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Introduction

The world’s population is expected to reach 9 billion by 2050 [1]. Meeting the food
requirements of this huge population will not be easy. The farmers around the world
will have to produce higher yields, and simultaneously will have to give attention to
a fragile environment and conserve the valuable resources of land and water. Fur-
ther, population growth and economic development will result in more demand for
meat and other animal products as well as fruits and vegetables [2]. Presently, about
one-third of global cereal production is used as animal feed to obtain eggs, dairy
products, and meat [3], and due to this increased demand for animal products, the
world will face an increased pressure on cropland, fossil fuel energy, and water [4].
It is estimated that food production will need to increase by 50—100 % to support the
growing and changing population [5].

Agriculture is characterized by unique combinations of soil, climate, topogra-
phy, hydrology, and biological diversity, as well as a diversity of crops and produc-
tion systems. A single farming system or approach will not be able to best feed the

A. R. Sharma (><) - K. K. Barman - V. P. Singh - R. P. Dubey - P. K. Singh - A. Dixit
Directorate of Weed Science Research, Indian Council of Agricultural Research,
Jabalpur, Madhya Pradesh 482004, India

e-mail: sharma.ar@rediffmail.com

K. K. Barman
e-mail: barmankk@gmail.com

V. P. Singh
e-mail: vpsinghnrews@gmail.com

R. P. Dubey
e-mail: dubeyrp@gmail.com

P. K. Singh

e-mail: drsinghpk@gmail.com
A. Dixit

e-mail: dranildixit@in.com

B. S. Chauhan, G. Mahajan (eds.), Recent Advances in Weed Management, 365
DOI 10.1007/978-1-4939-1019-9_16, © Springer Science+Business Media New York 2014



366 K. K. Barman et al.

planet, while also protecting the environment, because of the enormous variation
in agroecological circumstances across the planet as well as unpredictable weather
and market conditions. A wide diversity of crops, livestock, and farming systems
will help promote resilience, and will likely play a key role in future food and eco-
system security. Hence, like any other farming activities, weed management under
diversified farming systems will require flexible, adaptive, and localized manage-
ment systems that cannot be covered by one-size-fits-all policies. This chapter deals
with the probable future agricultural scenario and consequent challenges in weed
science research.

What do Weeds Cause?

Weeds have been known to humans since the very beginning of civilization. The term
“weed” is used to describe a plant considered undesirable within a certain context,
and usually applied to unwanted plants in human-controlled settings, viz. farm fields,
gardens, lawns, and parks. The word weed does not carry any significance in relation
to botanical classification, since a plant that is a weed in one context is not a weed in
another context where it is wanted. For example, Bermuda grass (Cyanodon dactylon),
unlike in crop fields, is not a weed in lawns where it is grown and nurtured. In an ag-
ricultural field, all other plants except those grown with an aim to harvest are termed
as weeds. Thus, a weed may be defined as “any plant that is objectionable or interferes
with the activities or welfare of man” [6]. Despite several modern weed control tech-
nologies developed with an aim to keep weeds under control, they are still a threat to
agricultural productivity [7]. Weed management is more than control of existing weed
problems and places greater emphasis on preventing weed reproduction, reducing weed
emergence after crop planting, and minimizing weed competition with the crop [8, 9].
Weed science is an integrative, applied scientific discipline typical of most other
pest management and production-oriented disciplines of modern agriculture [10].
It combines fundamental and applied sciences to study weeds, and focuses on miti-
gating the negative impacts of weeds in human-controlled settings, especially in
agricultural production systems. Purdue University described weed science as “the
study of vegetation management in agriculture, aquatics, horticulture, and right-of-
way, essentially anywhere plants need to be managed. It involves the study of all the
tools available for this purpose, such as cropping systems, herbicides, management
techniques, and seed genetics. It is not just the controlling of plants, but the study
of these plants. This includes plant ecology, physiology, and the genetics of plants
species that have been identified to have impact on the economy and our ecology”
[11]. Weed scientists focus their research on basic biological and ecological char-
acteristics of weeds, and develop tools and tactics to reduce weeds and their effects
in crops, rangelands, forest plantations, roadsides, and aquatic environments [12].
Weeds can effectively compete for nutrient, water, space, and light and thereby
can irreversibly harm the desired plants in agricultural and horticultural farming
systems. Besides that, weeds may directly or indirectly affect the management of
all the terrestrial and aquatic resources and interfere with the values and activities of
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Table 16.1 The negative impacts of weeds in managed ecosystems

Decrease in crop yield

Interference in harvesting operation

Increase in production cost of crops

Reduced quality of crop yield

Steal shelter and food from animals by invading the grazing areas

Inflict injury or death of animals

Act as a potential source of fire hazard in forests

Impart odors to milk and meat

Act as alternative hosts for insects and pathogens

Interfere in fisheries/aquaculture and navigation

Reduce the aesthetic and recreational value of water bodies, public parks, etc.
Interfere in irrigation water management by hindering free flow of water through canals
Cause health hazards like skin allergy, fever, asthma, nasal diseases, etc.

Restrict visibility of signs, intersections, and traffic signals along road and railways
Create hindrances in electricity installations and security operations

people belonging to various segments of society, viz. foresters, ranchers, etc. Some
routinely encountered negative impacts of weeds in human-controlled settings and
managed ecosystems are listed in Table 16.1.

The competitive ability of weeds is determined by several plant characteristics.
One of the most common traits of a weed species is its tendency to be an annual
or biennial, rather than a perennial; this allows the species a faster reproduction
rate leading to a higher fecundity [13]. Another characteristic that determines the
“weediness” of a species is the ability to colonize under high sunlight and low soil
moisture conditions. Plants that have capabilities of dealing with herbivores as well
as plants that have allelopathic traits tend to be better at outcompeting surrounding
plant species. Some non-native species of plants are considered to be very weedy
in nature, as they can grow faster and bigger, increase reproduction rates, and can
have increased survival rates when outside of their native habitat. This may be due,
in part, to the loss of environmental checks needed to keep these plants in balance
within their natural habitat. Genetic makeup also determines the ability of a plant to
become weedy in nature; however, a genetic pattern has yet to be described [14]. In
India, out of the total 826 reported weed species, 80 species are considered as very
serious and 198 as serious weeds.

History of Weed Science

Man has been plagued by unwanted plants among cultivated fields since the Biblical
times. Importance of controlling weeds for better yield and use of tools for remov-
ing unwanted plants were depicted in ancient writings and archeological artifacts
[10]. However, weed control received little attention or research efforts until the
late 1800s and early 1900s, and for centuries, weed control has been accomplished
as a by-product of seedbed preparation. Agricultural mechanization efforts largely
ignored weed control implements until 1914 when the rodweeder was introduced
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primarily for weed control [15]. Even the modern hoe, which is synonymous with
weed control, was specifically designed by Jethro Tull to break up the soil to make
nutrients more readily available to the crop’s roots [ 15]. Early methods of weed con-
trol include labor-intensive hand hoeing and hand pulling of weeds as well as cultural
practices, such as crop rotation. Although hoe-hands are rare in developed countries,
hand removal of weeds remains the dominant form of weed control in many unde-
veloped nations. Rotation practices were largely replaced by monoculture systems
and chemical weed control by the 1940s [ 16]. However, in recent times, crop rotation
has again become an integral part of weed management in organic farming as well
as integrated weed management (IWM) practices in conventional farming systems.

Herbicidal action of some compounds for weed control was first highlighted
in 1885 [17]. In fact the study of weeds as a science began with the introduction
of phytotoxic chemicals for the control of weeds in the early 1900s [12]. The first
chemical used to control weeds was inorganic copper salt, which was then followed
by sulfuric acid. Thus, the history of weed science parallels the history of modern
agriculture and is hardly 100 years old [10]. Planned weed-controlled opportuni-
ties, and thus the birth of weed science as a discipline, took place with the synthesis
of 2,4-dichlorophenoxyacetic acid (2,4-D) in 1941 by Pokorny, followed by the
discovery of its plant growth-regulating and herbicidal properties by Hammer and
Tukey in 1944 [12]. This is the first account of a synthesized organic chemical used
to control weeds [18]. Weed science received a major boost as a valid scientific
discipline with the commercial acceptance of 2,4-D as an effective herbicide. Until
this point, research was limited in funding as well as in interest by the scientific
community; those who did dare tackle questions about weed control did so neither
with the chance of recognition nor with insight from previous research. When 2,4-
D appeared in the market, it offered users a cheaper option of weed control that
could be applied at relatively low rates and in many agricultural settings [19]. The
characteristics of 2,4-D offered hope that chemical weed control could revolution-
ize global food production, in turn, drawing a great deal of attention to weed control
research. The success story of 2,4-D led to an explosion of synthesized herbicides
during the 1940s and 1950s. By 1950, there were roughly 25 herbicides available
for use [15]. By the 1960s, more than 120 effective herbicides were available for
weed management, which were enough to ensure that chemical weed control was
a viable replacement of labor-intensive mechanical weed removal. Thus, weed sci-
ence was guaranteed a spot among respected subsets of agricultural sciences.

Introduction of glyphosate to the herbicide market in the year 1974, and subse-
quent development of glyphosate-resistant soybean and its commercialization in
1996, initiated a new era in modern weed science, similar to that of 2,4-D discovery
[20]. This technology allowed the use of a non-selective herbicide within a row crop
setting without injury to the resistant crop. This gave farmers the freedom of using a
hassle-free means to control weeds in their fields as and when it was desired. Pres-
ently, attempts are being made to design an herbicide-resistant crop that contains re-
sistance to multiple non-selective herbicides. If it becomes a reality, this feat would
allow farmers greater flexibility in herbicide choice, reduce dependency on a single
herbicide, and also reduce the apprehension with respect to probable evolution of
glyphosate-resistant “super weed” species.
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Modern Weed Management Strategies

Much advancement has been achieved in weed control since the beginning of mod-
ern weed science research. These achievements came through several complica-
tions and defeats; however, advancements have still been made and improved weed
control methods have allowed farmers to witness dramatic increases in crop yield.
In view of the continuous increase in world population and diminishing availability
of agricultural land, it is imperative that the research in weed management progress
further with the changing agricultural needs to guarantee adequate food for our-
selves and posterity.

The main reason behind widespread adoption of herbicides in the industrially de-
veloped countries was socialistic, through a reduction in the need for labor and the
concomitant release of people from farming [17]. Chemical weed control offered
several benefits to farmers by reducing weeds, enabling early planting, reducing
need for soil tillage, and providing economic advantages through reduced cost of
production. However, it was not the only tool to manage weeds. The disadvantage
associated with herbicide techniques is the development of herbicide resistance in
weeds. The wheat growers in the Indian states of Punjab and Haryana suffered a lot
during the late 1990s and early years of the last decade due to the development of
isoproturon resistance in Phalaris minor, a major weed of this region. The problem
persisted until alternative herbicides to control this weed became available in the
market. The researchers developed and fine-tuned several other strategies to man-
age weeds to deal with various social, cultural, environmental, and economic issues.
All those weed management strategies are typically grouped into five categories:
preventive, cultural, mechanical (physical), biological, and chemical.

Preventive Strategies

Among all the weed control strategies, prevention is an important component, which
needs greater attention. It comprises methods used for avoiding the introduction and
spread of weeds, i.e., avoiding weed seed introduction into new areas including
contaminated crop seeds; movement of seeds and plant parts, tillage, harvest, and
processing equipment; livestock; manure and compost; irrigation and drainage wa-
ter; and forage and food grains [21]. Prevention of weeds can be successful, depend-
ing upon the weed species, means of dissemination, and farm size [7]. Preventive
weed management programs are successful when undertaken at a community level.
Use of certified seeds by the farmers and enforcement of weed laws can make weed
prevention programs successful.

Cultural Strategies

Cultural weed control comprises the principles of using plant competition or crop-
ping practices to suppress weeds, through the use of either smother or competitive
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crops and crop rotation. Cultural methods may include crop sowing time and spatial
arrangement, crop genotype, cover crops, intercropping, and crop fertilization.

Crop Sowing Time and Spatial Arrangement

Making modifications in crop sowing dates and sowing patterns can either reduce
weed emergence or increase the competitive ability of the crop [22]. Increasing the
seed rate may not only increase the competitive ability of a crop against weeds but
also cause reduction in crop yield and quality of produce [23]. However, an opti-
mum spacing may provide the benefit of both competitive ability of crop and better
yield, showing the importance of closer spacing as a weed management strategy.
A lower uptake of nutrients by weeds and higher weed control efficiency in closer
spacing have also been reported [24].

Crop Genotype Choice

Crop genotypes may have higher or lower competitive ability against weeds.
Genotypes having faster seedling emergence and quick canopy establishment [25]
can reduce the need for direct weed control measures; however, the expression
of competitive advantage of a genotype may vary depending upon the prevalent
environmental conditions [26]. Some traits (for example, plant height) are known
to provide competitive advantage against weeds [27]; however, they may not be
exploited due to some other associated disadvantages (e.g., lodging). Allelopathy in
some cultivars may be exploited as a part of cultural weed control [28].

Fertilization

Soil nutrition influences the crop-weed competition; hence, specific methods to
use fertility management as part of IWM are needed. Management strategies that
maximize nutrient uptake by crops may reduce the harmful effects of weeds to some
extent and minimize nutrient availability to weeds [29]. Fertilizers applied in close
proximity to the crop row can improve weed management as the probability of the
crop to capture nutrients (especially nitrogen) increases [25]. Band placement of
fertilizer lowered weed density, biomass, and N uptake and resulted in increased
wheat yield [30]. Other methods to alter the relative nutrient availability to crops
and weeds can also be manipulated by change in timing of fertilizer applications
[31], altering nutrient sources [32], and by using materials, such as nitrification
inhibitors [33].

Nutrient availability can also be altered by applying organic amendments, espe-
cially for nitrogen and phosphorous. Soil nutrient concentrations strongly influence
the germination and early growth of many weed species [29, 34].
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Crop Rotation

Crop rotation is considered as an important component of weed management. Grow-
ing similar crops in rotation over the years favors weed species that are similar to
the crop. However, a diversified crop rotation disrupts the growing cycle of weeds
and prevents selection of the flora toward increased abundance of problem species
[35]. Environmental conditions specifically created by crop rotations affect weed
survival, propagule production, and germination in the soil, and thereby subsequent
weed population dynamics [36].

Intercropping

Intercropping compared to crop monocultures can influence the competitive sup-
pression of weeds. Intercrops of differing growth forms, phenologies, and phys-
iologies can create different patterns of resource availability, especially light, to
weeds [37]. As resource availability influences weed occurrence the most [10, 38],
increased resource utilization under intercropping can provide better opportunities
for IWM. Intercrop sown in a row-by-row layout, besides increasing the ecologi-
cal diversity in a field, decreases relative soil cover of weeds, and may result in
increased total crop yield [39].

Cover Crops

Cover crops may be grown for weed control, thereby replacing an unmanageable
weed population with a manageable cover crop [40]. There are at least two major
types of cover crops that can be used for weed control [7]: Off-season cover crops
may be taken to produce sufficient plant residue or allelochemicals to create an
unfavorable environment for weed seed germination and establishment, while a
smother crop displaces weeds from the harvested crop through resource competi-
tion. Basic understanding of the mechanisms by which cover crops change weed
population dynamics is required for improving the effectiveness. The effect of cover
crop on weeds depends upon cover crop species and composition of weed com-
munity [41]. It has been reported that small-seeded weed species are more sensitive
to physical as well as to allelochemical effects of cover crops compared to large-
seeded weed species [42].

Mechanical Strategies

Mechanical measures may include physical removal of growing weeds from the
field by hand weeding, hoeing, mowing, burning, tilling, etc. Annual and biennial
weeds and non-creeping perennials can be removed by pulling them out. This is best
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done when the soil is moist and before seed is produced. However, it may not be
suitable for large acreages.

Mulching is done to exclude light from the top of the weeds until the reserve
food supply in the roots is exhausted and the weeds wither away. Mulches may
include crop straw, hay or manure, sawdust, and transparent or black plastic.

Soil solarization technique is employed to kill weed seeds through solar heating.
To make the solarization effective, the soil surface must be evenly prepared and
contain enough moisture to favor heat transfer throughout the profile to damage
reproductive structure of weeds, resulting in reduced weed seed germination [43].

Soil tillage influences the weed flora through changes in seed distribution in the
soil, effects on seed predators, and effects on weed control practices [44, 45]. It is
important to change the tillage practices in component crops year after year so that
weed density is reduced greatly [41]. For example, conventional tillage (CT)—zero
tillage (ZT) rotation was found better than CT—CT or ZT—ZT rotation in terms of
weed management in a rice—wheat system [46].

Chemical Strategies

Several factors that must be looked into, while formulating chemical options of
weed control, are the effectiveness of the chemical methods, such as application
methods, stage of application, and selection of suitable herbicides on the basis of
the nature of weeds. Faulty herbicide application methods may cause injury to the
crop. Environmental factors, herbicide residues in the farm produce, residual ef-
fects of persistent herbicide in soil, compatibility problems with other pesticides,
and occupational hazard to the applicator should be studied in detail. Development
of herbicide-resistant weeds in recent years and its possible consequences on weed
management suggest that over-reliance on chemical methods alone may not be the
best strategy.

Biological Strategies

Biological control may be defined as the actions of parasites, predators, and patho-
gens in maintaining another organism’s density at a lower average than would oc-
cur in their absence [47, 48]. It uses natural agents such as insects, nematodes,
pathogens, herbivorous fish, and even grazing animals for the control of weeds. The
objective in biocontrol is to reduce a weed’s density to non-economic levels, not its
eradication. Biocontrol is mostly followed for non-cultivated lands with trouble-
some biennial or perennial weeds. It is usually not practiced in cultivated lands as
the weed (food source) for the biotic agent is removed periodically. An exception
is the discovery of a specific fungus that controls round-leaved mallow in wheat
fields [49].
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Integrated Weed Management

The goal of a weed management program should be to keep the competition offered
by weeds under check and not the complete removal or eradication from the eco-
system. To achieve this, a comprehensive action plan utilizing preventive methods,
scientific knowledge, management skills, monitoring procedures, and efficient use
of control practices should be devised, making conditions unfavorable to the weeds
and their survival [7].

A successful IWM program must include prevention of weeds from invading,
knowing the identity and details of the weed species, mapping its distribution and
damage, formulating control strategy based on knowledge of potential damage, cost
of control method, and environmental impact of the weed, using a combination of
control strategies to reduce the weed population to an acceptable level, and, finally,
evaluating its effectiveness. In a study, for example, integrating cultural and me-
chanical weed management practices was superior to the use of individual practices
because they additively control weeds in an organic cropping system [50].

Challenges to Weed Management

Human population is still increasing at a faster rate, necessitating increased pro-
duction of food grains in successive years. The food consumption patterns are also
likely to change drastically. Economic development of a society also increases its
consumption of fruits and vegetables. Thus, the future demand for increased pro-
duction of fruits, vegetables, oilseeds, and fodders will be much higher than that
of cereals over their existing production level. So far, major emphasis has been
placed on the development of weed management technologies for cereals. It is time
for weed scientists to change their focus and place increased emphasis toward the
development of improved weed management technologies for oilseeds, vegetables,
fruits, and fodder crops.

Weed problems are dynamic in nature, and these are likely to be more serious
in the coming years due to high-input agriculture, climate change, globalization,
and a host of other factors. Future weed science is likely to encounter the following
challenges:

Economic Thresholds and Weed Management

From an economical perspective, there is no reason to apply control measures un-
less the weed population inflicts crop damage greater than the cost of the control
measure. The economic threshold is the weed density at which the cost of control
equals the value of the crop that would be lost if weeds are not controlled. Accord-
ing to this principle, weeds are not to be controlled if their densities are below the



374 K. K. Barman et al.

economic threshold. But, in some instances, the decision to control a weed will
have to be made even when the cost of control may be more than the immediate
damage inflicted by the weed. However, the concept of economic thresholds does
not take into account the future effect of weed seed production. No use of control
measures at below economic threshold densities of velvetleaf lead to rapid increase
in its soil seed bank and subsequent densities [51-53]. Further, the yield loss caused
by a specific weed infestation may vary, depending upon the environment and crop
production practices. The distribution of weeds within agricultural fields is gener-
ally not uniform; usually, they occur in patches having a high relative density sur-
rounded by areas with low density [54]. Hence, predicting yield losses assuming a
regular distribution of weeds is of little value and often results in an over-estimation
of weed-related yield losses [55]. Developing a mathematical model, taking into ac-
count the irregular distribution of weeds in a field, for using the economic threshold
concept in precision agriculture is an issue that requires attention.

Weed Dynamics in High-Input-Intensive Production Systems

The scope for increasing area under crops is limited, and therefore enhanced food
production will necessarily have to come from vertical growth, i.e., by increasing
productivity per unit area per unit time. This will require a more intensive cultiva-
tion of crops with high doses of fertilizers, irrigation, and other inputs. While these
interventions will put a greater constraint on the available natural resources, the
weed problems are likely to shift in unpredictable ways. It is evident that with the
discontinuation of some of the traditional practices such as crop rotations, intercrop-
ping, mulching, organic manuring, etc., the soil health as well as weed scenario has
undergone a sea change in many parts of the India. The ability of weed communities
to shift in response to control practices suggests the need for more integrated and
diverse approaches to weed management [56]. It is therefore expected that future
weed problems due to adoption of modern cultivation systems will be far more
complex and challenging.

Interactions of Weeds with Other Pests

The interaction of weeds with insects and diseases plays an important role in
formulating integrated pest management (IPM) program. For example, weeds
serve as alternative hosts for plant-parasitic nematodes, thereby reducing the
success of certain nematode management strategies [57]. Herbicides used for
weed control may exert an effect on plant diseases, as weeds may serve as al-
ternate hosts to pathogenic fungi and nematodes in fields [58, 59] that damage
crops. Further, herbicides may also alter the ability of crop plants toward their
response to pathogens. For example, sub-lethal rates of acetolactate synthase
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(ALS)-inhibiting herbicides, imazamox and propoxycarbazone-sodium, could
alter severity of injury symptoms caused by Rhizoctonia solani in barley [60].
According to Norris and Kogan [61], there are three types of interaction mecha-
nisms: (1) weeds act as a food source for insect-pests or predators; (2) weeds
may alter habitat, which may thus increase or suppress insect infestations; and
(3) changes in non-target pest populations owing to control strategies. Most
major weeds and plant-parasitic nematodes are place-bound organisms and pas-
sively dispersed. Weed—nematode interactions in agricultural production sys-
tems may be more intricate and complex than the simple function of weeds as
alternative hosts [62]. It is a challenge to identify effective, compatible IPM
strategies that address weed and nematode management collectively.

Crop—Weed Interaction under Changing Climate

Climate change is expected to influence weed communities, and management ap-
proaches must be adapted to take this into account. Global climate change is likely
to cause a widespread shift in patterns of photosynthetic limitation in higher plants
[63]. In a recent review, Yamori et al. [64] found that the inherent ability for temper-
ature acclimation of photosynthesis was different: (1) among C3, C4, and crassu-
lacean acid metabolism (CAM) species and (2) among functional types within C3
plants. These authors have concluded that C3 plants generally had a greater ability
for temperature acclimation of photosynthesis across a broad temperature range;
CAM plants acclimated day and night photosynthetic process differentially to tem-
perature, and C4 plants adapted to warm environments. Hence, the long-term threat
of increasing temperature and CO, concentration on crop—-weed interaction should
be viewed seriously, since a majority of crops belong to C3, whereas large numbers
of weeds belong to the C4 category. C4 plants will have an advantageous position
over C3 plants (e.g., rice) under higher temperatures and limited water availability.
On the contrary, elevated CO, levels will improve the competitiveness of C3 crops
relative to C4 weeds. Increased atmospheric CO, levels may also improve toler-
ance of rice against parasitic weeds, while prevalence of parasitic species may be
amplified by soil degradation and more frequent droughts or floods [65]. Climate
change is expected to promote a proliferation of new weed species and cause shifts
in the composition of weed flora, especially in the tropics and subtropics. As weeds
are highly dynamic and adapt quickly to new conditions, the management solu-
tions have to address an ever-changing scenario. Some reports are available on the
individual effects of CO, and temperature on crop~weed interaction. However, the
combined effect of these two factors is yet to be studied in depth. Therefore, it is
essential to undertake basic and strategic research, including physiological, bio-
chemical, and molecular aspects, to evolve weed management technologies in the
context of climate change. There is a need to generate information with respect to
herbicide bio-efficacy, herbicide resistance development, behavior of bio-agents,
and herbicide persistence vis-a-vis climate change.
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Weeds in Conservation Agriculture Systems

It is widely believed that adoption of modern agricultural practices, such as inten-
sive tillage, clean cultivation, fixed crop rotations, and other faulty management
practices, including imbalanced fertilizer application and indiscriminate use of ir-
rigation water, has led to serious resource degradation problems. In view of these,
conservation agriculture (CA) technologies involving minimum soil disturbance,
permanent soil cover through crop residues or cover crops, and dynamic crop rota-
tions are being advocated for achieving higher and sustainable productivity. Global-
ly, the concepts and technologies for CA are being practiced in about 128 million ha
area, with the major countries being the USA, Brazil, Argentina, Canada, and Aus-
tralia [66]. The area is further expanding rapidly due to their potential benefits on
crop productivity and farm profitability. Farmers have been benefited due to the
adoption of this technology in many ways, viz.: (1) reduction in cost of produc-
tion [67, 68]; (2) enhancement of soil quality, i.e., soil physical, chemical, and bio-
logical conditions [69, 70]; (3) enhancement in C sequestration and buildup in soil
organic matter in the long-term [71], which is important for mitigation of climate
change effects; (4) reduction in incidence of P. minor, a major weed in wheat [67];
(5) enhancement in water- and nutrient-use efficiency [71, 72]; (6) enhancement
in production and productivity [73]; (7) advances in sowing date [67]; (8) greater
environmental sustainability [74]; (9) no loss of nutrients and no environmental
pollution as crop residues are not burnt [75]; (10) opportunities for crop diversifica-
tion and intensification [76]; (11) enhanced resource-use efficiency through residue
decomposition, soil structural improvement, increased recycling and availability of
plant nutrients [69]; and (12) moderate soil temperature, reduced evaporation, and
improved biological activity through residue mulch [70, 77].

Changes from conventional to conservation farming practices often lead to weed
flora shift in the crop field, which in turn also dictate the requirement of a new weed
management technology. As the density of certain annual and perennial weeds in-
creases under CA, effective weed control techniques are required to manage weeds
successfully. The development of post-emergence broad-spectrum herbicides im-
mensely ushered the way of controlling weeds in CA-based systems. However,
weeds are still a big constraint toward the adoption of CA, and there is a need for de-
veloping more effective and economic IWM practices in diversified cropping sys-
tems by including various approaches, viz. preventive measures, cultural practices,
and herbicides. There is a need to carry out an analysis of factors affecting adoption
and acceptance of no-tillage agriculture among farmers. A lack of information on
the effects and interactions of minimal soil disturbance, permanent residue cover,
planned crop rotations, and IWM, which are key CA components, can hinder CA
adoption [78]. This is because these interactions can have positive and negative ef-
fects, depending on regional conditions. The positive impacts should be exploited
through system research to enhance CA crop yields. Information has mostly been
generated on the basis of research trials, and more on-farm-level research and de-
velopment is needed. Farmers’ involvement in participatory research and demon-
stration trials can accelerate adoption of CA, especially in the areas where CA is a
new technology.
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Management of Herbicide Resistance in Weeds

Herbicide resistance in weeds is a major limiting factor to food security in global
agriculture. Herbicide-resistant biotypes emerged in many regions of the world as a
consequence of the intensive use of herbicides. Isoproturon resistance in P. minor in
some parts of India was a costly lesson learnt, as the weed devastated the wheat crop
and threatened the sustainability of the rice—wheat system for nearly a decade until
some new alternate herbicides were introduced. This kind of phenomenon may con-
tinue to be a problem in the foreseeable future as well. The adoption of zero tillage
is expected to further increase the use of non-selective herbicides, viz. glyphosate,
glufosinate, and paraquat as a pre-plant application. There are currently 400 unique
cases (species x site of action) of herbicide-resistant weeds globally, with 217 spe-
cies (129 dicots and 88 monocots) [79]. Weeds have evolved resistance to 21 of the
25 known herbicide sites of action and to 148 different herbicides. Herbicide-resis-
tant weeds have been reported in 65 crops in 61 countries. Therefore, it is important
to monitor the impact of the evolution of resistance against nonselective herbicides
under zero-till conditions and develop management strategies. Instead of depending
on one particular technique, weed management methods are to be rotated and suit-
ably integrated. Formation of broad-based special resistance management groups,
involving both herbicide industries and core scientists, to monitor the resistance
development and solutions is becoming imperative.

Minimizing herbicide resistance represents a big challenge that will require great
research efforts to develop alternative control strategies. As pointed out by Busi
et al. [80], weed scientists, plant ecologists, and evolutionary biologists should
join forces and work toward an improved and more integrated understanding of
resistance across all scales to facilitate the design of innovative solutions to the
global herbicide resistance challenge. These authors have also noted that future re-
search should integrate questions about standing genetic variation versus de novo
resistance mutations, fitness benefits, and costs under herbicide selection and links
between metabolic resistance and general detoxification pathways involved in
stress-response dynamics.

Herbicide-Tolerant Crops and Evolution of Super Weeds

There has been a boom in the adoption of genetically modified (GM) crops over the
past 15 years as the total area covered with GM crops has increased from 1.7 m ha in
1996 to more than 175 m ha in 2013. However, concerns are being raised about the
possible environmental impact of this technology. Yet, few studies have conducted a
critical needs analysis to assess the potential of specific GM traits in light of issues,
such as climate change, increased environmental legislation (e.g., EU Water Frame-
work, Nitrates Directive, proposed reform to the Pesticide Directive and Common
Agricultural Policy reform), mitigating biodiversity loss, and sustainable biofuel
production [81].
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The potential for weed resistance to specific herbicide is always a concern with
herbicide programs. It is more of a concern when talking about herbicide-tolerant
crops (HTCs), as weed management in these crops depends on a specific herbicide
only. On the other, some HTCs are becoming volunteer weeds and causing segrega-
tion and introgression of herbicide-resistant traits in weed populations [82]. Beckie
and Warwick [83] reported that oilseed rape transgenes can survive in the environ-
ment for several years even if all cultivars with the conferred trait are removed from
the area. There are also other apprehensions about HTCs as follows:

» Increase in use of a specific herbicide that may promote the development of her-
bicide-resistant weeds because of over-reliance on a single herbicide or a group
of closely-related herbicides. Conyza canadensis has been reported to develop
resistance against glyphosate in zero-till roundup ready corn—soybean rotations
in the USA [84].

» Adverse effect on the biodiversity of the farm

* Gene-drift from HTCs to similar species may confer the resistance to their wild
relatives, which can become serious weed in the crop

» Possibility of the development of “super weeds” due to introduction of these
crops

Therefore, the HTCs should not be considered as a stand-alone component of weed
management. Further, adoption of HTC has risen dramatically since their com-
mercial introduction, but there is still no evidence of associated production cost
reductions or enhanced yields [85], but the anticipated concerns about their actual
benefits and effects on the environment are yet to be fully addressed.

Growing Infestation of Parasitic Weeds

Parasitic plants are problems mostly in the Mediterranean and tropical agriculture
in major crops. The most economically damaging parasitic weeds are members of
the genera Striga (witchweeds), Orobanche (broomrapes), and Cuscuta (dodder).
For example, serious infestations of Orobanche in many tomato, mustard, tobacco,
and potato-growing areas of India are causing huge losses in productivity. The weed
emerges from soil in the middle and later stages of growth, by which time, it has
already caused enough damage to the host plant. Biology of these weeds is not
well understood, and there is no simple solution for their management worldwide.
In spite of several efforts, the major problems of parasitic weeds have not been
reduced to any significant degree [86] and in the case of Striga, there may even
continue to be some spread and intensification of the problems [87].

The main focus of research on parasitic weeds has been around agronomic prac-
tices and the use of herbicides, although success has been marginal. In addition,
global environment change together with changing land-use patterns means that
some geographical areas and farming systems that do not currently suffer from
parasitic weeds could become affected within coming decades [88]. It is, therefore,
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necessary to develop management technologies for these weeds, which are spread-
ing to newer areas and parasitizing many other host plants. Biocontrol approach is
expected to make valuable contributions to manage parasitic weeds, especially Stri-
ga. Increasing soil fertility is perhaps the only way to manage Striga as of now [87].

Environmental Impact of Herbicides

Herbicides have the capacity to move in the environment away from the target area
and to cause damage to non-target plants and animals. More than 95 % of herbicides
reach a destination other than their target species, including non-target species, air,
water, bottom sediments, and food [89]. Hence, it is a big challenge to use herbi-
cides in the safest way for ensuring food and biological security.

The impact of herbicides on soil, however, differs depending upon the soil type,
experimental conditions, herbicide in question and its dose, and the sensitivity of
the non-target species or strains. No severe ill effect on soil flora, soil biochemical
indices, and soil fauna has been observed so far at recommended doses of herbi-
cides under field conditions [90], but the adverse effects of their overdose or long-
term use cannot be discounted. Systematic research on long-term herbicide usage
on soil health and water bodies is needed. Widespread and increasing use of her-
bicides is likely to cause greater concern about potential ecological effects. Hence,
how herbicide use offsets the delicate ecological balance should also be an area of
priority. To avoid the potential ill effects, strict registration and stringent regulatory
mechanisms are to be developed.

Monitoring herbicide residues in the environment and food chain should con-
tinue to be an important activity as new chemicals are expected to be introduced
into the market. Permanent herbicide trials have to be planned in major cropping
systems under different agroecological regions, which would yield a wealth of in-
formation on the long-term implications of herbicide use, including effect on crop
productivity, weed flora shifts, resistance of weeds, etc. In addition, degradation
pathways and mitigation strategies of herbicide residue hazards need to be devel-
oped to lessen their effect on the environment.

Weeds in Organic Farming Systems

Growing concern for human health and sustainability of agricultural production
are giving way to organic farming in some parts of the world. However, weed
management is a major concern for organic farmers and is seen as a major ob-
stacle for the conversion toward organic farming [91]. Effective weed manage-
ment strategies are limited in organic cropping systems owing to the prohibition
of herbicide use. Organically cultivated fields show higher levels of weed infesta-
tion compared to conventional agriculture [92], and it is a big challenge to make
the non-chemical methods of weed control effective and economical. Mechanical
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approaches, generally used to manage weeds in this system, provide lower weed
control efficiency than herbicides [93]. But at some instances, weed harrowing may
provide yields similar to weed-free situations [94]. Soil solarization may be a useful
tool in nurseries and in high-value crops under organic agriculture; it is not yet a
practicable option for field crops due to high cost. Although P. minor was controlled
in wheat to some extent by using ZT technology in the Indo-Gangetic Plains, such
success has not been achieved in other crops and weed species. Plant allelochemical
or essential oil-based organic herbicides are available commercially, but these are
very expensive and are utilized mainly for spot applications in a field to deal with
a localized infestation of noxious weeds [95]. Currently, no bioherbicides based
on specific plant pathogens are available commercially. In maize, growing cowpea
as an intercrop for fodder or green manure has been found to suppress the weeds
significantly. In mustard, better weed control and higher total productivity can be
obtained by intercropping with berseem. Incorporation of Sesbania grown as an in-
tercrop (brown manuring) in upland direct-seeded rice can be adopted for managing
weeds and obtaining higher productivity. Enhancing a crop’s competitive ability by
integrating both cultural and mechanical weed control methods is a key strategy in
organic systems, but the relative efficacy of different cultural and mechanical strate-
gies and their interactions and additive effects when combined is not well known
[50]. There is ample scope of developing system-based approaches and mechanical
tools as part of IWM strategies in organic farming systems.

Obnoxious Weeds

Invasive weeds are an important problem for natural and agronomic systems and
a major threat to global biodiversity [96]. According to the evolution of increased
competitive ability (EICA) hypothesis, plants in invasive range allocate more to
growth than to defense [97], and consequently the invasive plants perform better
than plants of the same species from the native range. Abela-Hofbauerova and Miin-
zbergova [98] observed that the plants from the invasive range have higher ability
to use resources and are thus able to perform well even in nutrient-poor conditions.
Further, the invasive potential of some alien invasive weed species may be en-
hanced due to absence of natural enemies [99, 100].

Obnoxious weeds, such as Lantana, Parthenium, Ageratum, Chromolaena,
Mikania, and Mimosa, have invaded vast areas of forest, grasslands, wastelands,
orchards, and plantation crops across the world. Parthenium, one of the seven
most difficult weeds of the world, was previously a problem on roadsides and
non-cultivated areas in India and is now entering into the field crops. Chromolaena
odorata was earlier restricted to the north-eastern region and Western Ghats but it is
now fast spreading to other areas. Similarly, Mikania micrantha, which is popularly
called mile-a-minute weed on account of its rapid growth, is a big nuisance in for-
estry and plantation crops in northeast and south India [101]. Lantana camara has
invaded large areas of non-crop lands in the north-western Himalayan region. Ag-
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Table 16.2 World’s major

Country No. of weed species

weeds tha.t havc? not yet be.en Australia, New Zealand 195

recorded in India. (Source: > .

Holm et al. [103]) Afrlcap countries 181
SE Asia, Far East 150
Middle East 118
South America 102
Europe 90
Central America 86
North America 33
Former Soviet Union 20
Total 975

eratum has become a big nuisance in both crops and non-cropped areas. Widespread
infestation of these weeds has threatened not only agricultural production systems
but also biodiversity and human and animal health.

There are several barriers to the effective control of obnoxious weeds. For in-
stance, a lack of public awareness about the invasiveness and ill effects of these
weeds lead to limited public and legislative support; this consequently leads to in-
sufficient human and fiscal resources to contain the weed problem. Due to insuf-
ficient resources, weed control efforts often lack planning and monitoring for effec-
tiveness. Preventing the spread of these weeds before the situation gets more serious
requires a great deal of money and people’s participation.

Globalization and New Weed Problems

Weeds are spread internationally as contaminants through trade, travel, and illegal
activities. For example, Chromolaena odorata, introduced from the West Indies
in the ballasts of cargo boats [102], and M. micrantha, from Central and South
America after the Second World War to camouflage airfields, have become great
problems for plantations and forests in eastern and southern parts of India. Simi-
larly, Parthenium, a menace in civic amenities, and P. minor, a major weed in wheat
along the Indo-Gangetic Plains, were introduced in India through imported wheat
grain from the USA.

Although the risk of entry is minimized by quarantine arrangements, an in-
creased exchange of grains and seeds following globalization of agricultural trade
is expected to further enhance the probability of entry of weeds in a new territory.
For example, there are several weeds of invasive nature existing in different parts
of the world, but they are not in India (Table 16.2) [103]. Increasing trade and
globalization coupled with liberalization policies will, however, increase the risk
of invasion by these weeds in India. The sanitary and phytosanitary agreement of
the World Trade Organization (WTO) suggests that the countries should not only
update their quarantine laws but also incorporate the elements of pest-risk analysis
for making regulatory decisions for both import and export. Therefore, there is an
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urgent need to analyze the risk factor associated with different exotic weeds to de-
sign safeguards and to lower the risk of their entry. Many countries like Australia,
New Zealand, and the USA have developed strong protocols for weed risk analysis
and for identification of quarantine weeds. Similarly, other countries of the world
should strengthen their capacity on weed risk analysis and develop more stringent
guidelines and standards for prevention of introduction of alien, invasive weeds into
the respective countries.

Dissemination of Weed Management Technologies

Improved weed management technologies have not reached the Indian farmers and
elsewhere at the same pace as it happened in case of high-yielding varieties, fertil-
izers, and insecticides. Compared to the other improved agricultural practices in
cereals, adoption of chemical weed management technologies by farmers is very
dismal in India [104]. Similarly, adoption gap of sugarcane technologies was more
in weed control followed by plant protection measures, time of sowing, irrigation,
sowing methods, high-yielding varieties, and seed rate [105]. Lack of awareness
and technical know-how among the farming community are the reasons for poor
adoption of weed management technologies. Sometimes, extension agents and
other traditional information dissemination mechanisms, such as using community
decision leaders, neighbors, and seminars, are largely ineffective in the dissemina-
tion of weed management technologies [106]. The use of weeds as livestock feeds,
fuel wood, construction material, and as medicines is also one of the deterrents
toward non-adoption of new weed management technologies. In some places, the
herbicides are not available locally to those farmers who are interested in using use
them. Intensive training programs [107] and TV programs [108, 109] could be the
effective extension techniques to enhance adoption of chemical weed control prac-
tices. Information about safe use of herbicides, herbicide application technology for
higher efficacy, and integrating chemicals with other methods of weed management
are also to be disseminated. However, overcoming the challenge of lesser attention
of the growers toward adoption of new weed management practices than other pro-
duction technologies, viz. seeds and fertilizers, is a matter of concern.

Site-Specific Weed Management

The concept of site-specific agriculture [110] is applicable to weed management,
owing to the spatial and temporal heterogeneity of weed populations across agricul-
tural fields [54, 111]. The uniform application of herbicides over heterogeneously
distributed weed populations may lead to inefficiency in weed management [51].
Site-specific weed management may result in savings of herbicides and ecological
and economical benefits.
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Site-specific management of weeds involves locating specific areas of infesta-
tion and identification of weeds in a field for necessary herbicide treatments de-
pending on the weed species present [112]. This will require a more precise appli-
cation of weed management principles and biology to determine where, when, and
what control practices are to be applied. Patchy weed distributions are the result of
efforts made to manage weeds uniformly; it will also be important to notice whether
site-specific management will change the nature of weed populations in fields.

Opportunities

With the advent of chemical weed control in the early 1940s, the contribution
of weed science has been immense in increasing and sustaining the global food
production. Herbicides became the mainstay for management of weeds more par-
ticularly in developed countries. In view of the changing climate, new cropping
systems, weed shifts, changing land use, and environmental concerns, new opportu-
nities in weed science exist that need to be exploited at a faster pace. The emerging
problems could only be addressed when weed science works hand-in-hand with
other disciplines on complex issues in vegetation management, viz. ecological weed
management, molecular biology and physiology of weedy traits, invasion biology,
and ecosystem restoration.

The following opportunities in weed science need to be exploited for efficient
and safer weed management in future:

» Safer low-dose synthetic molecules of various modes of action will be intro-
duced to replace more conventional herbicides. New formulations and spraying
technologies of herbicides will be developed.

» Alternate weed control strategies involving mechanical, cultural, and biocontrol
will also be given importance. A search for bioactive botanicals and microbial
metabolites, which may act as lead molecules for herbicide development, is im-
portant.

» Breakthroughs made in biotechnology could be taken to advantage, leading to
development of new HTCs and strains of bio-agents for specific weed control.

» The changing global climate may create new opportunities for the introduction
of alien, invasive weed species. Immediate action to thwart their introduction to
newer areas will help in protecting the biodiversity of native species.

» Climate change research would provide further insights into crop—weed associa-
tion, herbicide, and bio-agent efficacy for developing effective weed manage-
ment technologies.

» Research on nano-composite-based controlled release formulation is essential
for precision weed management. The controlled release of herbicide molecules
in application zones provides long-term control of weeds, avoiding repeated ap-
plication of herbicides. These formulations minimize herbicide residues in the
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environment, increase the efficacy and longevity of the herbicide by protecting it
from environmental degradation, and decrease the application cost.

» Using remote sensing technologies for site-specific weed monitoring and their
management under precision agriculture will greatly help in avoiding wastage of
herbicides and minimizing residue hazards.

» A growing demand for cheap and effective non-chemical weed control measures,
i.e., mechanical, cultural, bioherbicides, and biocontrol agents in the era of envi-
ronmental awareness is observed.

» Innovative production systems such as CA are being developed for enhancing re-
source-use efficiency, crop productivity, and environmental sustainability. Weed
management in such systems would require greatly enhanced knowledge and
application. New-generation machines for tillage, sowing, interculture, spraying,
harvesting, and residue management are being developed, which will provide
cost-effective means of weed management.

* New tools aimed at more effective transfer of technology for weed management
are available in the era of ICT. Management Information Systems (MIS) are re-
quired for researchers and farmers to obtain quick access of weed management
technology.

» Efficient diagnostic techniques for monitoring herbicide residues would lead to
safer chemical weed control and a cleaner environment. Effective decontamina-
tion techniques for active and transformation products will provide opportunities
for mitigation of residue hazards.

» Solar energy-aided microwave-generating device may be helpful for the control
of target weeds. The success of it may reduce herbicide consumption manifold.
This device coupled with sensor technology may become the part of precision
and automated weed control technology.

» Robotic science may also come in aid of weed science for environmentally safe
weed management.

»  Weed utilization techniques are available for effective conversion of weed bio-
mass into enriched compost, medicinal use, bioremediation, and industrial ap-
plication.

Conclusion

The dynamic nature of weed populations makes them a never-ending problem in
crop fields. The cropping environment and the production practices—viz. crop rota-
tion, tillage, fertilization, crop spacing, herbicides, irrigation, etc.—together dictate
the nature and intensity of weed infestation. Accordingly, various approaches of
weed management have evolved in the history of weed science. Because of the
complexity and diversity of weed communities, application of a given control tactic
leads to a weed population shift, thereby compelling the grower to use another tac-
tic, and the cycles go on. This situation demands the use of integrated approaches



16 Challenges and Opportunities in Weed Management Under a Changing ... 385

involving more than one control tactic to favor the crop in its competition over
weeds for natural resources.

The growing demand for food grains and other agricultural products on one hand
and the shrinking availability of agricultural land on the other hand are already the
burning problems being faced by agriculture. Further, climate change is predicted
to affect precipitation rates and patterns, which will consequently affect tempera-
ture, growing season, soil moisture levels, and other critical agricultural production
factors. All these developments are expected to force the growers to shift toward
highly intensive production systems using newer production technologies. Weeds,
being highly complex and competitive, and due to their wild and dynamic nature,
are expected to adapt and remain a problem in the future production systems, and
will necessarily create demand for newer integrated control tactics. Moreover, the
way in which the interaction of weeds with crops and other pests will move under
the changing climate is yet a domain of unknown probabilities. Developing innova-
tive and economical weed management tactics to make more diverse and integrated
approach of weed management for the future cropping systems is a great challenge
and a continuous process for weed scientists.

Availability of herbicides simplified the weed management and benefitted the
agricultural community in many ways, viz. timely weeding, overcoming the prob-
lem of labor shortage, reducing production cost, etc. However, the over-reliance on
herbicides has already shown its consequences in the form of weed resistance to
herbicides, and adoption of HTCs may further exuberate such a situation. Hence,
the challenge is to manage herbicides in a manner that prevents adapted weed spe-
cies from reaching troublesome proportions. Development of site-specific weed
management systems is another challenge to be sorted out to reduce herbicide con-
sumption and also to reduce the environmental impact of herbicides by preventing
herbicide load where it is not required.

Present-day agriculture is also facing the problem of transborder movement of
weed seeds being accompanied by the growing international trade of agricultural
produce. It is of greater concern if the alien species are obnoxious and invasive in
nature. Risk assessment and developing management tactics for such weeds in a
newer environment are always a challenge.

Technology dissemination is as important as technology development. Minimum
attention has been paid by the growers toward adoption of new weed management
practices as compared to the adoption of other production technologies (viz. seeds
and fertilizers), which is a matter of concern for the weed scientists.
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