irrigation under various
weed-management and cultivation systems [46]. In this trial, the authors noted an increase
in weed densities in the furrow system compared to SDI within the planting bed and fur‐
rows. However, there was no significant difference in the total weed biomass in the plant
bed comparing the two irrigation systems [46]. The authors did note that the majority of the
weeds in the SDI treatment were in the plant row and not evenly distributed across the bed,
indicating that the outer regions of the plant bed were too dry to support weed germination
or growth. Interestingly, when the relative percentages of weeds are extrapolated from the
results provided, Solanum nigrum constituted 76% of the weed population in the plant beds
of SDI treatments, but 52% of the weed population in the furrow irrigated beds. Although
the sample size from that study is too small to make statements regarding selection pres‐
sures for weed species in the irrigation systems evaluated, it may give insight into why the
authors reported a significant difference in numbers of weeds, but not biomass. Solanum nig‐
rum can grow quite large and may have contributed a substantial amount of biomass in the
SDI plots, despite having fewer numbers of weeds present. In this trial the furrow irrigation
treatments had significantly greater yields than the SDI treatments [46]. The authors sug‐
gested that this was not due to a flaw in the SDI system, but poor management late in the
season. The relatively small amounts of water used in drip irrigation underscore the need
for proper scheduling; otherwise water deficits can occur, resulting in poor yields.

4. Efficient management of drip irrigation

Appropriate  management  of  irrigation  requires  growers  to  determine  when  and  how
long  to  irrigate.  A  properly  designed  and  maintained  drip  irrigation  system  has  much
higher  application  efficiencies  than  comparable  sprinkler  or  surface  irrigation  systems
[37].  However,  even  with  drip  irrigation,  vegetable  crops  can  require  large  volumes  of
water  -  more  than  200,000  gallons  per  acre  for  mixed  vegetable  operations  in  Central
Kentucky,  US [61].  Poorly managed drip irrigation systems have been shown to reduce
yields (Locascio et  al.,  1989) and waste significant quantities of water.  Just 5 h after the
initiation of drip irrigation, the wetting front under an emitter may reach 45 cm from the
soil  surface,  effectively  below the  root  zone of  many vegetables  [62].  When drip  irriga‐
tion is mismanaged, a key benefit – limiting water available for weeds, is lost. The abili‐
ty  to  precisely  apply  water  with  drip  irrigation  means  that  a  very  high  level  of
management can be achieved with proper scheduling [63].

Irrigation scheduling has traditionally been weather or soil-based; although several plant-
based scheduling methods have been proposed [64, 65]. In weather-based scheduling, the
decision to irrigate relies on the soil-water balance. The water balance technique involves
determining changes  in  soil  moisture  over  time based on estimating evapotranspiration
(Et)  adjusted  with  a  crop  coefficient  [66].  These  methods  take  environmental  variables
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such as  air  temperature,  solar  radiation,  relative humidity and wind into account along
with crop coefficients that are adjusted for growth stage and canopy coverage [64].  Irri‐
gating based on Et can be very effective in large acreage,  uniformly planted crops such
as alfalfa, particularly when local weather data is available. However, irrigating based on
crop Et values for the production of vegetable crops is prone to inaccuracies due to var‐
iations in microclimates and growing practices.  Plastic  mulches and variable plant spac‐
ing  can  significantly  alter  the  accuracy  of  Et  estimates  [67,  68].  Furthermore  the  wide
variability  observed  in  the  growth  patterns  in  different  cultivars  of  the  same vegetable
crop can substantially alter the value of crop coefficients at a particular growth stage. In
many regions of the US, producers do not have access to sufficiently local weather data
and the programs necessary to schedule irrigation.

An alternative to using the check-book or Et-based models for irrigation is to use soil mois‐
ture-based methods. Perhaps the simplest and most common method is the “feel method,”
where irrigation is initiated when the soil “feels” dry [69]. Experienced growers may become
quite efficient when using this method. More sophisticated methods of scheduling irrigation
may use a tensiometer or granular matrix type sensor [6, 70-72].

These methods require routine monitoring of sensor(s), with irrigation decisions made when
soil moisture thresholds have been reached. This requires the development of threshold val‐
ues for various crops and soil types. Soil water potential thresholds for vegetable crops such
as tomato and pepper have been developed [6, 72, 73]. Drip irrigation is well suited to this
type of management as it is able to frequently irrigate low volumes of water allowing grow‐
ers to maintain soil moisture at a near constant level [6, 52, 53, 72]. In some soils, high-fre‐
quency, short-duration irrigation events can reduce water use while maintaining yields of
tomato when compared to a traditionally scheduled high-volume, infrequent irrigation (Ta‐
ble 2) [52, 71].

2009 2010

Irrigation

on/off
Events

Mean irrigation

time

Mean irrigation

vol.
Events

Mean irrigation

time

Mean irrigation

vol.

kPa no. min/event l∙ha-1 no. min/event l∙ha-1

-30/-10 39 110 1.30 x 106 28 144 1.22 x 106

-30/-25 59 91 1.63 x 106 22 140 0.93 x 106

-45/-10 21 221 1.41 x 106 22 167 1.11 x 106

-45/-40 76 40 0.92 x 106 18 146 0.79 x 106

Mean number of irrigation events, irrigation time per event, and irrigation volume for the season ‘Mountain Fresh’

tomato grown under five automated irrigation regimes in 2009 and 2010 in Lexington, KY.

Table 2. A comparison of high frequency short duration to more traditional infrequent but long duration irrigation
scheduling using soil moisture tension to schedule irrigation (Adapted from [52])

Coolong et al. [52] reported that irrigation delivered frequently for short durations so as to
maintain soil moisture levels in a relatively narrow range could save water and maintain
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yields, but efficiencies varied depending on season and the soil moisture levels that were
maintained. In two years of trials, irrigation water was most efficiently applied when soil
moisture was maintained between -45 and -40 kPa for tomatoes grown on a Maury Silt
Loam soil. However, when soil moisture was maintained slightly wetter at -30 to -25 kPa,
the relative application efficiency was affected by growing year (Table 2). Therefore, while
an effective method, soil moisture-based irrigation scheduling may produce variable appli‐
cation efficiencies and should be used in concert with other methods.

After more than 40 years of research with drip irrigation, results suggest that a mix of schedul‐
ing tactics should be employed to most efficiently manage irrigation. The application efficien‐
cies of several different management methods were determined by DePascale et al. [12]. Those
authors estimated that when compared to a simple timed application, the use of soil moisture
sensors to schedule irrigation would increase the relative efficiency of drip irrigation by 40-50%.
Using a method incorporating climate factors and the water-balance technique, one could in‐
crease relative efficiency compared to the baseline by 60-70%. However, when soil moisture
sensors were combined with Et-based methods, the relative efficiency of drip irrigation could
be increased by more than 115% over a fixed interval method. Therefore multiple strategies
should be used to optimize drip irrigation scheduling. This ensures maintaining yields while
reducing excessive applications of water, reducing the potential for weed growth.

5. Conclusions

Irrigation management is essential to developing a holistic system for weed management in
crops. As water resources become costlier, drip irrigation technologies will become more
widely utilized by growers worldwide. Although drip irrigation may be adopted due to wa‐
ter savings, the impact of drip irrigation on weed control is noteworthy. The ability to re‐
duce soil wetting will allow for improved weed control over sprinkler and surface irrigation
systems. Furthermore, precisely locating water in the root-zone without wetting the soil sur‐
face will make SDI more attractive to growers, despite the higher installation costs. In addi‐
tion, SDI is now being implemented on large acreages for the production of grain crops,
particularly corn, in the Midwestern US. With the increase in adoption of SDI, new technolo‐
gies will be developed to overcome some of the limitations of that system. Future research
will likely continue to develop management tactics combining multiple scheduling strat‐
egies such as Et and soil moisture-based irrigation [12] and its application for managing SDI
on a wider range of crops and soil types.
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1. Introduction

The integration of weed management and cover crops as green manure plays an important
role in several soil physical processes, influences carbon stocks and might be useful for mini‐
mizing soil physical degradation by compaction and hydric erosion.

According to Lal [1], soil degradative processes can be divided into physical (soil structure deg‐
radation, leading to crusting, compaction, erosion, desertification, anaerobiosis, environmen‐
tal  pollution  and  unsustainable  use  of  natural  resources),  chemical  and  biological.  Soil
structure is an important soil physical property that affects all three degradative processes [1]
and might be changed by weed control and cover crops management.

In an early report, Rufino et al. [2] investigated the relationships between management of a
coffee crop and bare soil during five years on a Dystropherric Red Latosol with a 6% slope
at Londrina. They observed that the soil losses in the coffee plantation were similar to bare
soil (99.30 Mg ha-1) in the first and second year post coffee planting. However, they noted
that the soil losses decreased to 33.93 Mg ha-1 from the fourth to fifth year. It was inferred
that increasing soil cover between coffee rows and under the coffee canopy is important in
reducing erosion susceptibility.

In another study conducted at Londrina, it was shown that high coffee population densities
resulted in an increase in soil water content, soil organic matter, soil nutrient availability
and a decrease in soil acidity and concentration of carbon in the soil microbial biomass (Pa‐
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van et al. [3]). They suggested that these results were due to the greater quantity of residues
on the soil surface with higher coffee population density, which increased soil water content
in both assessed layers.

In a Typical Dystropherric Red Latosol (617 g kg-1 clay content) with 12% slope, Carvalho et
al. [4] quantified the lowest soil losses (0.1098 Mg ha-1 ano-1) and sediment transportation
(0.025 Mg ha-1 mm-1) in a system where the weed control was mechanical mowing. This ob‐
tained greater protection against soil erosion than, when the weed control was hand hoeing
and the soil was exposed, increasing soil losses to 67.2434 Mg ha-1 ano-1 and sediment trans‐
portation to 0.022 Mg ha-1 mm-1. They also noted that weed control with post-emergence
herbicide had an intermediate effect in relation to soil loss and sediment transportation.

Faria et al. [5] observed that, in bare soil, combined application of pre-emergence herbicide
and systemic herbicide showed clear signs of surface crusting and sheet erosion associated
with the formation of micro-rills and micro-knolls on the surface. As a consequence of this
surface crusting there were increases in soil strength, quantified by precompression stress
and soil load bearing capacity [6, 7].

Some studies carried out in tropical Oxisols and Ultisols [4 ― 9] have shown the effect of
weed control on soil physical, mechanical and biological properties. As reported earlier, in
coffee plantations in the State of Paraná intense cultivation of coffee resulted in severe de‐
clines in soil organic matter contents and the use of large heavy farm equipment has pro‐
duced compacted soils with poor structure that are susceptible to erosive rainfall [10]. Thus,
cover crops like dwarf mucuna and peanut horse planted between coffee rows might be use‐
ful to decrease soil susceptibility to hydric erosion.

Dwarf mucuna [Mucuna deeringiana (Bort.) Merr] is a tropical legume and among the most
successful species for using as a cover crop or green manure between coffee rows. It is a
shrubby species of determinate growth, has a short or early cycle, and reaches a maximum
height of about 40 to 50 cm [11]. Furthermore, the production of plant biomass between 4 – 6
Mg ha-1, which minimizes the severe damage caused by water erosion, improves the root
system by the decomposition of crop residues, reduces the time spent in the management of
weeds, increases production and improves the nutrition of the coffee plants [12], conse‐
quently decreasing the cost of coffee production by decreasing fertilizer dependence.

Peanut horse [Arachis hypogea] is a legume with a long cycle (200 days between sowing to
harvest). This ensures good coverage and protection of the soil [13] during all the periods of
most intense rainfall (between October to February) [14], when the rainfall causes high ero‐
sion [15]. Furthermore, planting this crop between the lines of coffee favours biological fixa‐
tion, increasing the cycling of nutrients and dry matter production to between 2200 and 2550
kg per hectare, which contributes to the maintenance of the soil moisture [13].

Furthermore, the impact of weed management on the total organic carbon concentration in
soil might be affected per unit area or volume increase, as well as soil bulk density and
thickness of soil layer [16].

The soil-water retention curve defines the relationship between the matrix pressure head
and water content [17, 18, 19, 20]. Any soil-water retention curve has certain common fea‐
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tures that reflect the forces influencing the water retention [21]. Soil structure might influ‐
ence these forces and change the behaviour of the soil-water retention curve.

The distinguishing properties of the soil-water retention curves depend on several factors,
such as soil structure and aggregation, initial moulding water content, void ratio, type of
soil, particle size distribution, mineralogy, stress history and soil compaction state. Among
these factors, the stress history and initial moulding water content have the most influence
on soil structure, which in turn dominates the nature of the soil-water retention curve and
governs the air-entry value [18]. Authors have also shown that sandy clay till soil has two
levels of structure: a macro-level structure and a micro-level structure and that both levels of
structure are present in natural and compacted clayey soils.

Dexter [22] proposed the slope “S” of the soil-water retention curve at the inflection point as
a measure of the micro-structural porosity of the soil for assessment of soil physical quality.
This author also showed that the S-index was related to particle size distribution, soil bulk
density, soil organic matter and root growth. This index, according to Dexter [22], is mostly
due to microstructural porosity, and therefore, S governs many of these principal soil physi‐
cal properties directly.

Although, some studies done in tropical soils suggest that the same reference value of S-in‐
dex might be used for assessment of soil physical quality, this study has the hypothesis that
the changes in the soil-water retention curve can change the references and responses of this
index. Also, the changes in soil physical quality and carbon stocks under different weed
management and cover crops in coffee plantations have not yet been investigated in Brazil.

Thus, our hypothesis is that weed control and the use of cover crops as a green manure be‐
tween coffee rows changes the weed diversity and density, soil cover, soil carbon stocks and
soil physical quality. Therefore, this chapter evaluates and provides information about the
effects on soil total carbon stocks and soil physical quality caused by weed control and cover
crops used as a green manure at different soil depths of a Latosol in a coffee plantation, in
comparison to the soil under native forest.

2. Study site description and characterization

Since 2008, weed control and cover crop experiments have been conducted at the Agronom‐
ic Institute of Paraná (IAPAR) Experimental Station Farm in Londrina County, State of Para‐
ná, Brazil (Latitude 23º 21’ 30” S; Longitude 51º 10’ 17” W of Greenwich).

The climate is Cfa – humid subtropical, according to Köppen´s classification. The average
temperature in the coldest month is lower than 18 ºC (mesothermal) and in the hottest
months is higher than 22 ºC, creating a hot summer, with a low frequency of frost and a ten‐
dency to be rainy in the summer months, although without a dry season [14].

According to geomorphological mapping for the State of Paraná [23], Londrina is located in
the morfoescultural unit Sedimentary Paraná Basin, morfoescultural units Third Plateau and
morfoescultural sub-units Londrina Plateau.

The soil in the experimental area is derived from basalt and is classified as a Typical Dystro‐
ferric Red Latosol according to the Brazilian Soil Classification System [24]; Typic Haplor‐
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Mg ha-1, which minimizes the severe damage caused by water erosion, improves the root
system by the decomposition of crop residues, reduces the time spent in the management of
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kg per hectare, which contributes to the maintenance of the soil moisture [13].

Furthermore, the impact of weed management on the total organic carbon concentration in
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tures that reflect the forces influencing the water retention [21]. Soil structure might influ‐
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these factors, the stress history and initial moulding water content have the most influence
on soil structure, which in turn dominates the nature of the soil-water retention curve and
governs the air-entry value [18]. Authors have also shown that sandy clay till soil has two
levels of structure: a macro-level structure and a micro-level structure and that both levels of
structure are present in natural and compacted clayey soils.

Dexter [22] proposed the slope “S” of the soil-water retention curve at the inflection point as
a measure of the micro-structural porosity of the soil for assessment of soil physical quality.
This author also showed that the S-index was related to particle size distribution, soil bulk
density, soil organic matter and root growth. This index, according to Dexter [22], is mostly
due to microstructural porosity, and therefore, S governs many of these principal soil physi‐
cal properties directly.

Although, some studies done in tropical soils suggest that the same reference value of S-in‐
dex might be used for assessment of soil physical quality, this study has the hypothesis that
the changes in the soil-water retention curve can change the references and responses of this
index. Also, the changes in soil physical quality and carbon stocks under different weed
management and cover crops in coffee plantations have not yet been investigated in Brazil.

Thus, our hypothesis is that weed control and the use of cover crops as a green manure be‐
tween coffee rows changes the weed diversity and density, soil cover, soil carbon stocks and
soil physical quality. Therefore, this chapter evaluates and provides information about the
effects on soil total carbon stocks and soil physical quality caused by weed control and cover
crops used as a green manure at different soil depths of a Latosol in a coffee plantation, in
comparison to the soil under native forest.

2. Study site description and characterization

Since 2008, weed control and cover crop experiments have been conducted at the Agronom‐
ic Institute of Paraná (IAPAR) Experimental Station Farm in Londrina County, State of Para‐
ná, Brazil (Latitude 23º 21’ 30” S; Longitude 51º 10’ 17” W of Greenwich).

The climate is Cfa – humid subtropical, according to Köppen´s classification. The average
temperature in the coldest month is lower than 18 ºC (mesothermal) and in the hottest
months is higher than 22 ºC, creating a hot summer, with a low frequency of frost and a ten‐
dency to be rainy in the summer months, although without a dry season [14].

According to geomorphological mapping for the State of Paraná [23], Londrina is located in
the morfoescultural unit Sedimentary Paraná Basin, morfoescultural units Third Plateau and
morfoescultural sub-units Londrina Plateau.

The soil in the experimental area is derived from basalt and is classified as a Typical Dystro‐
ferric Red Latosol according to the Brazilian Soil Classification System [24]; Typic Haplor‐
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thox according to USDA soil taxonomy [25] and Ferralsol [26]. The slope of the study site is
nearly level at 3%, and altitude is 550m above sea level.

The natural forest is amongst secondary mixed hardwood forest, close to the experimental
area and the soil there provides a benchmark for soil quality. Some of its physical properties
are shown in Table 1.

The soil particle-size distribution was determined by the pipette method [27], by chemical
dispersion with a 5 mL 1 N sodium hydroxide solution in contact with the samples for 24
hours. Physical dispersion was accomplished by 2 hours, in a reciprocating shaker, which
shakes 180 times per minute in a 38mm amplitude.

Field capacity and permanent wilting point were measured in the laboratory and corresponds
to water contents remaining at the soil samples after saturation and equilibrated to matric po‐
tential - 33 kPa and - 1500 kPa, respectively, in a ceramic plate inside a pressure chamber.

Soil particle density was determined using a volumetric flask [28]. Total porosity was calcu‐
lated by the soil bulk density to particle density ratio [29, 30].

Depth Clay Silt Sand SOC FC PWP Bd Pd TP

cm ―――――― g kg-1 ――――― g dm-3 ―― cm3 cm-3 ―― ―― kg m-3 ― cm3cm-3

2 – 7 780 160 60 29.98 0.35 0.29 0.91 2.78 0.67

12 – 17 800 140 60 19.44 0.42 0.36 1.00 2.79 0.64

22 – 27 810 140 50 18.41 0.42 0.36 1.08 2.81 0.61

32 – 37 810 140 50 15.36 0.43 0.37 1.13 2.82 0.60

Depth: depth of sampling; SOC: soil organic carbon; FC: field capacity; PWP: permanent wilting point; Bd: bulk density;
Pd: particle density and TP: total porosity. Averages from four replicates.

Table 1. Physical properties and total organic carbon content of a Typical Dystropherric Red Latosol under native
forest adjacent to the study area at IAPAR in Londrina, North of State of Paraná.

The clay fraction dominated in all depths of this Dystroferric Red Latosol. The soil contained 250
– 280 g kg-1 of iron extractable by citrate-dithionite-bicarbonate, with hematite as dominant iron
oxide, 620 ― 650g kg-1 kaolinite and 20 ― 40 g kg-1 Al-interlayered vermiculite [10].

The soil had a homogeneous structure, low soil bulk density, high total porosity and macro‐
porosity and exhibited a granular structure like coffee powder throughout the profile, as de‐
scribed early by Kemper & Derpsch [31].

The coffee plantation was established about 30 years ago and the soil management history of the
site included a conventional tillage system, the primary operation was disk ploughing (approx‐
imately 25cm soil depths) and the secondary was two disks acting to 15cm. Between 1978 to 2007
the weed control between coffee rows was done with disk harrowing and hand hoeing.
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3. Experimental design, weed control and cover crops

The experimental area has been planted with Mundo Novo plants, spaced 3.50m between
rows and 2.00m between plants, since 1978.

In 2008, cover crops and weed management systems were established in a randomized com‐
plete block design with four replicates. Each plot has two inter-rows and has an area of 112m2

(7m x 16m) for each treatment (28 plots in total). The experimental design further included a
split-plot, with each weed control and cover crop in the inter-rows as the main-plot factor and
the soil sampling depths (2 ‒ 7 cm, 12 ‒ 17 cm, 22 ‒ 27 cm and 32 ‒ 37 cm) as a split-plot.

The weed and cover crops management systems (TREATMENTS) were as follows:

1. hand weeding (HAWE): performed with the aid of a hoe, when the weed reached 45 cm
height, between August 2010 and July 2011 was performed four times.

2. portable mechanical mower (PMOW): with the aid of a portable knapsack mechanical
mower

3. pre-emergence and post-emergence herbicides (HERB): A) pre-emergence: oxyfluorfen
at a rate 4.0 L ha-1 of commercial product at 240 g L-1 (0.96 Kg active ingredient ha-1),
applied three times since beginning of the experiment, in November 2008, October 2010
and September 2011; B) post- emergence herbicides: glyphosate, at a rate 4.0 L ha-1 of
commercial product at 360 g L-1 (1.44 Kg active ingredient ha-1) applied six times (Janu‐
ary, April, October and December 2009, April and December 2010); in March 2011 car‐
fentrazone-ethyl was used as post-emergence herbicide at a rate 100 m L ha-1 of
commercial product at 400 g L-1 (0.04 Kg active ingredient ha-1).

4. cover crop peanut horse (Arachis hypogeae) used as a green manure (GMAY): was sown
annually on October 23/2009; 14/2010 and 27/2011.

5. dwarf mucuna (Mucuna deeringiana) (Bort.) Merr used as a green manure (GMMD): was
sown annually in October 23/2009; 14/2010 and 27/2011.

6. no-weed control between coffee rows (NWCB): the weed plants were left to grow freely
between coffee rows.

7. no-weed control between coffee rows or under canopy of the coffee plants (weed check
-WCCK).

8. native forest (NAFT): adjacent to coffee cultivation is a secondary mixed hardwood for‐
est, located about 500m from experimental area.

Between each coffee row, two rows of the cover crops were sown annually at the beginning
of the spring in October (23/2009; 14/2010 and 27/2011) and cut at flowering stage within the
production cycle of the coffee.

It was observed in the field, that the species Mucuna deeringiana (Bort.) Merr grew faster than
Arachis hypogeae until the end of December (sowing to flowering), after this stage the soil
covered by these two species was similar.
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forest adjacent to the study area at IAPAR in Londrina, North of State of Paraná.

The clay fraction dominated in all depths of this Dystroferric Red Latosol. The soil contained 250
– 280 g kg-1 of iron extractable by citrate-dithionite-bicarbonate, with hematite as dominant iron
oxide, 620 ― 650g kg-1 kaolinite and 20 ― 40 g kg-1 Al-interlayered vermiculite [10].

The soil had a homogeneous structure, low soil bulk density, high total porosity and macro‐
porosity and exhibited a granular structure like coffee powder throughout the profile, as de‐
scribed early by Kemper & Derpsch [31].

The coffee plantation was established about 30 years ago and the soil management history of the
site included a conventional tillage system, the primary operation was disk ploughing (approx‐
imately 25cm soil depths) and the secondary was two disks acting to 15cm. Between 1978 to 2007
the weed control between coffee rows was done with disk harrowing and hand hoeing.
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at a rate 4.0 L ha-1 of commercial product at 240 g L-1 (0.96 Kg active ingredient ha-1),
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commercial product at 400 g L-1 (0.04 Kg active ingredient ha-1).

4. cover crop peanut horse (Arachis hypogeae) used as a green manure (GMAY): was sown
annually on October 23/2009; 14/2010 and 27/2011.

5. dwarf mucuna (Mucuna deeringiana) (Bort.) Merr used as a green manure (GMMD): was
sown annually in October 23/2009; 14/2010 and 27/2011.

6. no-weed control between coffee rows (NWCB): the weed plants were left to grow freely
between coffee rows.

7. no-weed control between coffee rows or under canopy of the coffee plants (weed check
-WCCK).

8. native forest (NAFT): adjacent to coffee cultivation is a secondary mixed hardwood for‐
est, located about 500m from experimental area.

Between each coffee row, two rows of the cover crops were sown annually at the beginning
of the spring in October (23/2009; 14/2010 and 27/2011) and cut at flowering stage within the
production cycle of the coffee.

It was observed in the field, that the species Mucuna deeringiana (Bort.) Merr grew faster than
Arachis hypogeae until the end of December (sowing to flowering), after this stage the soil
covered by these two species was similar.
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4. Soil sampling and analyses

The soil sampling and analyses were performed in 2011 (the third year of this experiment) to
assess the effects of weed control and cover crops on soil structure. The undisturbed soil
samples were collected from the centre of the inter-rows between coffee plants (1.75m from
the coffee stem) using a mechanical extractor and inox rings, 5cm high and 5cm in diameter.
Also, to calculate the total carbon stocks, disturbed soil samples were collected under the
coffee canopy at the same depths.

As reported previously, the undisturbed soil samples were collected at depths 2 ‒ 7 cm, 12 ‒
17 cm, 22 ‒ 27 cm and 32 ‒ 37 cm. These depths were chosen for sampling because the sur‐
face layers are more relevant when assessing the impact of management on carbon stocks
and are more frequently modified directly by cultivation [16]. These authors showed that
the layers between 0 and 18 cm were most influenced by management. Furthermore, these
layers are more influenced by weed control in coffee plantations, as shown earlier by Alcân‐
tara & Ferreira [9] and Araujo-Junior et al. [6, 7]. The selection of the fixed sampling depth,
as done in this study, is somewhat arbitrary, but it must be identical for all profiles being
compared and include the soil layer most susceptible to the influence of management [16].

The photos 1A and 1B show the no-weed control between coffee rows and dwarf mucuna
used as a green manure and cover crop. Cover crops provide a good soil cover and protect
the soil against hydric erosion and soil surface crusting. The soil cover with peanut horse
(Figure 1C) and weed control with herbicides provided lower soil cover (Figure 1D).

(A) (B) 

(C) (D) 

Photo 1. Experimental plots: (A) weed check no-weed control between coffee rows and under coffee canopy, (B)
plants of dwarf mucuna (Mucuna deeringiana) used as a cover crop and green-manure, (C) peanut horse (Arachis hy‐
pogeae) and (D) herbicides.
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5. Total soil organic carbon and carbon stocks

Total soil organic carbon was determined by wet digestion following organic oxidation by
Cr2O2-

7 in acid [32]. The total soil organic carbon concentrations in kg Mg-1 were obtained
directly from chemical analyses for the two sites of sampling (under the coffee canopy and
between coffee rows). Total soil organic carbon masses in each soil layer in Mg ha-1 were cal‐
culated from the thickness of the soil layer (0.10m) and the average soil bulk density in each
layer, according to Equation 1, proposed by Ellert & Bettany [16].

MCOT  =conc . ρb .  T  . 10 000 m 2ha-1 . 0.001 Mg  kg -1 (1)

Where, MCOT total soil organic carbon mass per unit area (Mg ha-1), conc is total soil organic car‐
bon concentration (kg Mg-1), ρb is the soil bulk density (Mg m-3) and T thickness of soil layer (m).

6. The soil-water retention curve and its properties

Evaluation of soil physical quality includes measurements of the soil-water retention data
and its properties performed in quadruplicate. Undisturbed soil samples were prepared for
the exact size of inox rings. These soil samples were saturated with water for 48 hours. After
that, undisturbed soil samples were equilibrated to a matric potential expressed as pressure
head h (cm) of 20cm, 40cm, 60cm and 100cm on a suction table [33] (Eijkelkamp Equipment,
P.O Box 4, 6987 ZG Giesbeek Nijverheisdsstraat 30, 6987 EM Giesbeek) and 330cm, 1,000cm,
5,000cm and 15,000cm in a ceramic plate inside a pressure chamber (Soil Moisture Equip‐
ment Crop., P.O. Box 30025 Santa Barbara, CA 93105) [34].

To calculate soil bulk density, undisturbed soil samples were dried in the oven at 105 ‒ 110 ºC for
48 hours to determine dry soil weight per unit volume [35, 36]. The volumetric soil water con‐
tent was estimated using gravimetric soil water content times soil bulk density [37].

The soil microporosity was determined for the soil samples equilibrated to a matric poten‐
tial - 6 kPa in a suction table, which separated the pores with effective diameter greater than
50 μm, drained from the cores (macropores). The soil macroporosity was calculated by the
difference among total porosity and microporosity, which corresponds to water drained be‐
tween 0 to 60 cm pressure head.

The soil-water retention curve is the functional relationship between water pressure head
(cm) or soil matric potential (Ψ) versus soil water content (cm3 cm-3) was obtained for each
undisturbed soil sample. The soil-water retention was fitted through the van Genuchten [17]
model with Mualen [38] constraint (m = 1-1/n) described by the Equation 2, using software
Soil Water Retention Curve (SWRC) [39].
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the layers between 0 and 18 cm were most influenced by management. Furthermore, these
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The photos 1A and 1B show the no-weed control between coffee rows and dwarf mucuna
used as a green manure and cover crop. Cover crops provide a good soil cover and protect
the soil against hydric erosion and soil surface crusting. The soil cover with peanut horse
(Figure 1C) and weed control with herbicides provided lower soil cover (Figure 1D).
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Photo 1. Experimental plots: (A) weed check no-weed control between coffee rows and under coffee canopy, (B)
plants of dwarf mucuna (Mucuna deeringiana) used as a cover crop and green-manure, (C) peanut horse (Arachis hy‐
pogeae) and (D) herbicides.
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7 in acid [32]. The total soil organic carbon concentrations in kg Mg-1 were obtained
directly from chemical analyses for the two sites of sampling (under the coffee canopy and
between coffee rows). Total soil organic carbon masses in each soil layer in Mg ha-1 were cal‐
culated from the thickness of the soil layer (0.10m) and the average soil bulk density in each
layer, according to Equation 1, proposed by Ellert & Bettany [16].

MCOT  =conc . ρb .  T  . 10 000 m 2ha-1 . 0.001 Mg  kg -1 (1)

Where, MCOT total soil organic carbon mass per unit area (Mg ha-1), conc is total soil organic car‐
bon concentration (kg Mg-1), ρb is the soil bulk density (Mg m-3) and T thickness of soil layer (m).

6. The soil-water retention curve and its properties

Evaluation of soil physical quality includes measurements of the soil-water retention data
and its properties performed in quadruplicate. Undisturbed soil samples were prepared for
the exact size of inox rings. These soil samples were saturated with water for 48 hours. After
that, undisturbed soil samples were equilibrated to a matric potential expressed as pressure
head h (cm) of 20cm, 40cm, 60cm and 100cm on a suction table [33] (Eijkelkamp Equipment,
P.O Box 4, 6987 ZG Giesbeek Nijverheisdsstraat 30, 6987 EM Giesbeek) and 330cm, 1,000cm,
5,000cm and 15,000cm in a ceramic plate inside a pressure chamber (Soil Moisture Equip‐
ment Crop., P.O. Box 30025 Santa Barbara, CA 93105) [34].

To calculate soil bulk density, undisturbed soil samples were dried in the oven at 105 ‒ 110 ºC for
48 hours to determine dry soil weight per unit volume [35, 36]. The volumetric soil water con‐
tent was estimated using gravimetric soil water content times soil bulk density [37].

The soil microporosity was determined for the soil samples equilibrated to a matric poten‐
tial - 6 kPa in a suction table, which separated the pores with effective diameter greater than
50 μm, drained from the cores (macropores). The soil macroporosity was calculated by the
difference among total porosity and microporosity, which corresponds to water drained be‐
tween 0 to 60 cm pressure head.

The soil-water retention curve is the functional relationship between water pressure head
(cm) or soil matric potential (Ψ) versus soil water content (cm3 cm-3) was obtained for each
undisturbed soil sample. The soil-water retention was fitted through the van Genuchten [17]
model with Mualen [38] constraint (m = 1-1/n) described by the Equation 2, using software
Soil Water Retention Curve (SWRC) [39].
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θ =  θres +  
θsat  +  θres

1 + (α Ψ) n 1-1/n (2)

Where, θ, θres and θsat represent the volumetric, residual and saturated soil water contents
(cm3 cm-3), respectively; α, m and n are the parameters of the fitted model that are related to
scaling factor and the shape of the fitted curve; Ψ is the pressure head (cm).

The angular coefficient of the soil-water retention curve at inflection point (soil physical
quality [S index]) was calculated by Equation 3 [22].

Sindex =  - n (θsat -  θres)
2 n -  1
n -  1

-( 1
n  - 2)

+  θres
(3)

Data for soil cover, soil bulk density and total soil organic carbon were submitted to analysis
of variance through the software SISVAR [41], considering a split plot design, comparing
different weed management and cover crops in each soil depth. Linear regressions were ob‐
tained for soil macroporosity and soil physical quality S-index to obtain the lower boundary
limit for this index.

7. Results and discussion

The results supported that in Oxisol planted with coffee plantation the weed diversity and
density, soil cover, soil carbon stocks and soil physical quality measured by S index and
macroporosity are related to weed control and cover crops.

Seven weed species were identified in the coffee plantation and were submitted to different
weed control and cover crops between coffee rows and under the coffee canopy in May 2011
(Table 2). Although the soil in the present study has a clayey texture, the number of weed
species was relatively small compared to the previous study of a coffee plantation assessed
in the summer season in a tropical region (December 2007) [42].

Carter & Ivany [43] highlighted that the soil type and kind of tillage can significantly in‐
fluence weed seed bank composition.  They also explained that reduced physical  protec‐
tion  and aggregate  entrapment  in  sandy,  compared to  clay  textured soils,  would allow
weed seeds to move to deeper soils depths (12cm), where seed dormancy would be inde‐
pendent  of  soil  texture.  In  addition  to  this,  Carter  & Ivany [43]  apud  Albrecht  and Pil‐
gram  showed  that  soil  textures  are  mainly  related  to  soil-water  retention  and  can
significantly  influence weed seed density,  weed composition and seed size,  through se‐
lective pressure on available water capacity.

The low density and diversity of weed species observed in this study (Table 2) was probably
due to low temperature, with a mean monthly temperature of 17.7ºC and mean precipitation
of 93mm. However, in May 2011 the rain distribution was erratic, with only 7.6mm of pre‐
cipitation, which impaired the weed germination, growth and development.
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A greater diversity and density of weed plants was observed in the soil between coffee
rows, compared to under the canopy (Table 2). This suggests that the coffee canopy promot‐
ed weed suppression.

SCIENTIFIC NAME
AND WEED SPECIE

Weed management and cover crops in a coffee plantation

HAWE PMOW HERB GMAY GMMD NWCB WCCK

BCR UCC BCR UCC BCR UCC BCR UCC BC
R

UCC BC
R

UCC BCR UCC

Portulaca oleracea L.
Purslane

X X

Digitaria insularis (L.) Fedde
Sourgrass

X X X X X

Brachiaria decumbens
Signal grass

X X

Sida rhombifolia
Arrowleaf sida

X

Talinum paniculatum (Jacq.)
Gareth. Fameflower

X X X X X X X X X X

Momordica charantia L.
Bitter melon

X X X X

Phyllanthus tenellus Roxb.
Leafflower

X X X X X X X X X X X X

HAWE: hand weeding; HERB: pre plus post-emergence herbicides; PMOW: portable mechanical mower; GMAY: cover
crop peanut horse Arachis hypogea; GMMA: cover crop dwarf mucuna Mucuna deeringiana; NWCB: no-weed control
between coffee rows; WCCK: weed check. BCR: between coffee rows; UCC: under coffee canopy.

Table 2. Weed species distribution under different management and cover crops in a coffee plantation at two
positions, between coffee rows and under the coffee canopy in May 2011.

Among the management adopted, a greater density and diversity of weed plants (Table 2)
was detected in the no-weed control between coffee rows and weed check. The absence of
soil disturbance in these weed management systems allows formation of a bigger and more
diverse weed seed bank in soil [43, 44, 7]. However, the former authors suggested the diver‐
sity is not directly related to higher infestation levels.

The species fameflower and leafflower were observed in almost all treatments, except in the
no-weed control between coffee rows (Table 2).
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macroporosity are related to weed control and cover crops.

Seven weed species were identified in the coffee plantation and were submitted to different
weed control and cover crops between coffee rows and under the coffee canopy in May 2011
(Table 2). Although the soil in the present study has a clayey texture, the number of weed
species was relatively small compared to the previous study of a coffee plantation assessed
in the summer season in a tropical region (December 2007) [42].

Carter & Ivany [43] highlighted that the soil type and kind of tillage can significantly in‐
fluence weed seed bank composition.  They also explained that reduced physical  protec‐
tion  and aggregate  entrapment  in  sandy,  compared to  clay  textured soils,  would allow
weed seeds to move to deeper soils depths (12cm), where seed dormancy would be inde‐
pendent  of  soil  texture.  In  addition  to  this,  Carter  & Ivany [43]  apud  Albrecht  and Pil‐
gram  showed  that  soil  textures  are  mainly  related  to  soil-water  retention  and  can
significantly  influence weed seed density,  weed composition and seed size,  through se‐
lective pressure on available water capacity.

The low density and diversity of weed species observed in this study (Table 2) was probably
due to low temperature, with a mean monthly temperature of 17.7ºC and mean precipitation
of 93mm. However, in May 2011 the rain distribution was erratic, with only 7.6mm of pre‐
cipitation, which impaired the weed germination, growth and development.
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A greater diversity and density of weed plants was observed in the soil between coffee
rows, compared to under the canopy (Table 2). This suggests that the coffee canopy promot‐
ed weed suppression.
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AND WEED SPECIE

Weed management and cover crops in a coffee plantation
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BCR UCC BCR UCC BCR UCC BCR UCC BC
R

UCC BC
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UCC BCR UCC

Portulaca oleracea L.
Purslane

X X

Digitaria insularis (L.) Fedde
Sourgrass

X X X X X
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Sida rhombifolia
Arrowleaf sida

X

Talinum paniculatum (Jacq.)
Gareth. Fameflower

X X X X X X X X X X
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Bitter melon

X X X X

Phyllanthus tenellus Roxb.
Leafflower

X X X X X X X X X X X X

HAWE: hand weeding; HERB: pre plus post-emergence herbicides; PMOW: portable mechanical mower; GMAY: cover
crop peanut horse Arachis hypogea; GMMA: cover crop dwarf mucuna Mucuna deeringiana; NWCB: no-weed control
between coffee rows; WCCK: weed check. BCR: between coffee rows; UCC: under coffee canopy.

Table 2. Weed species distribution under different management and cover crops in a coffee plantation at two
positions, between coffee rows and under the coffee canopy in May 2011.

Among the management adopted, a greater density and diversity of weed plants (Table 2)
was detected in the no-weed control between coffee rows and weed check. The absence of
soil disturbance in these weed management systems allows formation of a bigger and more
diverse weed seed bank in soil [43, 44, 7]. However, the former authors suggested the diver‐
sity is not directly related to higher infestation levels.

The species fameflower and leafflower were observed in almost all treatments, except in the
no-weed control between coffee rows (Table 2).
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8. Soil cover

The weed control and cover crops had a significant effect on soil cover values offered by
weed plants between coffee rows and under the coffee canopy (Figure 1). For the assessment
in May 2011, soil cover by weed plants and cover crops between coffee rows was in the fol‐
lowing order: NWCB = WCCK > HAWE = PMOW > GMAY = GMMA > HERB. However, it
should be noted that managements HAWE and PMOW also promoted a good soil cover at
this time of year.

Between coffee rows, no-weed control and weed check (without weed control between cof‐
fee rows and under canopy) were most effective in soil protection, whereas the weed control
with herbicides was less effective in soil protection. Intermediate levels of effectiveness were
observed for the hand weeding, portable mechanical mower and green manures.

Under the coffee canopy, significant differences were not evident among most of the man‐
agements. Greater soil cover was obtained by hand weeding, dwarf mucuna, no-weed con‐
trol between coffee rows and weed check (without weed control between coffee rows and
under canopy) (Figure 1).
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Figure 1. Soil cover by weed and cover crops in a coffee plantation between coffee rows and under coffee canopy in
May 2011. HAWE: hand weeding; HERB: pre plus post-emergence herbicides; PMOW: portable mechanical mower;
GMAY: cover crop peanut horse (Arachis hypogea); GMMA: cover crop dwarf mucuna (Mucuna deeringiana); NWCB:
no-weed control between coffee rows; WCCK: weed check.
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These  results  show  the  potential  that  weed  plants  have  to  provide  protection  between
coffee rows against the direct impact of raindrops, thus reducing the potential for loss of
water  and soil.  Despite  the  high water  infiltration rate  of  Dystropherric  Red Latosol  in
Londrina  (70mm  h-1),  there  is  an  intense  rainfall  erosivity  index,  with  over  1,000
MJ.mm.ha-1.year-1  [2,  15].  Therefore, this soil can experience losses exceeding 100 tons/ha
on bare soil  and 33 tons/ha where crops are  grown [2].  These authors  showed that  the
squaring  operation  (Post-harvest  coffee)  is  critical  to  soil  losses  in  coffee  crops  grown,
due to removal  of  lower leaves and soil  protection.  Thus,  weeds and cover crops culti‐
vated between coffee rows might be used to protect the soil  against direct raindrop im‐
pact and reduce water and soil losses in coffee plantations.

9. Soil bulk density

The  soil  samples  from  the  coffee-cultivated  plots  subjected  to  different  weed  manage‐
ment  and  cover  crops  between  coffee  rows  had  a  higher  bulk  density  at  four  depths,
when compared to the soil samples from native forest soil (Table 3). Some previous stud‐
ies have shown this increase in the soil  bulk density under coffee plantation in relation
to native forest [7, 9].

The soil bulk density for Latosol at 2―7 cm, 22―27 cm and 32―37 cm depths were not sig‐
nificantly varied between different weed and cover crops management. However, at 12―17
cm depths obvious differences of soil bulk density were detected. The soil bulk density for
Latosol under HAWE, NWCB and WCCK weed managements and both cover crops used as
green manure, resulted in higher packing of solid particles of the soil (Table 3). The higher
bulk densities at 12―17 cm depth might be due the stress concentration applied by tyres
and equipment used for weed control in the past, which promoted a higher degree of physi‐
cal degradation and packing of solid particles of the soil.

Nevertheless, neither soil bulk densities found in the present study were considered higher
than the critical soil bulk density (1.20kg dm-3) for coffee root growth established by Araujo-
Junior et al. [7] in Latosol with 560g kg-1 clay. These results are in agreement with Streck et
al. [45], who obtained the critical soil bulk density, based on soil physical quality S-index, for
seven Latosols under different land uses with clay content between 160 to 760 g kg-1.

For the soil  in this  study,  Derpsch et  al.  [46]  suggested the value equal  to 1.20 kg dm-3

for problems with root growth and soil aeration are not probable. On the other hand, ac‐
cording to these authors,  values of soil  bulk density higher than 1.25 kg dm-3  might re‐
strict root growth.

In a Dystroferric Red Latosol with 800g kg-1 clay, Tormena [47] observed that soil physical
quality measured by S-index decreased as soil bulk density or compaction increased as a re‐
sult of reducing macropores volume, with a consequent alteration on the pore size distribu‐
tion. They found that at 1.16kg dm-3 there are restrictions on soil physical quality associated
with soil resistance to root penetration. However, they pointed out that using S-index in‐
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this time of year.
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fee rows and under canopy) were most effective in soil protection, whereas the weed control
with herbicides was less effective in soil protection. Intermediate levels of effectiveness were
observed for the hand weeding, portable mechanical mower and green manures.

Under the coffee canopy, significant differences were not evident among most of the man‐
agements. Greater soil cover was obtained by hand weeding, dwarf mucuna, no-weed con‐
trol between coffee rows and weed check (without weed control between coffee rows and
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Figure 1. Soil cover by weed and cover crops in a coffee plantation between coffee rows and under coffee canopy in
May 2011. HAWE: hand weeding; HERB: pre plus post-emergence herbicides; PMOW: portable mechanical mower;
GMAY: cover crop peanut horse (Arachis hypogea); GMMA: cover crop dwarf mucuna (Mucuna deeringiana); NWCB:
no-weed control between coffee rows; WCCK: weed check.
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coffee rows against the direct impact of raindrops, thus reducing the potential for loss of
water  and soil.  Despite  the  high water  infiltration rate  of  Dystropherric  Red Latosol  in
Londrina  (70mm  h-1),  there  is  an  intense  rainfall  erosivity  index,  with  over  1,000
MJ.mm.ha-1.year-1  [2,  15].  Therefore, this soil can experience losses exceeding 100 tons/ha
on bare soil  and 33 tons/ha where crops are  grown [2].  These authors  showed that  the
squaring  operation  (Post-harvest  coffee)  is  critical  to  soil  losses  in  coffee  crops  grown,
due to removal  of  lower leaves and soil  protection.  Thus,  weeds and cover crops culti‐
vated between coffee rows might be used to protect the soil  against direct raindrop im‐
pact and reduce water and soil losses in coffee plantations.

9. Soil bulk density

The  soil  samples  from  the  coffee-cultivated  plots  subjected  to  different  weed  manage‐
ment  and  cover  crops  between  coffee  rows  had  a  higher  bulk  density  at  four  depths,
when compared to the soil samples from native forest soil (Table 3). Some previous stud‐
ies have shown this increase in the soil  bulk density under coffee plantation in relation
to native forest [7, 9].

The soil bulk density for Latosol at 2―7 cm, 22―27 cm and 32―37 cm depths were not sig‐
nificantly varied between different weed and cover crops management. However, at 12―17
cm depths obvious differences of soil bulk density were detected. The soil bulk density for
Latosol under HAWE, NWCB and WCCK weed managements and both cover crops used as
green manure, resulted in higher packing of solid particles of the soil (Table 3). The higher
bulk densities at 12―17 cm depth might be due the stress concentration applied by tyres
and equipment used for weed control in the past, which promoted a higher degree of physi‐
cal degradation and packing of solid particles of the soil.

Nevertheless, neither soil bulk densities found in the present study were considered higher
than the critical soil bulk density (1.20kg dm-3) for coffee root growth established by Araujo-
Junior et al. [7] in Latosol with 560g kg-1 clay. These results are in agreement with Streck et
al. [45], who obtained the critical soil bulk density, based on soil physical quality S-index, for
seven Latosols under different land uses with clay content between 160 to 760 g kg-1.

For the soil  in this  study,  Derpsch et  al.  [46]  suggested the value equal  to 1.20 kg dm-3

for problems with root growth and soil aeration are not probable. On the other hand, ac‐
cording to these authors,  values of soil  bulk density higher than 1.25 kg dm-3  might re‐
strict root growth.

In a Dystroferric Red Latosol with 800g kg-1 clay, Tormena [47] observed that soil physical
quality measured by S-index decreased as soil bulk density or compaction increased as a re‐
sult of reducing macropores volume, with a consequent alteration on the pore size distribu‐
tion. They found that at 1.16kg dm-3 there are restrictions on soil physical quality associated
with soil resistance to root penetration. However, they pointed out that using S-index in‐
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stead of soil bulk density values has the advantage of getting similar S values in soils of dif‐
ferent particle size distribution.

Native forest /

weed and cover crops

Soil bulk density, kg dm-3

Depths, centimetres

2 – 7 12 – 17 22 – 27 32 – 37

Native forest 0.91 A 1.00 A 1.08 A 1.13 A

Hand weeding 1.10 B 1.16 C 1.16 B 1.14 A

Portable mechanical mower 1.11 B 1.11 B 1.12 B 1.15 A

Herbicides 1.11 B 1.10 B 1.19 B 1.18 A

Peanut horse Arachis hypogaea 1.12 B 1.23 C 1.18 B 1.13 A

Dwarf mucuna Mucuna deeringiana 1.12 B 1.19 C 1.21 B 1.19 A

No-weed control between coffee 1.08 B 1.18 C 1.14 B 1.09 A

Weed check 1.07 B 1.20 C 1.17 B 1.15 A

Averages followed by the same uppercase letters compare different treatments in each soil depth.

Table 3. Soil bulk density for Latosol samples collected between coffee rows in four depths under different weed
control and cover crops managements.

For seven Oxisols in the South of Brazil under different land uses Streck et al. [45] showed
lower values for soil bulk density under native forest than for the soil under direct drilling.
They showed no relationship between clay content and dispersible clay in water using soil
physical quality S-index. However, they found an exponential decay relationship between S-
index vs. soil bulk density and S-index vs. precompression stress. Although Tormena et al.
[47] did not comment on the kind of relation between S-index and soil bulk density, it was
possible to note similar behaviour to exponential decay.

10. Total soil carbon stocks

Figure 2 shows the total soil organic carbon stocks for a Dystroferric Red Latosol at four
depths, under natural forest and coffee plantation, submitted to different weed controls and
cover crops.

The soil under native forest contained lower carbon stocks compared to the soil under coffee
plantation submitted to different weed management systems. This is likely due to the lower
soil mass per unit area under native forest and also the large amount of weed dry mass add‐
ed during thirty years, resulting in soil organic carbon accumulation in the soil under the
coffee plantation (Figure 2).
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Figure 2. Total soil organic carbon stocks for a Dystroferric Red Latosol at four depths, under natural forest and coffee
plantation. NATF: native forest; HAWE: hand weeding; HERB: pre plus post-emergence herbicides; PMOW: portable
mechanical mower; GMMD: dwarf mucuna (Mucuna deeringiana); GMAY: peanut horse (Arachis hypogea); NWCB:
no-weed control between coffee rows; WCCK: weed check.
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index vs. soil bulk density and S-index vs. precompression stress. Although Tormena et al.
[47] did not comment on the kind of relation between S-index and soil bulk density, it was
possible to note similar behaviour to exponential decay.

10. Total soil carbon stocks

Figure 2 shows the total soil organic carbon stocks for a Dystroferric Red Latosol at four
depths, under natural forest and coffee plantation, submitted to different weed controls and
cover crops.

The soil under native forest contained lower carbon stocks compared to the soil under coffee
plantation submitted to different weed management systems. This is likely due to the lower
soil mass per unit area under native forest and also the large amount of weed dry mass add‐
ed during thirty years, resulting in soil organic carbon accumulation in the soil under the
coffee plantation (Figure 2).
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Figure 2. Total soil organic carbon stocks for a Dystroferric Red Latosol at four depths, under natural forest and coffee
plantation. NATF: native forest; HAWE: hand weeding; HERB: pre plus post-emergence herbicides; PMOW: portable
mechanical mower; GMMD: dwarf mucuna (Mucuna deeringiana); GMAY: peanut horse (Arachis hypogea); NWCB:
no-weed control between coffee rows; WCCK: weed check.
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In  coffee  plantations,  the  planning of  weed control,  with  the  input  of  cover  crops  as  a
green manure,  restored the carbon stocks to  similar  levels  as  the native forest.  Another
possible  explanation for  the  higher  stocks  of  carbon in  the  coffee  plantation is  physical
protection  of  organic  matter  by  aggregates  and organomineral  interactions  [49]  because
this Typical Dystroferric Red Latosol (Typic Haplorthox) has a clay fraction that is domi‐
nated  by  hematite  and  phyllosilicate  as  kaolinite  [10].  The  organomineral  interactions,
such as iron and aluminium oxides and the surface functional groups of organic matter,
interfere  with  the  decomposition  of  organic  matter  by  microbial  processes,  even  under
conventional tillage [49].

Based on information supported by Castro Filho et al. [48], in experiments of crop succes‐
sion in conventional tillage and direct drilling over 14 years, Bayer et al. [49] estimated the
total carbon stocks at 0―20 cm depths and the rate of carbon inputs for clayey Latosol from
IAPAR. They found 27.40 to 29.00 Mg C stock ha-1 under conventional tillage and 31.87 to
32.30 Mg C stock ha-1 under direct drilling at a rate 0.24 to 0.48 Mg ha-1 year-1.

At 0 ― 20 cm depth, our results were: NAFT: 36.79 Mg C stock ha-1; HAWE: 35.86 Mg C
stock ha-1; PMOW: 36.50 Mg C stock ha-1; HERB: 39.65 Mg C stock ha-1; GMAY: 37.63 Mg C
stock ha-1; GMMA: 40.57 Mg C stock ha-1; NWCB: 37.28 Mg C stock ha-1 and WCCK: 38.64
Mg C stock ha-1. Generally, the conversion of native forest into crops can promote losses of
soil carbon stocks. However, this study showed that with integrated weed management and
cover crops between coffee rows the carbon stocks can be maintained or increase.

The carbon stocks under coffee plantation were higher than those estimated by Bayer et al.
[49] for the tillage treatments, based on results obtained by Castro Filho et al. [48]. These re‐
sults might be due to the lower decomposition rates between coffee rows or greater biomass
inputs from weed populations and cover crops. Also, the high coffee population density
might contribute to lower soil temperature and increase in soil organic carbon in the coffee
plantation, as reported earlier by Pavan et al. [3].

The total soil carbon stocks at 10 to 20 cm depths for NAFT were similar to HERB and
GMMD. Calegari et al. [49], in a long-term experiment supported by results for a clayey
Rhodic Hapludox with 720 g kg-1 clay, from Pato Branco (Southwestern of State of Paraná),
found that the weed provided some increase in soil organic carbon compared to burning.
Also, they observed the effects of several winter crops and tillage treatments over 19 years.
They found 68.86 Mg C ha-1 under no-tillage and 65.21 Mg C ha-1 under conventional tillage
between 0 to 20 cm depths. Another important result found by these authors, was that inde‐
pendent of soil tillage, the total soil organic carbon stocks decreased in the following order:
lupin > oat > radish > vetch > wheat. Although lupin was intermediate in dry mass produc‐
tion compared to others. These results highlight that winter cover crops help increase the
soil carbon stocks compared to wheat [50].

Early reports from experiments done at IAPAR, between 1964 and 1978, showed that organ‐
ic matter content decreased by approximately 45% through coffee cultivation, compared to
native forest [31]. However, in that time, the coffee plantations had mechanized weed con‐
trol by tillage, which increased soil losses by removing organic substances and nutrients.
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However, current uses of integrated weed management systems and cover crops between
coffee rows can promote higher organic matter accumulation on the soil surface, increasing
protection against soil erosion and nutrients losses.

The use of integrated weed management systems [5, 7, 9], coffee population density [3] and
cover crops have been suggested to play an important role in soil carbon stocks [47 to 49].
The results found in this study, suggest that integrated weed management and cover crops
between coffee rows helps the maintenance of soil carbon stocks.

It was observed that the cover crop peanut horse provides good carbon accumulation
through the root system. In comparison, assessments carried out in 2010 and 2011 suggest
the values of the total soil organic carbon under the cover crop peanut horse increased by 4
g dm-3 at 0 ‒ 10 cm depth (unpublished data).

11. Soil physical quality

The soil-water retention curve for the Genuchten-Mualem equation for the Latosol submit‐
ted to different weed control and cover crops in a coffee plantation at four depths was sig‐
nificant at a 1% probability level, for t-Student test. The coefficient of determination (R2)
ranged from 0.71 to 0.99.

The residual soil-water content (θres) ranged from 0.26 cm3 cm-3 for the samples collected
from WCCK at  2  ― 7 cm depth,  to  0.40 cm3  cm-3  for  the HERB at  22 ― 27 cm depth.
Based on this information, it was possible to see that weed control with HERB increased
soil  water  retention  at  high-pressure  heads  (15,000  cm  col  H2O)  and  this  management
promoted  close  pore-size  distribution.  On  the  other  hand,  the  WCCK  promoted  lower
water  retention,  which  indicates  high pore  diameter  distribution  on soil  samples  under
this management.

The saturated soil-water content (θsat) ranged from 0.68 cm3 cm-3 for the soil samples collect‐
ed from NAFT at 2 ― 7 cm depth, to 0.52 cm3 cm-3 for the HERB at 22 ― 27 cm depth. These
results suggest higher total porosity of soil samples from NAFT and lower in HERB.

The value of α ranged from 0.0292 to 0.8065 (1/cm) at which the retention curve becomes the
steepest, as reported earlier by van-Genuchten [17]. The value of the parameter “n” ranged
from 1.2386 for NAFT land use at 12 ― 17 cm depth to 1.8321 for HAWE weed control. The
smaller value of n represents a less steep soil-water retention curve [17] and “m” from
0.1927 for the soil samples under NAFT at 12 ― 17 cm depth to 0.4338 for the samples under
HERB (22 ― 27 cm).

In general, the soil physical quality of samples from Latosol quantified by S-index under cof‐
fee plantation and native forest at four depths (Figure 3) were higher than the lower boun‐
dary limit established by the regressions based on macroporosity 0.10 cm3 cm-3 considered
as critical for soil aeration (Figure 4).
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Figure 3. Soil physical quality “S index” for a Dystroferric Red Latosol in 2–7 cm, 12–17 cm, 22-27 cm and 32–37 cm
layers, under natural forest and coffee plantation. NATF: native forest; HAWE: hand weeding; HERB: pre plus post-
emergence herbicides; PMOW: portable mechanical mower; GMMD: dwarf mucuna (Mucuna deeringiana); GMAY:
peanut horse (Arachis hypogea); NWCB: no-weed control between coffee rows; WCCK: weed check. The dotted hori‐
zontal line represents the critical value for S index in each soil layer.
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It should be noted that values of S-index obtained in the present study are higher than the
reference values suggested by Dexter [22] and found by many studies for Brazil´s tropical
soils [47, 51, 52]. In an overview of the relationship between S-index and soil physical prop‐
erties (particle size distribution, bulk density, total porosity, macroporosity) from 2,364 soil
samples with a wide range of clay content, Andrade & Stone [53] found that lower boun‐
dary limit for S-index is equal to 0.045. This proved to be adequate to separate soils with
good structure and soils with a tendency to have poor soil structure, where values of S ≤
0.025 indicate physically degraded soils.

Dexter [22] suggested that the boundary between soils with good and poor soil structural
quality occurs at values of approximately S = 0.035. Values of S < 0.020 are clearly associated
with very poor soil physical quality in the field. Though, in this study we fitted soil-water
retention curves using volumetric soil water content, which promoted higher S values, in
agreement with Maia [52].

In the present study, the soil-water retention curve was adjusted for volumetric water con‐
tent to improve the response of S-index to soil compaction. Under soil compaction, there are
changes in volumetric water content and there is no change in gravimetric water content,
which can improve the sensitivity of S-index.

Dexter [22] and Maia [52] suggested that the soil-water retention curve must be fitted by
gravimetric soil water content to use the reference values established by the former. Al‐
though it could equally be defined using the volumetric water content, changing reference
values for assessing soil physical quality as suggested in the present study.

In all depths, the highest soil physical quality S-index was observed for soil under natural
forest (Figure 3), which is due to the absence of stress history, which was observed by high
macroporosity and lowest soil bulk density (Table 3). These results highlight that although
the adoption of weed control without machine traffic and cover crops as a green manure be‐
tween coffee rows ameliorates slightly those harsh effects on soil quality, the impacts of the
coffee plantation in relation to the soil under native forest are highly significant.

The soil physical quality quantified by S-index at 2 ― 7 cm depths in plots under hand
weeding was similar to the value observed in the soil under native forest (Figure 3). This
result might be due the effect of the hoe, which loosens the soil surface, promoting an in‐
crease in the total porosity and a decrease in soil bulk density (Table 3).

After three years studying a Rhodic Paleudalf (Nitossolo Vermelho distroférrico) with 600g kg-1

clay under crop rotation and chiselling, Calonego & Roslem [51] observed a higher S-index val‐
ue as a result of better soil management compared to the beginning of their experiment. They
observed mainly soil physical quality improvements on the soil surface, due to the chiselling
and loosening of the soil and also as a result of greater root growth in this soil layer.

At 22 ― 27 and 32 ― 37 cm depths, soil physical quality S-index in plots under dwarf mucu‐
na (Mucuna deeringiana) (Bort.) Merr had lower values than the critical limit (Figure 3). These
findings must be due to the stress history caused by the use of the mechanical rotary tiller
and disk harrowing as part of weed control between coffee rows in the past, before the ex‐
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At 22 ― 27 and 32 ― 37 cm depths, soil physical quality S-index in plots under dwarf mucu‐
na (Mucuna deeringiana) (Bort.) Merr had lower values than the critical limit (Figure 3). These
findings must be due to the stress history caused by the use of the mechanical rotary tiller
and disk harrowing as part of weed control between coffee rows in the past, before the ex‐

Soil Physical Quality and Carbon Stocks Related to Weed Control and Cover Crops in a Brazilian Oxisol
http://dx.doi.org/10.5772/54363

197



periment installation. In clayey soil in Northern Paraná, the excessive use of heavy plough‐
ing harrow equipment compacted the subsurface layers, accelerated erosion, decreased
infiltration rate, inhibited root development and reduced crop productivity [31, 56].

Similar results were obtained by Calonego & Rosolem [51], mainly in the 27.5 to 32.5 cm lay‐
er under triticale plus pearl millet. This characterizes a soil with poor structural quality, with
the lowest S = 0.019. They suggested that crop rotation involving only monocotyledonous
species, limited the cultivation effect on the soil structure to the first 20cm of the soil depth.
Although some cover crops have appeared to improve soil protection against erosion and
compaction, improve water infiltration rate, soil-water retention and soil carbon stocks,
some of them did not show a beneficial effect at deeper soil layers, since the root system is
concentrated at the soil surface.

In a Cerrado Red Latosol with 420 g kg-1 clay under direct drilling over four years Silva
et al.  [55] observed that the sills of the active parts of the disk plough and disk harrow
increased soil  strength and reduced the saturated hydraulic  conductivity in layer below
the sills of this equipment.

In deeper soil layers (22 ― 27 cm and 32 ― 37 cm) the differences among the S-index calcu‐
lated for the Latosol samples under native forest and for coffee plantation were greater (Fig‐
ure 3), which suggests that these depths had lower soil physical quality. These results might
be due to the lower organic carbon content in coffee plantation, which favours closer pack‐
ing of solid soil particles, as a result of decreased macroporosity and increased soil bulk den‐
sity, [7] and consequently decreases soil physical quality index in comparison to soil without
stress history (native forest). Furthermore, the organic matter content reflects the degree of
soil degradation in clayey soil derived from basalt rocks [56]. A decrease in organic matter
content over the time reflecting the inadequate land use was observed.

In the past, measurements of the same experimental field have shown that the reduction of
soil organic matter due to tillage operations can contribute to the destruction of natural po‐
rosity and create a compact layer in clay soils in the North of the State of Paraná [31]. On the
other hand, in surface layers, the weed and cover residues are left as mulch, so the differen‐
ces in soil physical quality index were less marked compared the soil under native forest.

12. Relationship between S-index and soil macroporosity

Figure 4 shows the relationship between the soil macroporosity and S-index for the soil un‐
der different weed management, cover crops in a coffee plantation and in soil under native
forest. For all depths, the S-index increased linearly with increasing soil macroporosity (Fig‐
ure 4). These results are in agreement with Andrade & Stone [53] who observed that S-index
increased with total porosity and macroporosity.

The regression lines fitted to all the data in Figure 4 explained 70% to 88% of the variance in S-in‐
dex. All regressions for the Dystropherric Red Latosol were significant at 1% probability level,
by t-Student test. Based on these equations, the S-index of the soil surface (2 ― 7 cm depth) in‐
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creased less as macroporosity increased. On the other hand, at 32 ― 37 cm depth the soil physi‐
cal quality quantified through S-index increased in greater proportion with soil macroporosity.

Figure 4. Relationship between soil macroporosity and S-index for a Dystroferric Red Latosol in four soil depths, under
natural forest and coffee plantation. The lower boundary for soil macroporosity considered was 0.10 cm3 cm-3 (A) soil
samples taken from 2 – 7 cm depth; (B) 12 ― 17 cm depth; (C) 22 – 27 cm depth and (D) 32 – 37 cm depth.

The regressions lines in Fig. 4 A to 4 D were used to define the lower boundary for soil
physical quality for Latosol cultivated with coffee plantation and might be used for pre‐
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creased less as macroporosity increased. On the other hand, at 32 ― 37 cm depth the soil physi‐
cal quality quantified through S-index increased in greater proportion with soil macroporosity.

Figure 4. Relationship between soil macroporosity and S-index for a Dystroferric Red Latosol in four soil depths, under
natural forest and coffee plantation. The lower boundary for soil macroporosity considered was 0.10 cm3 cm-3 (A) soil
samples taken from 2 – 7 cm depth; (B) 12 ― 17 cm depth; (C) 22 – 27 cm depth and (D) 32 – 37 cm depth.

The regressions lines in Fig. 4 A to 4 D were used to define the lower boundary for soil
physical quality for Latosol cultivated with coffee plantation and might be used for pre‐
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dicting soil physical quality (S-index) through macroporosity of this Latosol under differ‐
ent  weed  control  and  cover  crops.  With  inadequate  soil  management,  a  flattened  soil-
water  retention  curve  was  observed,  with  a  reduction  in  the  slope  of  this  curve  at  the
inflection point [21, 20, 42]. Thus, it can be inferred that soil compaction changes pore di‐
ameter,  but  not  all  pores  are  reduced  similarly  [20,  21,  42,  45,  47,  51  –  54].  Typically,
compacted  Oxisols  have  low  macroporosity  and  total  porosity  and,  as  a  consequence,
have low infiltration rate [31].

Many studies have shown that the macropores (pores with effective diameter greater than
50 μm) are reduced first under stress. Then, compaction has a great influence on macropore
flow, but there have been few attempts to quantify these effects [20]. Han et al. [54] found
that characteristics of pore diameter at the inflection point were related to the hydraulic con‐
ductivity. Due to that, we relate the S-index with macroporosity (Figure 4) and use this rela‐
tion to define the lower boundary limit for S-index for four depths.

13. Conclusions

The results  supported the hypothesis  that  weed control  and cover crops between coffee
rows change the weed diversity and density, soil cover, soil carbon stocks and soil phys‐
ical  quality  measured by S-index and macroporosity.  Also,  the  weed control  and cover
crops between coffee rows ameliorate slightly the harsh effects of the coffee crop system
on total soil carbon stocks and soil physical quality in the North of the State of Paraná.

Adjustment of the soil-water retention curve changed the references and responses of the
S-index. Based on S-index, it  was observed that the soil under coffee plantation, submit‐
ted to  different  weed controls  and cover  crops as  a  green manure between coffee rows
without traffic  machines,  contributed to preserve soil  physical  quality in soil  depths be‐
tween the surface and 40cm, except the plots under the cover crop dwarf mucuna at 22
― 27 cm and 32 ― 37 cm soil  depths.  Therefore,  the integration of  weed management
and cover crops must be recommended to help maintain carbon stocks and improve soil
physical quality between coffee rows.
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dicting soil physical quality (S-index) through macroporosity of this Latosol under differ‐
ent  weed  control  and  cover  crops.  With  inadequate  soil  management,  a  flattened  soil-
water  retention  curve  was  observed,  with  a  reduction  in  the  slope  of  this  curve  at  the
inflection point [21, 20, 42]. Thus, it can be inferred that soil compaction changes pore di‐
ameter,  but  not  all  pores  are  reduced  similarly  [20,  21,  42,  45,  47,  51  –  54].  Typically,
compacted  Oxisols  have  low  macroporosity  and  total  porosity  and,  as  a  consequence,
have low infiltration rate [31].

Many studies have shown that the macropores (pores with effective diameter greater than
50 μm) are reduced first under stress. Then, compaction has a great influence on macropore
flow, but there have been few attempts to quantify these effects [20]. Han et al. [54] found
that characteristics of pore diameter at the inflection point were related to the hydraulic con‐
ductivity. Due to that, we relate the S-index with macroporosity (Figure 4) and use this rela‐
tion to define the lower boundary limit for S-index for four depths.

13. Conclusions

The results  supported the hypothesis  that  weed control  and cover crops between coffee
rows change the weed diversity and density, soil cover, soil carbon stocks and soil phys‐
ical  quality  measured by S-index and macroporosity.  Also,  the  weed control  and cover
crops between coffee rows ameliorate slightly the harsh effects of the coffee crop system
on total soil carbon stocks and soil physical quality in the North of the State of Paraná.

Adjustment of the soil-water retention curve changed the references and responses of the
S-index. Based on S-index, it  was observed that the soil under coffee plantation, submit‐
ted to  different  weed controls  and cover  crops as  a  green manure between coffee rows
without traffic  machines,  contributed to preserve soil  physical  quality in soil  depths be‐
tween the surface and 40cm, except the plots under the cover crop dwarf mucuna at 22
― 27 cm and 32 ― 37 cm soil  depths.  Therefore,  the integration of  weed management
and cover crops must be recommended to help maintain carbon stocks and improve soil
physical quality between coffee rows.
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