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Abstract: In the last few decades, the increase in the world’s population has created a need to produce
more food, generating, consequently, greater pressure on agricultural production. In addition,
problems related to climate change, water scarcity or decreasing amounts of arable land have serious
implications for farming sustainability. Weeds can affect food production in agricultural systems,
decreasing the product quality and productivity due to the competition for natural resources. On
the other hand, weeds can also be considered to be valuable indicators of biodiversity because of
their role in providing ecosystem services. In this sense, there is a need to carry out an effective
and sustainable weed management process, integrating the various control methods (i.e., cultural,
mechanical and chemical) in a harmonious way, without harming the entire agrarian ecosystem. Thus,
intensive mechanization and herbicide use should be avoided. Herbicide resistance in some weed
biotypes is a major concern today and must be tackled. On the other hand, the recent development
of weed control technologies can promote higher levels of food production, lower the amount of
inputs needed and reduce environmental damage, invariably bringing us closer to more sustainable
agricultural systems. In this paper, we review the most common conventional and non-conventional
weed control strategies from a sustainability perspective, highlighting the application of the precision
and automated weed control technologies associated with precision weed management (PWM).

Keywords: agricultural production; sustainability; weed management; herbicide resistance; weed
control technologies

1. Introduction

The world population has rapidly exceeded seven billion and is expected to reach
nine billion by 2050 [1]. Current crop production levels are not adequate to feed the
growing population, and meeting this anticipated demand could be a huge challenge for
humanity [2]. Climate change, the scarcity of arable land and water resources and the
threat from diseases, pests and weeds are additional issues [3] that make the pressure on
agricultural systems greater than ever before [4], with implications, in the short and long
term, for sustainability, for the planet and for the quality of life of living beings. Weeds
have been a persistent problem in agriculture since its beginning [5]. Weeds hinder the
growth of crops by competing with the plants for water, nutrients and sunlight, which
results in large losses in crop production. Most weeds are either controlled mechanically
through specific cultivation practices or with the application of herbicides [6]. However,
intensive mechanization increases soil erosion [7], leading to a loss of fertility. The use
of herbicides contaminates the soil, water, food and air, causing diseases in humans and
animals [8], creating the phenomena of herbicide resistance and unbalancing ecosystems.
From this perspective, biodiversity plays a preponderant role in the provision of ecosystem
services in agricultural systems. Agrobiodiversity can have a direct effect on services when
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increased crop diversity increases food resources, or when cover crop diversity increases
plant biomass, improving water quality and lowering runoff [9]. However, agrobiodiversity
and services, such as pollination, improved soil structures and natural pest control, are
increasingly threatened by the massive elimination of weeds and wild plants, as well
as due to species’ toxification by agrochemical inputs [10]. Weeds perform a range of
ecosystem functions in terms of soil quality and biodiversity support, which can help to
sustain agroecosystem productivity in the long term [11]. Thus, as sustainable agriculture
has the capacity to save natural resources for the future and develop farms with less
cost, a transition to sustainable weed control is necessary for a variety of environmental,
social and economic reasons [12]. Sustainable weed management comprises a suite of
weed management options, including integrated weed management (IWM) [13], which
is based on the employment of a multiplicity of weed control strategies [1]. IWM aims
to optimize crop production and increase grower profit through the concerted use of
preventive strategies, scientific knowledge, management skills, monitoring procedures and
the efficient use of control practices [14]. In this context, a wide and rapidly expanding range
of new technologies have been developed and implemented in agricultural practices, which
also play a key role in progress towards economically and environmentally sustainable
weed management [6]. Precision weed management leads to a reduction of inputs without
decreasing weed control effectiveness [1]. Studies and experiments have shown significant
potential savings and technical progress in sensing, weeding and spraying technologies.
Some of these technologies have been commercially exploited [6]. Thus, the current
paper aims to describe conventional and non-conventional weed control strategies from a
sustainability perspective, showing the value of the application of different innovations
associated with PWM. The remainder of this paper is organized as follows: in Section 2,
we present the search strategy chosen to carry out the literature review. In Section 3 we
discuss the weed concept in the context of population ecology and the sustainability of
agricultural systems. Section 4 introduces weed management techniques and discusses
the conventional and non-conventional methods and their limitations. Section 5 addresses
the topic of precision weed control and the current technological trends it encompasses.
Finally, in Section 6 we present our conclusions regarding the potential role of precision
weed control in taking integrated weed management to another level.

2. Search Strategy

The main motivation for carrying out this review lies in the fact that precision weed
management plays a key role in farming production and sustainability. A literature analysis
for the review involved a keyword-based search mainly for conference and/or journal
articles. The ScienceDirect and IEEE Xplore scientific research databases, as well as the
Google Scholar web scientific search engine, were selected to perform this review. We
collected the information about the currently available weed management techniques, sum-
marizing several methods for this agricultural practice. To achieve the objective proposed
for this research, 119 studies were collected using the search terms “weed management”
and “precision weed” without any restrictions for the years considered or language. Other
keywords were also used, such as “sustainable weed management”, “non-chemical weed
management” or “weed technology”. After excluding the duplicated studies (39 total),
80 articles were analyzed.

3. Weeds: Threat or Benefit?

Weeds are certainly as old as agriculture, and from the beginning, farmers recognized
that the presence of those unsown plant species interfered with the growth of the crop they
intended to produce [15]. The term “weed” can be defined, from an agronomical point
of view, as any plant not intentionally sown or propagated by the farmer that requires
management to avoid any interference with crop or livestock production [16]. Indeed,
“volunteer crops”, such as buckwheat, rye, Japanese millet, corn or soybean, can become
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weeds when they self-seed and emerge in another part of the crop rotation when they are
no longer wanted [17].

Weeds are one of the main factors restricting food production in farming systems
all over the world. By growing simultaneously with crops, weeds decrease productivity
and even the quality of the harvested product, whether due to competition for water,
sunlight, nutrients and space, allelopathy [18] or parasitism [17,19]. Furthermore, weeds
are the costliest category of agricultural threats, causing more than 45% of loss in yields of
field crops, when compared to crop diseases (25%) or insect pests (20%) [12]. Yield losses
caused by weeds depend on several factors, such as weed emergence time, weed density,
type of weeds and crops, etc. Uncontrolled weeds can result in 100% yield loss [20]. In
addition, weeds interact with other biological agents of the ecosystem, acting as a host
for insects and pathogens (fungi and bacteria), which can cause serious damage to crop
plants [13]. Moreover, weeds decrease land value (especially perennial and parasitic weeds),
and interfere with water management (e.g., increased losses through evapotranspiration,
reduced water flow in irrigation ditches, etc.) [17]. Serious weed problems develop when
a susceptible crop, a large weed seed bank in the soil (including both true seeds and
vegetative propagules of perennial weeds), and a favorable environment for weed growth
occur together [16]. All weeds” interactions with human goals represent a permanent
constraint to human activities and this justifies the employment of control tactics aimed
at killing or managing as many weeds as possible. However, the complete eradication of
actual (emerged plants) and potential (seed bank) weeds is unachievable [15]. The presence
of weeds in the crop field also provides a series of agronomic and ecological benefits when
they occur, especially at low densities [17].

Based on the ecological approach, weeds are considered to be important indicators of
biodiversity, playing a key role in providing food or shelter for animal species. For example,
a large proportion of the decline in farmland birds has been associated with a reduction in
weed occurrence in arable crops [15]. Weeds with a deep and extensive root system can
decrease soil erosion and mineral nutrient leaching, conserve soil moisture and improve
soil structure [17]. Weeds can also be an indirect resource for predatory species, as, in fact,
they could provide alternative food sources for the biotic agents that play a key role in
pest control. A solid knowledge of the long-term dynamics of the weed population and
how it is affected by different weed management strategies is critical for developing an
optimum crop management strategy [15]. Agricultural practices that enhance diversity and
ecosystem functioning offer, in general, potential improvements for sustaining agricultural
productivity and farm livelihoods, as well as broader biodiversity and better ecosystem
functioning. More diverse agroecosystems usually provide: (a) greater resilience; (b) less
dependence on pesticides; (c) more reliable incomes and (d) better quality of life for the
rural population [11].

4. Weed Management and the Need for a New Paradigm

Managing weeds has always been placed at the center of agricultural activity by
farmers since ancient times [17]. The control of weeds is a big challenge in agriculture and
in many cases a complex, controversial and also expensive problem to solve [10]. In fact,
weed management accounts for nearly one third of the total cost of the production of field
crops [12]. This agronomic practice goes beyond the 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 [21].

Currently, weed management in agricultural systems branches out into two distinct
directions corresponding to different approaches. On the one hand is the widespread use
of synthetic herbicides, while on the other, weed control is widely based on mechanical,
cultural and physical methods [17]. Mechanical methods are generally inefficient, while
herbicides have a negative impact on the ecosystem. In this regard, mechanical and
chemical weed control has disadvantages that will probably impede their effectiveness for
future weed management. Thus, weed management requires an integrated approach that
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minimizes the drawbacks of mechanical and chemical weed control [22]. Indeed, there is a
great need for a new weed management paradigm in modern agriculture that is based on
ecological principles and non-conventional weed management approaches [23]. Sustainable
weed control for the crop can significantly influence the operation of machinery, the
reduction of pest habitats (e.g., for voles) and make contributions to satisfactory economic
benefits through the quality of harvested products [24], as required by the market [25].

IWM plays a key role in the weed management of the advanced cropping systems
of developed countries, especially in the European Union, while it is still poorly adopted
in developing countries [17]. A combined use of different weed control methods (agro-
nomic, physical, mechanical and chemical) within a system, rather than relying on a single
method [20], is required in IWM [26]. This strategy is important for reducing the selection
pressure for the development of resistance to any single method of weed control [20].
Furthermore, the use of non-chemical weed tactics in minor crops is important due to
the scarce availability of chemical compounds [26]. Unlike traditional processes, INM
integrates many agro-ecological practices, such as the role of conservation tillage and crop
rotation on weed seed bank dynamics, the ability to predict the critical period of weed
interference and its competition with crops, and the specific critical levels of crop /weed
interaction [22]. In a broader context of IWM, emerging technologies have the potential to
change the current approach to weed control and help significantly reduce environmental
impacts, such as herbicide resistance or drift and the high cost of inputs and labor, without
decreasing weed control efficacy. Several methods are being developed to observe and
detect weeds so that control measures can be applied wherever and whenever they are
needed. This paradigm shift is based on an interdisciplinary work to harness powerful
technology tools and use them to control weeds [1]. From this perspective, we will present
in the next section the PWM’s contributions to weed control, which could be considered to
be an important upgrade in IWM.

4.1. Conventional Weed Control Strategies
4.1.1. Herbicide Control

The use of herbicides, also known as chemical substance applications, is at the top of
weed control methods. Herbicides can improve production efficiency, facilitate reduced
tillage production systems [21] and require less costs and human effort [17]. Herbicides
were introduced in agriculture mainly to combat the weeds that compete with crops for
nutrients and sunlight. Other common uses in the farm are to eradicate invasive plant
species or undesirable plants for livestock farms [10]. A large number of herbicides have
been produced and are currently under development for field crops. Herbicides can be
classified according to the chemical family, the time of application (preplant, pre-emergence
and postemergence), the mechanism of action, their formulation, the site of uptake and their
selectivity [17]. In a similar manner to other pesticides, herbicides’ active ingredients are
biologically active compounds. They are designed to pass through membranes and diffuse
into the interior of living cells to exert the desirable toxic action [10]. The use of herbicides
should be as minimal and as efficient as possible in order to eliminate the negative environ-
mental impacts, which can bring them a step closer to agricultural sustainability [27]. In
this sense, global changes and herbicide policies in Europe compel farmers to reduce their
herbicide use (Directive 2009/128/CE, 2009) in order to limit their impact on human health
and the environment. In response, farmers need to replace herbicides with a combination
of multiple, mostly preventive and partially efficient practices [28].

4.1.2. Mechanical Control

Controlling weeds via mechanical means is challenging and requires the combination
of different weeding techniques and cultivation strategies to achieve economically accept-
able weed control levels [29]. Mechanical weed control destroys weeds or reduces their
competitive ability via physical means [30]. In addition, mechanical weeding can provide
effective weed management even when other methods are not possible and can outperform
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them in some situations [31]. The choice of mechanical weeding method depends in part
on practical considerations, such as the crop, soil type, price, operating costs and labor
requirements [10].

Mechanical weed control is strongly associated with cultivating tillage [27,32]. Various
forms of tillage are used for mechanical weed control; however, cultivating tillage is the key
component in mechanical control in growing crops [30]. Cultivating tillage is carried out
after crop sowing/planting to control weeds, and consists of shallow tillage with a variety
of control tools, such as the tine harrow, rotary hoe or row cultivator. It includes whole-field
cultivation, inter-row cultivation and intra-row cultivation [32], which are used to cultivate
with the same intensity both on and between the crop rows, are used only between rows in
row crops and are used to remove weeds from the row [21], respectively. Tillage has some
beneficial factors, such as the capability of decomposing soil organic matter through soil
disturbance, soil aeration, improved soil moisture status and the improved accessibility of
organic residues to decomposers, all while being less labor intense [24]. Reduced tillage
can also lead to indirect environmental benefits, including reductions in water pollution
through pesticides and fertilizer runoff [33].

Mowing and cutting also have a large impact on weed control [32]. These operations
are commonly used in turf, in rights of way, in vineyards, in orchards, in pastures and in
forage crops [21]. These techniques are seldom efficient enough to obtain total weed control.
Cutting and mowing weeds reduces their leaf area, slows their growth and decreases or
prevents seed production [34]. However, weed control by cutting or mowing may be
complicated due to the adaptation mechanisms to continuous defoliation of some weeds,
especially perennial ones in grasslands. A high frequency of cutting of these weeds is
required to achieve high degrees of weed control [32].

4.2. Non-Conventional Weed Control Strategies
4.2.1. Mulching

Covering the soil with plant residues/wastes or synthetic materials, commonly re-
ferred as “mulching”, is one of the most popular management methods which can decrease
weed issues, either by preventing weed seed germination altogether, or by blocking the
growth of emerging seedlings [10]. It also promotes the sustainable management of water
and biodiversity [19]. The additional advantage of mulching includes the management of
temperature fluctuations and improved physical, chemical and biological characteristics of
the soil. Mulches are available in distinct ways, including natural mulches, such as straw,
sawdust, weeds, paper and plant residues, and synthetic mulches, such as plastic [25]. Mate-
rials, such as black polyethylene, have been used for weed control in a range of agricultural
production systems [12], namely in horticultural crops (e.g., strawberry, tomato, eggplant,
muskmelon, watermelon, etc.) [26]. Plastic mulches have been developed that filter out
photosynthetically active radiation but let through infrared light to warm the soil. These
infrared-transmitting mulches have been shown to be effective at controlling weeds [12].
Mulching is usually more effective against annual weeds rather than perennial weeds (e.g.,
Cyperus spp., Elymus repens (L.) Gould., Cynodon dactylon (L.), Sorghum halepense (L.) Pers.)
because they greatly perforate plastic [16].

4.2.2. Cover Crops and Living Mulches

The adoption of a cover crops strategy can improve farm sustainability. A cover crop
is any living ground cover that is planted into or after a main crop and then commonly
eliminated before the next crop plantation [35]. Cover crops suppress weeds by occupying
their ecological niche and competing for resources, while their soil surface residues inhibit
weeds through physical, biotic and allelopathic interactions. The cover crop species can
inhibit weed seed germination through the deposition of allelochemical compounds, which
may be secreted both from living plants and decaying cover crop residues. Those species
can be grown in rotation at times when crops are not being grown or simultaneously during
part or all of the commercial growing season [34]. Cover crops enhance soil quality and



Agronomy 2022,12,118

6 of 14

carbon sequestration, facilitate machinery passage and increase microbial, vegetal and
animal biodiversity [36]. However, the great benefits of cover crops as weed mitigators are
usually associated with high cover crop biomass or rapid soil cover. If biomass and residues
are scarce or decompose within a short period of time, herbicide use might be needed,
depending on weed pressure. In this sense, choosing the best-adapted vegetation cover
species is critical [37]. In addition, the choice of proper termination methods for cover crops
can influence weed suppression capacity. Rolling-crimping and flail-mowing are effective
mechanical methods for cover crop termination. Flail-mowing results in small fragments of
material that decompose faster and are less persistent as mulch. Rolling flattens the cover
down to form a mulch layer that decomposes slowly, when compared with flailing, and
can provide more complete ground cover [38].

Living mulches are cover crops sown previously or at the same time as the main crop
and maintained as a living ground cover throughout the growing season. If the living
mulch is a perennial, it may be possible to maintain it without the need for reseeding every
year [35]. Living mulches can decrease nutrient leaching, especially of nitrates, along with
the absorption of carbon and nitrogen [39,40], and provide efficient control of soil erosion,
build up the organic matter for better soil structure, and provide a habitat for beneficial
insects [25]. Some conditions are essential to improve the efficiency of the living mulches,
such as areas with fertile soils, a sufficient water supply and the absence of perennial weed
species. In addition, living mulches should be used only with established crops, as the
competition for water and nutrients is much greater in the early stages of plant growth [24].

4.2.3. Soil Solarization

Soil solarization is an eco-friendly and cost-saving process of soil disinfestation [41],
compatible with organic and integrated crop management systems [42], that uses the sun’s
heat to control weeds [43]. This method consists of placing a cover, such as a black or
transparent plastic, over the soil surface to trap solar radiation and promote an increase in
soil temperature [34]. The plastic cover must stay on the soil surface for 4 to 12 weeks [22].
In order to be effective for weed control, the soil needs to be kept moist during that time and,
for large areas, preferably under drip irrigation [40], and intense radiation throughout the
day is required [34]. This process is particularly applicable for the Mediterranean climate
and similar climates due to the occurrence of high air temperatures in the summer [44],
and higher exposure to high-energy electromagnetic radiation. Soil solarization allows
farmers to maintain a high soil temperature (>40b °C), which is enough to eliminate weed
seeds, plants, insects and plant pathogens, such as nematodes and fungal diseases. The
application of solarization is generally restricted to vegetable and minor crops (e.g., tomato,
radish, lettuce, colewort, cucumber and pepper) under greenhouse cultivation, although it
is considered to be effective also in open field conditions [26].

4.2.4. Thermal Weed Control

The thermal control of weeds is based on the use of fire, flaming, hot water, steam
and freezing, which provide rapid weed control without leaving chemical residues in
the soil and water. Moreover, thermal methods are selective towards the weeds, do not
disturb the soil and, therefore, do not bring the buried seeds to the soil surface, as is
the case with cultivation methods [34]. Flaming is the thermal method most commonly
applied in organic and conventional farming systems, and relies on propane gas burners or,
recently, renewable alternatives, such as hydrogen, to generate combustion temperatures
up to 1900 °C [17], rapidly raising the temperature of the exposed plant tissues. Heat
injury causes the destruction of plant membranes, which results in the loss of cell function.
Eventually, the plants die or become severely weakened [43]. Dicotyledonous and young
weed plants are more sensitive compared to developed plants and grass species [26].
Flaming is most effective at controlling erect and broad-leaved weeds in an early stage of
growth, and it has been shown to be less effective in the control of grassy and prostrate
weeds [25]. It should be noted that flaming should not be confused with burning, since plant
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tissues do not ignite, but heat rapidly up to the point of rupturing the cell membranes [17].
As an alternative to herbicides, the efficiency of flaming can be enhanced by its integration
with tillage or mulching strategies [25]. Although thermal weed methods do not leave
chemical residues in the soil and water, this approach uses large amounts of fossil fuels
per unit area. The effectiveness of thermal means on weeds can be influenced by several
factors, including temperature, exposure time and energy input [34].

4.2.5. Weed Control through Livestock Grazing

There is a readily available and under-exploited method that is fast proving very
effective for weed control: livestock grazing. Incorporating grazing management into
weed management plans has been recognized as one of the key components in successfully
addressing weed problems [45]. Furthermore, in the agroforestry systems, for example,
the combination of livestock with trees and shrubs provides multiple benefits, including
biodiversity conservation and improved soil fertility [46]. Weed control with livestock
grazing aims to manipulate patterns of defoliation to place a target plant at a competitive
disadvantage relative to other plants in the community [45]. The efficacy and conservation
benefits of targeted grazing can vary based on the timing, duration and intensity of grazing,
as well as the grazing species [29]. In most cases, grazing does not eradicate a mature
infestation of weeds. For successful weed control, grazing animals must be fenced into or
off an area in order to adjust the grazing pressure. The ability to concentrate stock on weed
infestations at some stages of growth or times of the year, and the ability to keep them off
pasture or weeds at other times, is often the key to weed control [47]. Cattle, sheep and
goats are ruminants and the most common animals used for weed control. Combining
ruminant grazing with other weed management tools can offer an integrated approach that
may be very cost effective [19,47]. In particular, sheep are a great tool for managing weed
problems [43]. Increasingly, farmers are coming to view grazing sheep as an effective way
to manage weeds and cover crops instead of chemicals, tillage or mowing. For example,
sheep can replace the use of herbicides or mowing to manage floor vegetation in vineyards
and orchards. Important considerations when grazing with sheep include the need for
regular rotations, temporary fencing and protection against predators. In addition, sheep
should not be able to eat the crop itself, which is essential for vineyard managers, for
example [48].

4.3. Limitations of Conventional and Non-Conventional Weed Control Strategies

Apart from the advantages of using herbicides for weed control, there are also dis-
advantages, mainly due to limitations of the conventional spraying technologies [27].
Continuous use of the same group of herbicides over a period of time on the same piece
of land leads to ecological imbalance in terms of weed shift, herbicide resistance in weeds
and environmental pollution [12]. Indeed, the overuse of herbicides with the same mode
of action may lead to the development of herbicide-resistant weed populations [32]. As
a result, agricultural landscapes now tend to be dominated by a few weed species that
are difficult to control and that provide a poor resource for farmland biodiversity [11].
For example, cutleaf evening primrose (Oenothera laciniata Hill) has become resistant to
glyphosate and paraquat [22]. Herbicides can also have negative side effects, such as
surface and ground water contamination, as well as leaving herbicide residues in the food
chain [32,49]. In addition, chemical herbicides can substantially decrease the soil microbial
communities and earthworm populations, and the persistent effects of weed suppression
can lead to the reduction of nutrient availability and soil biodiversity [25].

In the same way, the excessive use of tillage results in substantial harmful effects
on the soil quality parameters, including biological diversity, soil structure and water
storage capacity. Tillage reduces the supply of carbon and nitrogen nutrients to microor-
ganisms [25]. Soil erosion and soil degradation, inherent in tillage-based systems, increase
the environmental pollution from agricultural chemical inputs, such as fertilizers and
pesticides, compromising the sustainability of crop production and ecosystem services, as



Agronomy 2022,12,118

8 of 14

well as threatening global food security in the long run [15]. Moreover, the operation may
face limitations owing to adverse weather conditions. There are also potential problems
associated with minimum tillage or non-tillage. The bulk density and compaction of the
topsoil increases, and the phytosanitary situation worsens with a higher spread of fungal
diseases and the weed infestation of crops [50]. Furthermore, farmers using reduced tillage
may choose to rely increasingly on herbicides and pesticides to deal with these threats [38]
and, as a result, the phytotoxicity of the soil increases.

Ground cover methods, flaming or livestock grazing for weed control also have a
few limitations. For example, mulching is cost intensive on a large scale, can promote
changes in the soil due to the continuous use of the same mulching material and some
of the organic mulches have allelopathic effects on crops [51]. In addition, many types
of organic mulching, such as grass and straw, contain seeds which could allow weeds to
grow and acidify the soil [52]. Cover crops incur expenses for novel equipment, more
complicated management practices and time spent seeding and eliminating cover crops
instead of managing cash crops [53]. Living mulches can reduce main crop growth and
yield due to competition for water and nutrients, increase pest populations and the risk
of diseases. Moreover, living mulches can also promote allelopathy [54]. Soil solarization
induces high temperatures that can be lethal to bacteria and fungi. In some species, if the
lethal temperature is not reached, dormancy can be broken, allowing an emergence of a
new flush of weed seedlings. This can occur along the topsoil layer [22]. Solarization tends
to result in a flush of nutrients which should be managed by immediately establishing the
crop after plastic removal to prevent nutrient loss [40]. In a flaming strategy, fuel and water
consumption can be high, and the flame has restrictions for use during the summer from a
fire prevention standpoint. However, smaller, more portable units are now available and
provide another tool for the spot control of escape weeds or around sheds and other pieces
of infrastructure [26]. Finally, weed control via livestock grazing can cause damage to the
soil structure and non-target species, lead to the spread of weed seeds in feces or on wool,
hair or hooves, or even cause the loss of animal condition or liveweight [55].

Some of the limitations described above can be mitigated or even eliminated when
technology associated with PWM is integrated. The use of the internet, the various types of
sensors, artificial intelligence or machine learning can provide potential improvements to
IWM. It may be said that we are entering a new era of agriculture, Agriculture 4.0, where
precision is the rule [56].

5. Precision Weed Management

Smart farming technologies, such as smart sensors, remote sensing, air vehicles,
satellites, the Internet of Things (IoT) technology, etc., are becoming increasingly common
in modern agriculture to assist in optimizing agricultural production and minimizing the
wastes and costs [57]. Precision farming or site-specific crop management is a concept based
on sensing or observing and responding with management actions to spatial and temporal
variability in crops. The “sensing” component of the concept is a fundamental element of
precision farming [58], as is variable rate technology (VRT), which offers an effective way
to protect the environment and increase economic benefits [59]. This technology works by
integrating a variable rate control system with a sprayer for fertilizer, pesticide or herbicide
applications. The application at a varied rate can be fundamentally based on maps or
sensors [60]. Indeed, there are two main methods for implementing site-specific variable
rate applications (VRA): map-based VRA, which adjusts the application rate of a crop
production input based on the information contained in a digital map of field properties,
and sensor-based systems that use data from real-time sensors to match inputs to the needs
of the soil and crop [61]. From this perspective, precision farming technologies can provide
many benefits for weed management practices [21]. As mentioned above, weeds are a
persistent problem, and the continuing rise in numbers of herbicide-resistant biotypes
reinforces the lesson that weed control technology (Table 1) must constantly advance to
stay ahead of weed evolution and adaptation [2].
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Table 1. Overview of precision weed control technologies.

Weed Control

. Method Remarks Drawbacks Ref.
Technologies
Fast and precise in situ
remote sensing or survey These systems do not offer
L operations. Excellent the same territorial
UAV’s Comgllr;g ttleocrﬁrczf)lg AIZSS and control in the presence of coverage as satellites. [13]
& obstacles, no compaction Some technology literacy
and minimal is required.
labor involved.
H Hyperspectral imaging Less comp u?atlonally . .
yperspectral system coupled to a intensive. Requires a multi-season [62]
imaging sensors micro-spray heated oil Robust to visual occlusion calibration process.
application system of the l?af margin.
Customizable spray
application for various
herbicides based on
weed species.
Recognition of the cro The machine cannot
. & o P distinguish between weed
. Intra-row robotic row and the size difference
Automatic weeders and crop. It can only [25,63]
weeder (Robovator) between the crop and weed. distineuish between small
Removes 95% of weeds. ai d large plants
Precision spray Autonomous robot for Autonomously sprays NA [63]
systems precision spraying targets with high accuracy. o
Machine vision weed Distinguishes weed leaves
Weed sprayers from maize plants with N.A. [64]

t_
Spot-sprayer more than 90% accuracy.

A wide range of weed sensing techniques have been studied since the beginning of
the century. With large areas, the most cost-effective approach may be remote sensing to
provide a farm, or a large area encompassing several farms, with maps of weed occur-
rence [6]. Remote sensing uses satellite or manned /unmanned aerial vehicles to collect
data. Satellite-based remote sensing is well suited for surveying a large area and can help
with large-scale crop yield monitoring. Satellite imagery lacks precision in assessing small
areas, especially for weed detection, spatial distribution and herbicide injury evaluations.
These tasks require high-resolution imagery, which is typically achieved through closer
observations using manned/unmanned aerial or ground vehicles [65].

Unmanned aerial vehicles (UAVs) can be highly valuable, since they allow for site-
specific weed management (SSWM), an improved weed management approach for the
highly efficient and environmentally safe control of weed populations, enabling precise and
continuous monitoring and mapping of weed infestation [13]. In addition, there are other
advantages to using UAV technology. Indeed, UAVs provide helpful information for the
precise application of amounts of water in the required field, contributing to water savings
in agriculture [66]. Additionally, the use of UAVs for spraying and seeding purposes can
prevent problems of subsoil compaction [67]. This technology also has the potential to
minimize soil degradation, the loss of soil fertility and the subsequent contamination of
water due to the excessive use of fertilizers, and can potentially save time by tremendously
reducing inspection times [68]. The applications of UAVs have been increasing in forestry,
rangeland ecology and agronomic cropping systems, among several other fields [65].
The combination of UAVs with advanced cameras and sensors, able to discern specific
weeds, and global navigation satellite system (GNSS) or global positioning system (GPS)
technologies, which provide geographical information for field mapping, can help in
precisely monitoring large areas in a few minutes. Currently, UAVs stand out among
the other remote sensing platforms, as they can fly at low altitudes, capture images with
millimetric accuracy and provide data on demand in critical moments, which are not
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feasible with aerial or satellite platforms [69]. When compared to unmanned ground
vehicles (UGVs), UAVs take less time to monitor or survey the crop field and have optimal
control in the presence of any natural barrier, which is critical when working between
crop rows [70]. Mainly three types of cameras are used for weed identification with UAVs:
red, green and blue (RGB), multispectral and hyperspectral cameras, which can recognize
weed patches with good accuracy depending on the flying altitude, camera resolution and
UAV used. Therefore, the combined use of UAVs and image processing technologies may
help to effectively control different weed species interfering with the crops with relevant
environmental benefits [13].

Multispectral and hyperspectral imaging sensors mounted on UAVs have been used
successfully to detect weeds and distinguish species. This kind of technology can provide
valuable information that is not obtained by RGB cameras or not visible to the naked
eye. In particular, hyperspectral imaging has been used more often to classify agricultural
systems and vegetation because it has more bands compared to that of multispectral
sensors [65]. In fact, the most powerful and, to date, the only method capable of robust,
automated in-field discrimination of individual plant species is based upon hyperspectral
imaging. The hyperspectral imaging concept has been demonstrated in the field with
lettuce (Lactuca sativa L.) and tomato (Lycopersicum esculentum Mill.) crops, with between-
species pixel-level recognition rates above 75% and crop vs. weed discrimination rates
above 90% [43]. For example, Zhang et al. [62] developed a hyperspectral imaging system
coupled to a micro-spray heated oil application system for weed control within the seed
lines of early growth tomatoes. According to the authors, the hyperspectral imaging
system correctly identified 95%, 94% and 99% of tomatoes, black night shade and pigweed,
respectively. This technology is less computationally intensive than shape-based pattern
recognition, it is robust to visual occlusion of the leaf margin and the species recognition
ability can be used to customize the spray application of multiple herbicidal materials
based upon the weed species. However, the requirement of a multi-season calibration
process is a disadvantage of this method [37].

Automation technologies and mechatronics are likely to become more effective and
commercially viable as future weed control strategies and they are already being used
in industrialized countries with specific crops [71]. Typically, vegetable crops, such as
broccoli, cabbage, field-grown flowers, herbs, lettuce, onion and tomato, among others,
are hand weeded to achieve intra-row weed control. In this sense, the industry has re-
sponded to the need for automation of intra-row cultivators [2] as a viable alternative
to hand weeding [47]. According to Peruzzi et al. [72], four kinds of intra-row robotic
weeders are commercially available for precision weed-management systems: Robova-
tor (Frank Poulsen Engineering Aps., Hvalsg, Denmark); Robocrop (Tillett and Hague
Technology Ltd., Greenfield, Bedfordshire, England); IC-cultivator (Machinefabriek Steke-
tee BV, Haringvliet, The Netherlands); and Remoweed (Costruzioni Meccaniche Ferrari,
Guidizzolo MN, Italy). Robovator is considered to be the most effective intra-row weed-
management system, and is used predominantly in organic farming [25]. The Robovator
system is designed to detect the difference between the crop plant and weed based on
the recognition of the crop row and the size difference between the crop and weed. With
the Robovator, each row has a camera, and images from the cameras are processed to
determine the position of the crop, and then the computer signals the actuator to operate at
the proper location. The Robovator intelligent cultivator was evaluated with different types
of crops [43]. With broccoli and lettuce, for example, the Robovator reduced hand-weeding
time by 39% and 27%, respectively, compared with the standard cultivator [2]. Interest in
automation of weed sprayers has been rising in recent decades [73]. Precision spraying is
able to minimize the amount of herbicide needed on a given crop, compared with tradi-
tional broadcast sprayers that usually treat the entire field to control weed populations,
which potentially results in unnecessary application to areas that do not require treatment.
The application of herbicide in a specific location, i.e., where weeds occur, could reduce
costs, the risk of crop damage and excess pesticide residue, as well as potentially reducing
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the environmental impact [27]. The effectiveness of precision spray systems is based on
high levels of crop/weed differentiation, accurate spray prescription maps, the knowledge
of the sprayer tip location relative to the target weed location, accurate herbicide placement
and control of the spray drift [43]. For example, spot spraying systems provide potential
savings with herbicide use, which can range from 5% to nearly 90% [6,74,75], depending
mainly on the spatial and temporal distribution of weeds found in the treated fields. In
addition, according to Jensen et al. [76], the detailed and resource-efficient approach of
herbicide spraying with SSWM in smart farming can decrease herbicide consumption by
40% to 60%. An autonomous robot for precision spraying was developed by Segaard and
Lund [63]. According to the authors, the system was able to deliver lower doses (2.5 nL)
autonomously by spraying targets with sub-centimeter accuracy. The system was further
tested in field trials planted with oilseed rape as a test weed. In the study, the plant surface
area was found to have a large effect on machine performance [27]. Additionally, Kargar
and Shirzadifar [64] developed a machine vision weed spot sprayer for maize fields. The
system used image segmentation and feature extraction to distinguish the grass leaves
from maize plants with over 90% accuracy. As corn leaves are much wider than grass,
the detection accuracy is increased. Lastly, H-Sensor (Agricon GmbH, Ostrau, Germany)
and See and Spray (Blue River Technology, Sunnyvale, CA, USA) are commercial spraying
systems that use artificial intelligence and are able to distinguish between crop plants and
several weeds [27].

6. Conclusions

With the growth of the world population and the consequent need to ensure the
supply of food by increasing agricultural production, there is a need for improved man-
agement of the world’s agricultural resources while minimizing the negative impact on
the environment. From an agronomic point of view, weeds are considered to be a threat
with serious implications for agricultural efficiency, causing yield losses. However, from an
ecological perspective, they can also be considered to be valuable indicators of biodiversity
in the agrarian ecosystem, as well as providers of ecological services as a component of
the agroecosystem. Weed management involves several methods. Nevertheless, a single
method of control will not provide adequate long-term weed management, and instead
often results in increasing resistance. Therefore, the need to integrate different weed control
methods under a holistic approach is critical.

The use of herbicides creates imbalances in the ecosystem, even causing the resistance
of some species to the continued use of these chemical agents. In addition, no less serious
are the environmental problems they cause and their consequent threat to the well-being
and health of animals and humans.

Thus, the sustainable management of the agricultural system, namely of weeds, is
an important issue for the present and future of humanity. In addition to integrated
management, the development of precision technologies inherent to weed control can be a
valuable contribution to improved sustainability and agricultural yield. In this sense, we
would suggest a more effective involvement of researchers and farmers with the integration
of ecological and technological principles into weed management decision making.
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