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Abstract

The aim of this review article is to explore and assess various effective solutions for weed control in
wheat fields. By analyzing existing research and practices, this article seeks to provide valuable insights
that can assist in developing better strategies to manage weed competition, improve wheat yields, and
contribute to food security. The data utilized in this review were sourced from reputable databases such
as Google Scholar, Web of Science, Scopus, and PubMed. The findings indicate that weed infestation
is a major challenge to wheat production, significantly reducing crop yields. Wheat crops are affected
by a variety of weed species, including grass, sedges, and broadleaf plants. While many farmers rely on
chemical herbicides due to their cost-effectiveness and efficiency, overuse can lead to herbicide-re-
sistant weeds and environmental harm. Other control methods, however, may incur higher costs. As a
result, there is a growing need for more sustainable, environmentally friendly weed management strat-
egies to reduce damage and minimize yield losses. Chemical weed control, although effective, must be
complemented with cultural and mechanical methods, which offer rational weed suppression and yield
improvement, especially in organic farming systems. Integrated Weed Management (IWM), which
combines multiple practices such as appropriate sowing methods, optimal sowing times, correct seed
rates, suitable crop varieties, and proper fertilizer and herbicide application, presents a holistic approach
to weed control. Additionally, proper farm implements, and crop rotation play a crucial role in managing
weed populations. In regions with labor shortages, such as highland agro-ecosystems, herbicidal weed
management remains essential to improve wheat productivity. However, a balanced approach integrat-
ing chemical, mechanical, and cultural methods is necessary for effective weed management, particu-
larly when labor is scarce. To optimize weed management and sustain wheat yields, further research
and location-specific experiments are needed to provide accurate recommendations. Ultimately, the
adoption of IWM approaches will contribute to more effective and environmentally responsible weed
control strategies.

Keywords: Reduced wheat yield, weed control methods, integrated weed management, Sustainable
agriculture
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Introduction

Wheat (Triticum aestivum L.) stands as one of the most important cereal crops globally, playing a
crucial role in ensuring food security worldwide. As a primary food source, it contributes significantly
to the daily nutritional intake of people across the planet. Wheat satisfies approximately 19% of the
daily caloric requirements and 21% of the protein needs for the global population. This highlights the
vital contribution of wheat to human diets and its essential role in sustaining nutritional balance for
billions of people worldwide (Buhler, 2002). Due to its remarkable adaptability, wheat is capable of
thriving in a variety of agro-climatic environments, allowing it to be cultivated in diverse regions with
differing climate and soil conditions. This resilience makes it a versatile crop, well-suited to a wide
range of agricultural settings.

Wheat is cultivated across approximately 215 million hectares (mha) globally, with an annual pro-
duction reaching around 700 million tonnes (mt) (Galon et al., 2019). Projections indicate that by the
year 2050, the global demand for wheat is expected to rise to 900 million tonnes (mt) (FAO, 2006).
This growing demand underscores the increasing importance of wheat in meeting the nutritional needs
of the world’s population.

Wheat is a crucial staple food crop in Afghanistan, making up approximately 83% of the country’s
total cereal consumption. According to the National Statistics and Information Authority of Afghani-
stan, wheat was grown on a total of 2,534,000 hectares (ha) of land, with 1,566,000 ha dedicated to
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irrigated wheat and 968,000 ha to rain-fed wheat. The overall wheat production reached 4,890,000 met-
ric tonnes (MT), with 4,089,000 MT coming from irrigated wheat and 801,000 MT from rain-fed wheat.
The average productivity for irrigated wheat was approximately 2.6 MT/ha, while rain-fed wheat had
an average yield of about 0.83 MT/ha, resulting in an overall national average productivity of 1.93
MT/ha (Badiyala et al., 1991).

Weed infestation is a significant challenge that severely restricts the productivity of crops. To
achieve the maximum genetic potential of a crop’s yield, proper and effective weed control is a critical
component. Weeds not only diminish crop yields but also complicate the harvesting process, making it
more labor-intensive and less efficient. Given the need to sustain and increase food grain production to
meet the demands of a growing global population and ensure long-term food security, it is vital to
implement effective weed management strategies. Without such control, crop production is at risk of
substantial losses, affecting both food supply and economic stability.

Among the various biotic stresses that affect crop production, weeds are recognized as one of the
most significant and challenging issues. The critical period of crop-weed competition occurs between
11 to 21 days after the crop has emerged (Gerhards et al., 2022). During this time, weeds compete most
intensely with the crop for vital resources such as light, water, and nutrients, which can significantly
hinder crop growth and development. Effective weed management during this crucial period is essential
to minimize competition and ensure the healthy establishment of the crop, ultimately leading to higher
yields. The impact of weeds on wheat yields can be substantial, with losses ranging from 30% to 50%,
depending on the level of weed infestation (Pandey & Singh, 1997). To achieve optimal wheat yields
and ensure food security, effective weed control measures are essential (Kudsk & Mathiassen, 2007).
Managing weeds is therefore a critical step in improving agricultural productivity and sustaining wheat
production in Afghanistan. The aim of this review article is to explore and assess various effective
solutions for weed control in wheat fields. By analyzing existing research and practices, this article
seeks to provide valuable insights that can assist in developing better strategies to manage weed com-
petition, improve wheat yields, and contribute to food security.

Methodology

In this review, a comprehensive literature search was conducted using reputable academic databases
including Google Scholar, Web of Science, Scopus, and PubMed. The search focused on research arti-
cles, review papers, and official reports related to weed management in wheat cultivation systems. The
following keywords were used for the search: “Weed competition in wheat,” “Weed flora in wheat
fields,” “Yield losses due to weeds,” “Weed management strategies,” “Preventive control,” “Mechani-
cal weed control,” “Cultural practices,” “Biological weed control,” “Chemical weed control,” “Inte-
grated weed management (IWM),” and “Challenges and opportunities in weed management.” The in-
clusion criteria were as follows:

>

*,

» Publication years: Studies published between 1990 and 2022
Language: Only articles published in English

*,

X3

S

X3

S

Type of documents: Peer-reviewed journal articles, review papers, books, official reports, and
relevant proceedings

»  Exclusion: Duplicates, non-peer-reviewed documents, or studies with insufficient methodo-
logical detail

4

After collection, the articles were categorized based on the weed management approach: chemical, me-
chanical, cultural, biological, and integrated. A descriptive review method was applied to identify major
themes, summarize key findings, and highlight existing knowledge gaps in each category. This meth-
odology ensures a comprehensive and structured assessment of weed management practices in wheat,
offering practical insights for research and application.
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Restuls and Descussion
Competition posed by weeds

Weed infestation creates a highly competitive environment for wheat, as weeds compete directly
with the crop for essential resources such as water, nutrients, light, and space (Jinxia, 1996). Weeds are
responsible for approximately one-third of the total crop losses caused by all pests. In severe cases, they
can lead to the complete failure of the crop. Furthermore, weeds increase production costs by raising
expenses related to chemicals, labor, equipment, and other management practices (Singh et al., 2015).
Beyond these direct effects, weeds also have indirect impacts on crop production. These indirect effects
primarily involve the provision of a habitat for various insect pests, a reduction in grain quality, and an
increase in processing costs (Zimdahl, 2013). Thus, the presence of weeds not only affects crop yield
but also influences overall production efficiency and quality.

Gerhards et al., (2022) studied the effects of weed control methods on crop-weed competition be-
tween 11 to 21 days after crop emergence. They found that wheat yield loss due to competition with
ryegrass could reach up to 59%, highlighting the significant impact of ryegrass on wheat growth. This
emphasizes the importance of effective weed management, especially in the early stages of crop devel-
opment, to prevent substantial yield losses.

Saha et al., (2016) highlighted the importance of removing weeds during the critical competition
period for optimal wheat yields. This period, which occurs between 0 to 30 days after sowing, is vital
as weeds compete with wheat for essential resources such as nutrients, water, and light. Effective weed
control during this time is crucial to ensure that wheat can grow without significant interference from
weeds, leading to higher yields.

Weed flora associated with wheat cultivation

The weed flora in wheat fields can vary significantly across different regions and individual fields.
This variation depends on a range of factors, including local environmental conditions, irrigation prac-
tices, fertilizer application, soil composition, weed management techniques, and the sequence of crops
grown in rotation (Anderson & Beck, 2007). Amare, (2014) reported that the weed flora in their study
consisted of 83.3% broadleaf species and 16.6% grasses. Among the grasses identified were species
such as Avena fatua L., Phalaris paradoxa L., while the broadleaf weeds included Caylusea byssinica
Meisn, C. trigyna L., Chenopodium album L., Corregiola capensis Wild, Guizotia scabra (Vis.) Chiov.,
Oxalis latifolia HBK, Polygonum paleaceum L., Raphanus raphanistrum L., Spergula arvensis L., and
Tagetes minuta L.

¢ A study conducted in Gujarat identified several monocot and dicot weeds. Among the monocot
weeds were Brachiaria serrata and Echinochloa colonum, while the dicot weeds included Am-
aranthus viridis, Digera arvensis, Chenopodium album, and Euphorbia hirta. Additionally, the
study highlighted Cyperus rotundus as the dominant sedge species in the area (Pisal & Sagarka,
2013).

« Ahmed et al., 2020, in their study conducted in Bangladesh, reported that the common weed
species present at the experimental wheat field included Amaranthus spinosus L., Anagallis
arvensis L., Celosia argentea L., Chenopodium album L., Cleome rutidosperma DC., Cynodon
dactylon (L.) Pers., Cyperus rotundus L., Digitaria ciliaris (Retz.) Koel., Echinochloa colona
(L.) Link, and Phyllanthus niruri L.

« Yadav et al., (2019) in their study conducted at Hisar, observed that the weed flora in the exper-
imental field primarily consisted of Phalaris minor Retz. Among the grassy weeds. In addition,
the broadleaf weeds included Lathyrus aphaca L., Coronopus didymus L., Vicia sativa L., Medi-
cago denticulata L., Melilotus indica L., and Anagallis arvensis L.
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Another study conducted in Pakistan, observed that the weed flora at the experimental site con-
sisted of both narrow- and broad-leaved species. The weeds identified included wild oat (4vena
fatua L.), canary grass (Phalaris minor Retz.), lambsquarters (Chenopodium album L.), fathen
(Chenopodium murale L.), blue pimpernel (Anagallis arvensis L.), and swine cress (Coronopus
didymus L.). Similar resutls find by another study, impairment of wheat yields due to weed
competition (Jeet et al., 2010).

Imppairment of wheat yield due to weed competition

Khan et al., (2003) reported that weeds can result in a significant reduction in wheat grain yield,
with losses reaching as high as 48%. This yield loss occurs due to the competition between
weeds and the wheat crop for essential resources such as water, nutrients, and sunlight, which
ultimately hampers the growth and development of the wheat plants. A study also highlighted
that the extent of yield losses due to weeds varies based on factors such as the type and density
of the weed species, its time of emergence, and the duration of its interference with the crop
(Jabran et al., 2012).

Oad et al., (2007) reported that weeds can lead to significant economic losses in wheat, with
losses varying between 24% and 39.95%. The extent of the damage depends on several factors,
including the type and density of the weeds, as well as their competition with the wheat crop for
essential resources like light, water, and nutrients.

A study also found that weeds caused a significant reduction in wheat grain yield, with a loss of
55.7%. This decline was attributed to the competition between weeds and wheat crops for vital
resources such as water, light, and nutrients, which ultimately affected the growth and produc-
tivity of the wheat plants (Kumar et al., 2011).

Lee & Thierfelder, (2017) observed that weeds led to a significant reduction in wheat grain yield,
with a loss 0f 59.3%. This decrease in yield was primarily due to the competition between weeds
and the wheat crop for essential resources such as light, water, and nutrients in the soil, which
ultimately hindered the growth and development of the wheat plants.

Braun et al., (2010) found that the growth of weeds led to a 40.3% reduction in wheat grain
yield. This significant decrease in yield was primarily due to the competition between the weeds
and wheat plants for key resources such as water, sunlight, and nutrients, which inhibited the
proper growth and development of the wheat crop.

Malik et al., (2013) observed that allowing weeds to grow throughout the crop season resulted
in a significant reduction in wheat grain yield, ranging from 42.9% to 45.1%. Similarly, (Amare,
2014) found that weed growth during the entire crop growth period led to a yield reduction
between 57.6% and 73.2%. (Singh et al., 2015) reported that the average yield losses caused by
weeds in various wheat-growing zones ranged from 20% to 32%.

Amare et al., (2016) also highlighted that prolonged weed growth throughout both cropping
seasons caused a drastic yield reduction of 72%. Kaur et al., (2017) further confirmed that the
season-long presence of weeds resulted in a wheat yield decrease of up to 38.5%. Pawar et al.,
(2017) reported even higher losses, with weeds causing reductions of 55.7% and 52.2% in wheat
grain yield.

Approaches to Weed Management
Among the various approaches to weed management, the selection of crop cultivars with competitive

growth traits plays a critical role. The study results emphasized that different crop cultivars have distinct
growth characteristics, which play a significant role in shaping the competition between crops and

weeds. Some culti-vars grow more quickly and establish their canopy earlier than others. This early

canopy formation is particularly important because it allows the crops to shade the weeds, reducing the



£V dlomn o5 5 ol 5l oo

amount of sunlight available to them. As a result, weeds struggle to grow and compete for re-sources
like light, water, and nutrients. In contrast, slower-growing cultivars, which take longer to develop their
canopy, face more competition from weeds during the early stages of growth. This can lead to higher
weed pressure, ultimately affecting the crop’s overall yield. Therefore, selecting cultivars with rapid
growth and early canopy formation can be an effective strategy for minimizing weed competition (Lei-
nonen & Narkki, 2004).

According to Zimdahl, (2018), there is a negative relationship between the competitive ability of
wheat and its yield potential in a weed-free environment. High-yielding dwarf varieties of wheat tend
to have weaker competitive abilities against weeds, leading to greater yield losses when weeds are pre-
sent. On the other hand, taller wheat varieties, which generally have lower yield potential, are better at
competing with weeds and experience less yield loss due to weed competition. This illustrates the trade-
off between having a higher yield potential and the ability to effectively compete with weeds.

Another study reported that tall wheat genotypes, such as those reaching 115 cm in height, are more
effective in suppressing the impact of Phalaris minor compared to shorter wheat genotypes. The taller
varieties, due to their size, are better at shading out weeds, thus reducing weed competition. Addition-
ally, tillage has been found to play a role in controlling weed infestations. It affects soil properties such
as bulk density, surface roughness, and penetration resistance, all of which can help limit weed growth
by disrupting weed seed germination and root development (Montazeri, 1995).

Tillage practices can have a significant impact on the dispersal patterns of weed seeds (Wang et al.,
2022). These practices can disrupt or alter the natural spread of the seeds, leading to changes in their
distribution. As a result, the variations in how weed seeds are spread can influence and reshape the
dynamics of weed populations over time (Buhler, 1991).

Tillage practices are essential in managing weed populations as they help to bury weed seeds deeper
in the soil profile. This process effectively reduces the presence of weed seeds in the upper layers of the
soil, which are more susceptible to germination (Shivran et al., 2020). However, the introduction and
widespread use of synthetic, carbon-based herbicides significantly altered agricultural practices. As
these herbicides became more efficient in controlling weeds, the need for frequent tillage decreased.
This shift in weed management practices eventually led to the widespread adoption of zero-tillage farm-
ing systems, where the soil is left undisturbed (Malik & Singh, 1995).

In zero tillage systems, the infestation of Phalaris minor can be minimized by using pre-emergence
herbicides like glyphosate or paraquat. The reduced disturbance to the soil due to zero tillage also leads
to fewer weed seed germinations, especially those lying in the deeper soil layers (Chandra et al., 2018).
Moreover, zero tillage contributes to a reduction in field preparation costs (Chhokar & Sharma, 2008).
While burning rice straw can suppress weed germination, it also negatively impacts the effectiveness
of certain herbicides. For instance, the ash from burned rice straw diminishes the efficacy of herbicides
like isoproturon and pendimethalin. Therefore, leaving the straw residue on the soil surface is beneficial
as it helps conserve soil moisture, suppresses weeds, and enhances the physical and chemical properties
of the soil (Singh et al., 2015). Research indicates that the use of 1000 kg ha-1 of residue can reduce
weed seedling emergence by 14 percent (Khan & Haq, 2002). Thus, retaining residue alongside zero
tillage proves to be an effective strategy for managing weed populations in wheat crops (Samedani &
Meighani, 2022).

Mechanical methods are also effective in managing weeds in agricultural fields. This approach in-
volves the removal of weeds using various tools, including manual weeding (Verma et al., 2015). While
manual weeding can be efficient, it requires significant labor, is time-intensive, and is considered one
of the more traditional methods. Certain weeds, such as wild oats and Phalaris minor, closely resemble
the crops in terms of morphology, making mechanical weed control particularly challenging before the
flowering stage (Malik & Singh, 1995). Chemical control, on the other hand, is often preferred for its
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efficiency, cost-effectiveness, and the fact that it requires less time compared to other techniques.
Choosing the right herbicides tailored to the specific weed species, along with applying them in the
proper amounts and at the right time, can lead to effective weed management (Graziani et al., 2012).

(i) Preventive approaches

Prevention is considered the most cost-effective strategy for managing weeds, but it is often un-
derutilized. To prevent the introduction of weeds into agricultural fields, the most straightforward and
inexpensive methods should be adopted. One of the simplest and most effective approaches is to use
certified, clean, and weed-free crop seeds. For example, wheat seeds contaminated with even small
amounts of seeds from canary grass have been a significant factor in both the local and long-distance
spread of this weed (Singh et al., 2005).

To prevent the spread and introduction of weeds, it is essential to take several precautionary
measures. One important step is to use clean farm equipment and machinery, ensuring that weeds are
removed before they have a chance to set seeds. Additionally, controlling weeds in animal feed, fodder,
and bedding areas is crucial, as some weed seeds can remain viable and active even after passing through
the digestive system of animals. It is also recommended to use only well-rotted manure that has been
aged for at least 4 to 5 months. This is because unrotted or partially rotted manure may contain viable
weed seeds, which can be introduced into the fields and spread to new areas. While organic manures
such as farmyard manure (FYM) and vermi-compost are important sources of crop nutrition, they can
also carry weed seeds, which may contribute to the increase in weed infestations and the introduction
of new weeds into the fields (Bharat et al., 2012; Singh, 2007).

(i) Mechanical weed control

In organic winter wheat, mechanical weed control using spring tine harrowing is commonly applied
at early growth stages, up to early tillering (Rasmussen et al., 2010). This method treats the entire field,
posing a risk of crop damage since both crops and weeds receive the same treatment. Selectivity, defined
by the balance between weed control and crop damage, is crucial in post-emergence weed harrowing
(Ramesh & Beena, 2008; Rueda-Ayala et al., 2011). Low selectivity can reduce yields, particularly
when weed competition is minimal, the timing is off, or the equipment is poorly adjusted (Rasmussen
& Svenningsen, 1995). Recent advancements in site-specific mechanical weed management, such as
automated harrowing systems, improve weed control by adjusting intensity based on crop and weed
detection, thus minimizing crop damage while enhancing effectiveness (Mennan & Isik, 2004; Pannacci
et al., 2017; Rueda-Ayala et al., 2013).

Among inter-row mechanical methods, hoeing is a highly selective technique, unaffected by soil
moisture, type, or timing (Rasmussen, 2004). Inter-row cultivators can be more efficient than harrowing
for controlling weeds between rows (Mennan & Isik, 2004; Pannacci & Tei, 2014). Traditional hoes
use various tools like blades or sweep to cut, uproot, and bury weeds, while rotary hoes use discs and
spike wheels for similar effects (Pannacci et al., 2017). Over the years, non-chemical, eco-friendly weed
control methods, such as hand weeding and hoeing, have gained attention for their effectiveness against
annual and biennial weeds. However, with industrialization, manual labor is becoming scarce and
costly, making mechanical control a more viable option (Loddo et al., 2021). Moreover, mechanical
methods can also stimulate nitrogen mineralization in soil, which, if timed with crop needs, can improve
both yield and quality (Delfosse, 1990).

(iii) Cultural practices

A study conducted in Bihar, where they found that hand weeding at 25 days after sowing (DAS) in
wheat crops led to notable improvements in several yield-attributing parameters (Surin et al., 2013).
Specifically, hand weeding resulted in a 31.3% increase in the number of productive tillers per square
meter, a 5.3% increase in spike length, and an 8.6% higher straw yield compared to the weedy check.
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In another study, Amare et al., (2016) demonstrated that a combination of manual hand weeding and
the herbicide 2,4-D at a rate of 2.0 kg/ha led to the highest grain yield of 4.3 t/ha in wheat. Similarly,
(Safina & Absy, 2017) observed that using both herbicides and hand weeding twice significantly in-
creased wheat yield, reaching 11.8 t/ha, along with considerable improvements in various yield com-
ponents when compared to the weedy check. Rasool et al., (2017) also found that manual hand weeding
contributed to a significant increase in wheat grain yield, with a recorded yield of 4.98 t/ha when com-
pared to the weedy check. Additionally, Sasode et al., (2017) reported that performing two manual hand
weedings at 30 and 60 DAS resulted in an increase in wheat grain yield to 4.66 t/ha.

(iv) Biological weed control

Biological weed management involves using living organisms to control weeds, typically by releas-
ing a specific biological control agent such as insects, nematodes, fungi, or bacteria into weed-infested
areas, where they attack the weeds. Each control agent is designed to target a specific weed species.
Livestock grazing is also considered a form of biological control but is less effective in targeting specific
weeds. Biological control of weeds, or biocontrol, has a long history and has shown good success (Ju-
lien, 1998). Unlike biocontrol for arthropod pests, biocontrol of weeds places more emphasis on host-
testing, with classical biocontrol methods being more common than integrated pest management (IPM).

Weeds are significant economic and environmental pests, with a large portion of global pesticide
use directed at them, and weeding, often done by hand, accounting for up to 60% of pre-harvest labor
in developing countries (Webb & Conroy, 1995). Invasive weeds cause severe environmental damage,
which is only now gaining recognition. The literature on biological weed control is relatively concise,
with an up-to-date catalog of all agents used globally available (Julien, 1998), and a fourth edition due
for publication soon (Kaur et al., 2021). This catalog is more comprehensive than published records,
which are often inadequate. Current biocontrol projects are discussed at the International Symposia on
the Biological Control of Weeds, held every few years, and the proceedings from the last three symposia
(Delfosse & Scott, 1995; Devilliers et al., 2001; Nandula et al., 2007).

(v) Chemical weed control

Clodinafop-propargyl and tribenuron-methyl are post-emergence herbicides used to selectively con-
trol grasses and broad-leaved weeds in wheat fields (Bharat et al., 2012). Clodinafop-propargyl inhibits
acetyl coenzyme A carboxylase (ACCase), an enzyme crucial for lipid biosynthesis, while tribenuron-
methyl belongs to the sulfonylurea group and works by inhibiting acetolactate synthase (ALS), the key
enzyme in the biosynthesis of branched-chain amino acids (FAQO, 2018). When mixed, these herbicides
can have a synergistic effect, increasing efficacy compared to single herbicide applications. This com-
bination is typically used by farmers to reduce machinery passes, enhance efficacy, prevent weed re-
sistance, and save time and resources (Baghestani et al., 2007; Moran & Hoffmann, 1996). Research
has shown that mixing clodinafop-propargyl and tribenuron-methyl effectively controls wild oat (Avena
ludoviciana Durieu.) and wild mustard (Sinapis arvensis L.) (Scott et al., 1998).

Like other foliar-applied herbicides, clodinafop-propargyl and tribenuron-methyl require a surfac-
tant to improve control (Buttar et al., 2022). Surfactants lower the surface tension of herbicide droplets
(Julien, 1992; Zabkiewicz, 2000), which reduces the contact angle and increases the deposition on leaf
surfaces (Sharma & Singh, 2000). This leads to better cuticular penetration and stomatal infiltration,
enhancing herbicide translocation and absorption, resulting in more effective weed control (Julien,
1992). In the context of chemical control dominance, farmers are encouraged to reduce herbicide usage
and minimize environmental impact (Kumar et al., 2013). Surfactants, particularly non-ionic types,
have been shown to improve the foliar activity of several ACCase and ALS inhibitor herbicides, includ-
ing tralkoxydim, fluazifop-P-ethyl, and clethodim (Dollinger, 2005; National Statistics and Information
Authority of Afghanistan (NSIA), 2020; Scott et al., 1998). As well as primisulfuron and foramsulfuron
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(Buttar et al., 2022; Sanyal, 2008). The cationic surfactant, Frigate, enhances the foliar activity of herb-
icides like glyphosate and quinclorac (Zawierucha & Penner, 2001). The efficacy of surfactants depends
on their chemical characteristics, such as surface tension and critical micelle concentration (CMC), and
their interactions with the herbicide and leaf surface (Sharma & Singh, 2000). However, no surfactant
is proven to increase the absorption rate of a specific herbicide without experimental confirmation, and
selecting the correct concentration and type of surfactant is challenging for users (Kudsk, 1997).

Integrated weed management strategies

Effective weed management in wheat crops requires the adoption of Integrated Weed Man-agement
(IWM) practices. These practices encompass a range of strategies such as proper field preparation, using
the stale seed bed technique, effective residue management, and choosing the right planting time and
method. Additionally, increasing the seed rate, narrowing row spacing, and selecting competitive culti-
vars are also essential components of IWM. Fertilizer application methods, crop rotation, and careful
timing and method of herbicide application further contribute to managing weeds effectively. Herbicide
rotation and mixtures, along with mechanical weeding, play a crucial role in developing a sustainable
weed control system for wheat.

It is evident that relying solely on herbicides will not resolve the weed problem in wheat crops. Thus,
attention must be given to optimizing sowing techniques that integrate mechanical and cultural methods
with herbicide application for a more comprehensive and sustainable solution. Integrated Weed Man-
agement (IWM) is considered the most effective approach for offering a long-term and sustainable so-
lution to the weed problem (Storkey et al., 2021). It involves understand-ing environmental factors,
available technologies for weed control, and the ecology and biology of weeds, all while minimizing
risks to both the environment and human health (Sanyal et al., 2006).

In IWM, various control strategies are employed, including both chemical and non-chemical meth-
ods. Studies have shown that the combination of chemical herbicides with certain biological agents
resulted in effective weed control and helped reduce weed populations (Subramanian & Martin, 2006).
On the other hand, in the absence of chemical methods, integrating a rice/wheat cropping system with
intercropping of green gram or ses-bania led to a reduction in the populations of sedges and grasses
(Singh et al., 2008). The key challenge for agricultural researchers today is to develop highly effective,
eco-friendly, and economically viable IWM systems that can be applied in both current and future crop-
ping practices (Rao & Nagamani, 2007).

Furthermore, the combination of herbi-cides and hand weeding has been shown to provide effective
and long-lasting weed control. Using herbicides in conjunction with hand weeding helps control late-
emerging weeds. Significant reductions in weed intensity and dry matter at harvest were observed in
weed-free plots, fol-lowed by the application of pendimethalin pre-emergence at 1.0 kg/ha plus hand
weeding. The highest weed intensity and dry matter were found in the weedy check plots (Patil &
Dhonde, 2009). Additionally, the integration of isoproturon at 0.75 kg/ha and 2,4-D at 0.5 kg/ha, com-
bined with one intercultural operation at 30 days after sowing (DAS), was the most effective treatment
in reducing weed populations and dry weight at various crop growth stages (Rathi et al., 2008).

Challenges and Opportunities in Weed Management Strategies
Challenges

Weeds pose a significant challenge to crop production worldwide. In many regions, direct seeding
of rice is replacing transplantation due to factors like labor shortages, high labor costs, and water scar-
city (Chauhan et al., 2012a; Rodell et al., 2009). However, direct-seeded rice systems face higher weed-
related yield losses because there is no standing water to suppress weed growth, and rice and weed
seedlings are harder to differentiate (Rao & Nagamani, 2010). This shift may lead to an increase in
hard-to-control weeds (Chauhan, 2013). The widespread use of herbicides has resulted in herbicide
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resistance, weed population shifts, and higher control costs (Bunting et al., 2004; Chauhan et al., 2012a).
A notable example is the resistance of Phalaris minor to Isoproturon in wheat in India (Melander et al.,
2015). Resistance to ALS inhibitors is becoming more common, and multiple resistances to herbicides
are emerging which challenges the sustainability of herbicides. Weedy rice, which shares similar traits
with cultivated rice, further complicates control (Collins & Helling, 2002). It has variable seed dor-
mancy, early grain shattering, and higher nitrogen-use efficiency than cultivated rice (Chauhan, 2013).

Opportunities

There is a need for more research into the ecology and biology of weeds, particularly in understand-
ing seed bank dynamics across different regions and cropping systems. Gaining a better understanding
of weed seed germination is essential for effective control. For instance, utilizing narrow row spacing
and higher seeding rates can help reduce weed growth (Chauhan et al., 2012a). In addition to developing
competitive crop varieties, there is potential in identifying and evaluating allelopathic crop varieties.
Crop rotation strategies, including different planting methods (e.g., direct seeding vs. transplanted rice),
tillage practices (e.g., no-till, reduced-till, and conventional tillage), and herbicide use, could contribute
to more effective weed management. The effectiveness of herbicides may be enhanced when crops and
herbicides are rotated. However, there is limited information on how different rotation practices influ-
ence weed population suppression in various cropping systems (Chauhan, 2012b). Research in these
areas will contribute to improved weed control. Furthermore, it is important to explore how climate
change (such as shifts in temperature, water availability, and CO: levels) interacts with weed behavior,
as better understanding these responses will help improve weed management in the future.

Conclusion

Weed infestation remains one of the most critical constraints in wheat production, causing signifi-
cant yield losses across different agro-ecosystems. This review highlights that although chemical herb-
icides are widely used due to their immediate effectiveness, their overuse has led to resistance develop-
ment and environmental concerns. The review also shows that non-chemical methods—such as cultural
and mechanical practices—play an important role, especially in herbicide-restricted and organic sys-
tems. The analysis of existing literature reveals that Integrated Weed Management (IWM) offers the
most sustainable and effective approach. IWM incorporates a combination of practices, including opti-
mized sowing, crop rotation, varietal selection, appropriate fertilizer use, and timely herbicide applica-
tion. However, current research is still heavily focused on chemical control, and there are clear gaps in
the development and adoption of biological and mechanical methods, especially in resource-limited or
labor-scarce regions.

Furthermore, the lack of region-specific wheat varieties and localized agronomic recommendations
remains a key barrier to effective weed control. Future studies should emphasize site-specific trials,
biological alternatives, and the integration of precision agriculture tools to refine IWM strategies. Ulti-
mately, the adoption of IWM not only enhances weed control and maintains wheat yield but also con-
tributes to long-term environmental sustainability and global food security. Strengthening farmer edu-
cation, interdisciplinary collaboration, and policy support are essential to facilitate the transition from
chemical-dominant weed control toward integrated, resilient systems.

Directions for Future Research and Suggested Approaches
Future research should focus on developing herbicide-resistant wheat and sustainable, non-chemical
weed control methods like mechanical and biological tools. Understanding weed ecology and using



JaaVFF Y S/

precision agriculture can improve weed management. Educating farmers on integrated weed manage-

ment (IWM) and promoting interdisciplinary collaboration will support region-specific, sustainable
wheat production.
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