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Abstract  

 

The global burden of weed infestations presents profound challenges for agricultural 

productivity, economic profitability, and environmental sustainability. This comprehensive 

review encapsulates a broad spectrum of weed management strategies, examining traditional 

practices and probing into the frontier of emerging technologies. The review begins by 

elucidating the historical context and significance of weed management, substantiated by a 

diverse range of scholarly works. We explore the complex nature of weeds, including their 

definitions, classifications, and the multifaceted impacts they exert on agriculture, ecosystems, 

and, where applicable, human health. Traditional weed management strategies, encompassing 

manual, cultural, biological, and chemical controls, are discussed with a balanced evaluation of 

their merits and demerits, supported by a wide array of research. The core of this review is an in-

depth analysis of burgeoning technologies in weed management, comprising precision 

agriculture, genomic approaches, and robotic weed control, among others. We provide case 

studies highlighting the effectiveness of these innovations, while also addressing potential 

implementation challenges. Further, the review engages in an evaluation of the environmental 

and socioeconomic implications of both traditional and modern weed management strategies.  
Discussion  

around the environmental footprint of weed control, the economic benefits, potential downsides, 

and labor issues are corroborated by substantial literature. Recognizing the limitations of current 

strategies and the challenges posed by the implementation of nascent technologies, the review 

culminates in an exploration of prospective directions for weed management. Considering the 

continuous technological advancements, a future replete with precise, sustainable strategies, and 

the advent of smart systems, fortified by artificial intelligence and machine learning is 

anticipated. Moreover, the importance of fostering interdisciplinary collaborations and 

recommendation of the development of policies that incentivize the adoption of sustainable weed 

management practices are underestimated. This review, consequently, serves as a sound source 

for researchers, practitioners, and policy-makers in charting the course of new endeavors in weed 

management. 
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Introduction 
 
Weeds have been a perennial challenge to agricultural productivity since the dawn of human civilization. The dawn 

of agriculture during the Neolithic era necessitated the management of undesired plant species that posed 

interference with crop production [1]. Archaeological findings suggesting the usage of sickle blades and hoes from 

this era are evidence that manual labour was employed for the task of weed control [2]. The first written record of 

weed control is found in an ancient Sumerian tablet from around 3,000 B.C., where a hoe was recommended as a 

tool for weed control [3]. The journey of weed management has travelled a long distance and has evolved over 

centuries. Romans noted the use of crop rotation to manage weeds [4] However, during the medieval era, water 

management practices were introduced to control weeds in rice paddies. The scientific understanding of weed 
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biology and ecology, as well as the development of the first synthetic herbicides, occurred in the 19
th

 century [5]. 

The real breakthrough in weed management came in the mid-20
th

 century with the discovery of selective herbicides 

that could control weeds without causing harm to crops. This revolutionized agricultural productivity. The "green 

revolution" of the 1960s, which significantly increased crop yields globally, was made possible by these advances in 

weed management [6]. The significance of weed management is profound. Weeds compete with crops for resources 

such as sunlight, nutrients, and water, resulting in considerable reductions in crop yield [7].  

A report [8] estimated global crop yield losses due to weeds at around 34%. In Australia alone, the economic cost of 

weeds in agriculture has been estimated to be AU$ 5 billion annually [9]. 

The impact of weeds extends beyond economics to the environment as well, leading to soil erosion and degradation, 

and reducing biodiversity by outcompeting native species. Some weeds also pose hazards to human and animal 

health. For example, ragweed (Ambrosia artemisiifolia) can trigger allergic reactions in human), while certain 

species of the Euphorbia genus produce a toxic latex that is harmful to animals. Traditional weed management 

strategies encompass mechanical, cultural, biological, and chemical control. Mechanical control involves the 

physical removal or destruction of weeds, either manually or by machinery.Cultural control modifies farming 

practices to give crops a competitive advantage over weeds, such as through crop rotation, altering planting density, 

or adjusting the timing of planting and harvesting. Biological control employs natural enemies of the weeds, such as 

insects, pathogens,, or other weeds, to control weed populations. In addition, chemical control deploys synthetic 

herbicides to kill, chemical control uses synthetic herbicides to kill or suppress weed growth [10]. In contrast, 

contemporary weed management strategies are more integrated and technology-driven. Integrated weed 

management (IWM) combines traditional strategies in an economically and environmentally sustainable way. 

Precision agriculture, leveraging GPS and remote sensing technology, applies herbicides only where needed, 

reducing costs and environmental impact [11]. Genomic approaches aim to develop crops that are resistant to weeds 

or herbicides, while robotic weed control utilizes autonomous machines to mechanically remove weeds. Weed 

management is a topic of great complexity, yet it is also a vital aspect of agriculture. The continuous struggle 

between humans and weeds, as well as the diverse strategies and technologies employed in this battle, have been 

subjects of numerous research studies and reviews.  

Despite the vast knowledge in this respect, gaps yet exist in the literature. One such gap is the absence of 

comprehensive reviews that span the timeline from traditional to contemporary weed management strategies and 

technologies. Most reviews focus on either traditional or contemporary practices but seldom link the two in a 

comprehensive narrative. 

In addition, with the rapid advancement in technology, particularly in areas such as robotics, precision agriculture, 

and genomics, it has become necessary to reassess and reframe our understanding of weed management strategies 

within the context of these advancements.  

While individual studies, exploring these technologies are available, a comprehensive review that coordinates and 

evaluates these new developments in the broader context of weed management is really missing. 

 The purpose of this review, therefore, is to bridge these gaps.  

This review aims  producing a comprehensive overview of both the traditional and contemporary weed management 

strategies and technologies, highlighting their evolution, and appraising their advantages, limitations, and potential 

for future application. 

 

Weeds 
A universally accepted definition of a weed is elusive due to its subjective nature. Perhaps the 

most widely quoted definition is "a weed is a plant that grows where it is not wanted. This 

definition captures the essentially anthropocentric nature of the term -  

a weed is a plant not because of any inherent properties, but because it interferes with human 

activities. 

 An ecological perspective defines a weed as a plant that colonizes disturbed habitats and is 

typically characterized by rapid growth and reproduction, high dispersal ability, and adaptability 

to a variety of conditions [12]. From an agricultural standpoint, weeds as "plants that threaten 

human welfare either by competing with crops, pastures, or forests, or by interfering with a human 

activity." Despite these varied definitions, the common thread that runs through all is that a weed 

is an undesirable plant in a given context. Weeds can be broadly classified into three major types 

based on their life cycle: annuals, biennials, and perennials. Annuals complete their life cycle 
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within one growing season and reproduce solely by seeds [13]. Common annual weeds include 

crabgrass (Digitaria spp.), lamb's quarters (Chenopodium album), and pigweed (Amaranthus 

spp.). Biennials require two years to complete their life cycle, growing vegetatively in the first 

year and flowering and producing seeds in the second year [14]. Examples of biennial weeds 

include wild carrot (Daucus carota) and bull thistle (Cirsium vulgare). Perennials live for more 

than two years and can reproduce vegetatively as well as by seeds, making them particularly 

difficult to control [15]. Dandelion (Taraxacum officinale), bindweed (Convolvulus arvensis), 

and Canada thistle (Cirsium arvense) are examples of perennial weeds. The impacts of weeds are 

vast and multifaceted, spanning economic, ecological, and health domains. Weeds pose a 

significant economic burden on agriculture through yield losses and control costs.  

The global crop yield losses due to weeds was estimated to be around 34% (Table 1) [16]. 

In the US alone, the annual cost of weed management in major crops was estimated at $33 

billion, with yield losses accounting for approximately $11 billion [17]. The ecological impact of 

weeds is also substantial. Invasive weeds can alter ecosystems by changing fire regimes, nutrient 

cycling, and hydrology, as well as outcompeting native species. For example, in the western US, 

the invasive annual grass Bromus tectorum (italicize pls) Bromus tectorum  

 has increased fire frequency, leading to a decline in native shrubs and changing the ecosystem 

from shrub-dominated to grass-dominated [18]. Certain weeds pose health hazards to humans 

and animals. For example, ragweed pollen is a major cause of hay fever and other allergic 

reactions in humans. Some weeds, such as poison ivy (Toxicodendron radicans) and stinging 

nettle (Urtica dioica), cause skin irritations. Weeds can also be toxic to livestock, such as the 

poisonous jimsonweed (Datura stramonium). 

 

Table 1: Percentage of Yield Reduction Caused by Weed in Different Crops 

Name of crops % Yield reduction Reference 

Direct seeded paddy 45-90 [19] 

Transplanted paddy 15-38 [19] 

Maize 28-93 [20], [19] 

Sorghum 6-40 [19] 

Finger millet 26-27 [21] 

Redgram 20-47 [19] 

Soybean 40-60 [22], [19] 

Wheat 26 - 38 [23], [24], [25] and [26] 

Oat 26-30 [26] 

Lucerne 50-90 [27] 

Barley 20-25 [26] 

Chickpea 15-25 [26] 

Lentil 20-30 [26] 

Pea 20-30 [26] 

Mustard 15-30 [26] 

Linseed 30-40 [26] 

Safflower 35-60 [26]  

Groundnut 20 - 50 [27] 

Sesame 50-75 [28] 

Sunflower 30-64 [29] 

Castor 15-25 [30] 
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Cotton 74-96.5 [31] 

Niger 30-33 [32] 

Jute 58-70 [33] 

Coriander 20-50 [34] 

Sugarcane 40-67 [35], [36] 

Egyptian clover 30-40 [37] 

Brinjal 49-90 [38], [39] 

Tapioca 40-50 [40] 

 

Traditional Weed Management Strategies 

 

A. Manual Weed Control 

 

Manual weed control, also known as mechanical weed control, involves physically removing 

weeds from the field by hand or with the aid of simple tools. This process could include hand-

pulling, hoeing, ploughing, and mowing [41]. Manual control is one of the oldest forms of weed 

control, dating back to the beginnings of agriculture. The advantages of manual control are that it 

is simple, requires no specialized knowledge, is economical for small farms, and poses no risks 

to the environment or human health. It can be quite effective for perennial weeds, as it can 

disrupt their underground structures [42]. Manual control is labour-intensive, time-consuming, 

and often impractical for large-scale operations. It can also cause soil disturbance, leading to 

erosion and the exposure of more weed seeds in the soil seed bank [43] 

 

B. Cultural Weed Control 

 

Cultural weed control involves modifying the farming system to suppress weed growth and 

reduce their competitive ability. It includes practices such as crop rotation, intercropping, cover 

cropping, mulching, and adjusting planting times and densities [44]. The major advantage of 

cultural control is that it works within the farming system to manage weeds, reducing the need 

for external inputs. It can also enhance overall farm productivity and resilience by improving soil 

health and diversifying income sources [45]. The effectiveness of cultural control can vary 

depending on the specific farming system, weed species, and local conditions. Some practices 

may require additional labour or changes in farm management, which can be challenging for 

some farmers [46]. 

 

C. Biological Weed Control 

 
A classic example of a successful weed control in Australia is the control of cactus (Opuntia tomentosa 

Salm-Dyck) by Cactoplastis cactorum (Berg.). Biological weed control involves using living 

organisms - often insects, mites, or pathogens - to suppress weed populations. These biological 

control agents are typically host-specific, targeting specific weed species [47]. Successful 

examples of biological control include the use of the cinnabar moth (Tyria jacobaeae) to control 

ragwort (Senecio jacobaea) in North America and the rust fungus Puccinia chondrillina to 

control skeleton weed (Chondrilla juncea) in Australia. The main advantage of biological control 

is that it can provide long-term, sustainable control with minimal environmental impact. Once 

established, the control agents can self-perpetuate and continue to suppress the weed population 
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[48]. Biological control has its limitations. It is generally slow to show results and may not be 

fully effective in all situations. There are also risks of non-target effects and the possibility of the 

control agent becoming invasive itself [49]. 

 

D. Chemical Weed Control 

 

Chemical weed control involves the use of herbicides to kill or suppress weeds. Herbicides can 

be classified based on their mode of action, timing of application, or selectivity [50]. The main 

advantage of chemical control is its effectiveness and efficiency. Herbicides can control a wide 

range of weed species and are easy to apply, making them suitable for large-scale operations. 

The reliance on chemical control has led to several problems, including the development of 

herbicide-resistant weed populations [51]. Chemical control also poses environmental and health 

risks, such as the residues that include the contamination of water resources and potential 

impacts on non-target organisms and human health. 

 

 

Emerging Technologies in Weed Management 

 

A. Precision Agriculture 
 

Precision agriculture is a farming management concept based on observing, measuring, and 

responding to inter and intra-field variability in crops. It involves the use of advanced 

technologies such as GPS, remote sensing, and on-the-go sensor technology to manage both 

spatial and temporal variability associated with all aspects of agricultural production, including 

weed management [52]. In the context of weed management, precision agriculture can involve 

site-specific weed management (SSWM) - where weed populations are mapped within fields and 

herbicides are applied only where needed [53]. This can significantly reduce herbicide use, thus 

decreasing costs and environmental impacts. Studies have shown the effectiveness of precision 

agriculture in weed management. A successful application of SSWM, which resulted in a 70% 

reduction in herbicide use with comparable yields. 

 

B. Genomic Approaches 
 

Genomics, the study of an organism's complete set of DNA, is increasingly being applied to 

weed science. Weed genomics can help to understand the genetic basis of traits that make some 

plants successful weeds, such as rapid growth, high fecundity, and herbicide resistance [54]. A 

case in point is the successful application of genomics in the management of the weed species 

Amaranthus palmeri. Researchers have sequenced its genome and identified genes responsible 

for herbicide resistance, potentially allowing for the development of more targeted control 

strategies [55]. 

 

C. Robotic Weed Control 
 

Robotic weed control represents a significant advancement in the field of weed management. 

These systems utilize machine vision, artificial intelligence (AI), and precision application 

equipment to identify and remove weeds [56].  A case study illustrating this technology's success 
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is the 'See & Spray' robotic system developed by Blue River Technology, which uses machine 

learning to distinguish between crops and weeds, applying herbicide only to the latter. This 

system has shown potential to significantly reduce herbicide use while maintaining high weed 

control efficacy [57]. 

 

D. Other Emerging Technologies 
 

Other promising technologies in weed management include drone technology, which can be used 

for weed mapping and herbicide application  and nanotechnology, which could offer new 

possibilities for herbicide formulation and delivery, thus reducing the volume of chemicals 

needed [58]. As these technologies continue to advance, they could significantly transform the 

future of weed management, making it more precise, efficient, and environmentally friendly. It 

will be crucial to address potential challenges, such as technology cost, user training, and 

regulatory issues, to facilitate their widespread adoption [59]. 

 

 

Environmental and Socioeconomic Implications of Weed Management 

 

A. Environmental Impacts 
 

Both traditional and modern weed management strategies pose environmental implications. A 

common traditional method, manual weeding, is labor-intensive but relatively environmentally 

benign, as it does not involve chemical inputs [60]. The frequent soil disturbance can contribute 

to erosion and loss of soil organic matter. Chemical weed control, another traditional method, 

involves the use of herbicides. While highly effective, these substances can contaminate water 

and soil and harm non-target organisms. Furthermore, herbicides contribute to the selection of 

resistant weed populations, posing a significant threat to agriculture and biodiversity. Biological 

weed control, which involves the use of organisms (e.g., insects, fungi) to suppress weeds, has 

less environmental impact than chemical control, as it is often specific to the target weed and 

does not pollute the environment [61]. Care must be taken to prevent unintended impacts on non-

target species and ecosystems. Emerging technologies in weed management, such as precision 

agriculture and robotic weed control, offer environmentally friendly solutions. These 

technologies can significantly reduce herbicide use by targeting only weed-infested areas or 

individual weeds, respectively. The production, operation, and disposal of such technologies also 

entail environmental costs that should be considered [62]. 

 

B. Socioeconomic Impacts 
 

Weed management has considerable economic implications. Successful weed control can 

significantly increase agricultural productivity, reducing the billion-dollar losses attributed to 

weeds annually [63]. Weed management also incurs costs, such as labor for manual weeding or 

expenses for herbicides and new technologies. The social aspects of weed management relate to 

its labor requirements and implications for rural livelihoods. For instance, manual weeding is a 

significant source of rural employment in many developing countries, particularly for women 

[64]. The shift towards mechanization and advanced technologies may reduce labor demand, 

potentially affecting rural economies and societies. Access to and adoption of advanced weed 
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management technologies can be hindered by factors such as high costs, lack of skills, and 

inadequate institutional support, potentially widening the gap between well-resourced and less-

resourced farmers. Efforts to foster equitable access to and benefit from these technologies will 

be critical to ensuring socially sustainable weed management. 

 

Challenges and Future Directions in Weed Management 

 

Even though traditional and emerging strategies for weed management have been successful to 

some extent, several limitations persist. Manual and cultural weed control methods are labor-

intensive, time-consuming, and often inefficient on a large scale [65]. Biological control can be 

species-specific and slow to take effect. Chemical control, although effective, often has adverse 

environmental consequences, can promote herbicide-resistant weed biotypes, and can affect non-

target organisms. Implementing emerging technologies such as precision agriculture, genomic 

approaches, and robotic weed control comes with its set of challenges. These include 

technological complexity, high upfront costs, need for skilled labor and expertise, data 

management, and compatibility with existing farm systems [66]. Also, the field-specific nature 

of these technologies requires customization, which may not be feasible for small-scale farmers 

or in developing countries. The future of weed management looks promising, due to 

advancements in technology. It will likely include more precise and sustainable strategies that 

can integrate several methods. Developments in areas such as machine learning and artificial 

intelligence could enable the creation of smart systems capable of detecting and responding to 

weed infestations in the optimum time, thereby optimizing the use of resources [67].  

The deployment of genetically modified crops that can resist specific weeds could become a 

more prevalent solution. This, however, needs extensive thorough and more research.  

 Future research should focus on developing cost-effective, environmentally friendly, and 

socially sustainable weed management strategies that cater to the needs of diverse agricultural 

systems. The needs of diverse agricultural systems 

 should strive to understand the ecological dynamics of weed-crop interactions better, and apply 

these insights to design more sustainable and effective management approaches. There is also a 

need for increased interdisciplinary collaboration, with agronomists, ecologists, engineers, 

economists, and social scientists to design holistic solutions [68]. Finally, policies should 

incentivize the adoption of sustainable weed management practices and technologies, and ensure 

that these benefits are equitably distributed among farmers.  

 

Conclusion 
 

Weed management remains an ongoing challenge in global agriculture, with significant 

economic, environmental, and potentially health implications. While traditional strategies like 

manual, cultural, biological, and chemical controls continue to play vital roles, their limitations 

necessitate advancements in precision agriculture, genomic approaches, and robotic weed 

control. The application of these technologies brings its own complexities, calling for innovative 

solutions, interdisciplinary collaborations, and supportive policies. The future of weed 

management will likely be characterized by increased precision, sustainability, and the 

integration of smart systems. For holistic success, future research should endeavor to design 

cost-effective, environmentally friendly, and socially sustainable weed management strategies, 

backed by policy frameworks that foster equity and widespread adoption. 
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