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Abstract: Decision support systems (DSS) have the potential to support farmers to make the right
decisions in weed management. DSSs can select the appropriate herbicides for a given field and
suggest the minimum dose rates for an herbicide application that can result in optimum weed
control. Given that the adoption of DSSs may lead to decreased herbicide inputs in crop production,
their potential for creating eco-friendly and profitable weed management strategies is obvious and
desirable for the re-designing of farming systems on a more sustainable basis. Nevertheless, it is
difficult to stimulate farmers to use DSSs as it has been noticed that farmers have different
expectations of decision-making tools depending on their farming styles and usual practices. The
function of DSSs requires accurate assessments of weeds within a field as input data; however,
capturing the data can be problematic. The development of future DSSs should target to enhance
weed management tactics which are less reliant on herbicides. DSSs should also provide
information regarding weed seedbank dynamics in the soil in order to suggest management options
not only within a single period but also in a rotational view. More aspects ought to be taken into
account and further research is needed in order to optimize the practical use of DSSs for supporting
farmers regarding weed management issues in various crops and under various soil and climatic
conditions.
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1. Introduction

Decision support systems (DSS) for agriculture are systems which provide information
resources to contribute to farmers’ decision making, by integrating various forms of information
required for growing crops [1]. Many types of data can be collected, organized and analyzed in order
to set crop production strategies which are more environmentally friendly and profitable, as
compared to the conventional ones [2]. Expert knowledge, management models, timely and accurate
data and continuous feedback after every cultivation period are among the key factors affecting DSSs’
effectiveness and are often used to provide farmers with either short- or long-term crop growing
decisions [3]. The first step for the function of a DSS designed for use in agriculture includes the
collection of data from the environment where the crop is grown. Such data might refer to climatic
conditions, crop growth parameters or the presence of pests and weed flora composition and density.
Then the incorporated models in the DSS analyze the data and rank a list of suitable treatments for
each case. DSS models can include rules, tips, schedules of management, mathematical equations and
combinations of decision aids [4]. For instance, one DSS can suggest the use of a fertilizer, rank a list
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for pest or weed control treatments or even suggest the integration of both chemical and non-
chemical-based practices in favor of crop development and productivity. The type and merely the
success of a DSS is determined by the cooperative efforts of a team of experts, the availability of
technical and financial resources, the degree of industry organization and farmers” involvement and
the demands of crop growers [5].

Weeds are considered to be very competitive and adaptable to a wide range of environments. It
has to be noted that weed infestations are the reason for a 5% loss in agricultural production in most
developed countries, a 10% loss in less developed countries and a 25% loss in the least developed
countries [6]. Moreover, the consumption of herbicides represents approximately half of the total
amount of pesticides used every year, with chemical control remaining one of the most effective
agronomic practices against weeds. However, important issues have arisen regarding herbicide use
such as crop injury, residues in water and soil, toxicity to non-target organisms, concerns for human
health and the rapid development of herbicide resistant weed populations [7-11]. Consequently,
researchers seek for the development of alternative methods which can decrease herbicide use in
weed management. Targeting weed control over a whole crop rotation scheme, through achieving
maximum benefits from a combination of both agronomical and chemical control practices, may also
help to substantially reduce the overall cost of agricultural production [12]. Herbicide inputs should
be reduced and this can be achieved only with integrated weed management systems and,
particularly, the successful consideration of the actual weed flora within an individual field along
with information regarding not only the interference between crops and weeds but also the soil and
climatic conditions of an agricultural area [13]. Therefore, it is crucial to convince farmers to look
long-term and focus on the various benefits of such a strategy rather than the risks.

Several authors have introduced models of weed populations in order to determine the
economic thresholds for sufficient weed control [14,15]. This issue is at the same time crucial for
decision making and complicated since there are many interactions and factors involved. In all cases,
attempts to set thresholds for weed control treatments have been made during recent years [16-19].
The majority of these models has been research tools intended to provide information for use by
DSSs. Making weed management decisions is often a challenging process, especially due to the
involvement of several and various factors, parameters and their interactions. Lately, there has been
growing interest in the use of DSSs to make these tools directly accessible by farmers and advisors or
consultants. Several DSSs have been designed for weed management in a global range. DSS
methodologies can predict the expected yield losses due to competition between weed and crops,
identify weed patches within a field and give advice for the optimum dose rates and timing regarding
herbicide applications. DSSs can define whether a chemical treatment is necessary and suggest
reduced dose rates of herbicides offering feasible options for efficient, economically acceptable weed
management with respect to the environment [20]. In Europe, the number of crops where the
performance of DSSs has been tested ranges from 1 to 30. The Danish Crop Protection Online-Weeds
and the Dutch Minimum Lethal Herbicide Dose [21,22] have been efficiently tested in situ and they
provide useful information regarding the composition of weed flora and the abundance of actual
weed populations within a field. In Denmark, more than 30 crops and 100 weed species were
investigated by means of the DSS “IPMwise” and suggestions for herbicide applications along with
recommendations for non-chemical weed control were made [23]. There is clear evidence that
herbicide inputs can be decreased in major crops by applying herbicides according to the suggestion
of such DSSs [24,25]. Both farmers and advisors can significantly benefit from the use of a DSS for
weed control. In particular, farmers can get specific and tailor-made solutions for each field if the
weed flora is monitored, and the advisor can make a set of more variable advices with limited time
consumption. However, up to now, DSSs have not been widely adopted in weed management and
crop protection. The aim of the current study is to evaluate the potential and also present some of the
limitations of using decision support systems (DSS) for decision making in weed management.

2. Benefits of Decision Support Systems (DSS) in Weed Management
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Both individual and distributed decision making can be supported by knowledge-based systems
that facilitate, expand or enhance a manager’s ability to work with one or more kinds of knowledge
called DSSs [26]. In general, DSSs are now defined as interactive computer-based tools used by
decision makers to help answer questions, solve problems and support or refute conclusions.
Developing an accurate and effective DSS for weed management has long been recognized as a
primary goal for agronomists, land and crop managers and weed scientists [27]. A DSS can be in a
simple form, such as a software that indicates the appropriate herbicides recommended for weed
specific threshold concepts [28]. More complicated DSSs evaluate herbicide efficacy, the
environmental aspect of herbicide treatments and the competitiveness between crops and various
weed species, while they may also provide special knowledge on ecosystem diversity and the effects
of soil and climatic conditions on the efficacy of herbicide applications [29]. Furthermore, it would be
important for DSSs to help farmers identify their most important objectives and develop strategies to
achieve them. It is well documented that advanced technology can play a pivotal role in managing
important parameters within a field in favor of crop protection and with respect to the sustainability
of the agroecosystem [30,31].

In many cases, the adoption of a DSS targets to control both grass and broadleaf weeds
simultaneously with one herbicide application instead of two or three. In general, DSSs are promising
as an attractive tool designed to support farmers to make the right decisions concerning weed
management in important crops. For instance, DSS methodologies have been reported to have
achieved comparisons of the densities of all weed species into a common basis and consequently
predict possible yield losses for the crop due to weed competition [18]. A functional DSS can also
quantify the level of the weed control needed on a field level, select the appropriate herbicides and
the required rates for a satisfactory weed control, and also estimate the proportion of the individual
herbicides in tank mixtures [24]. Synergistic and antagonistic effects between the mixture
components can also be detected [32] and this is among the most important information for farmers.
DSSs rank a list of appropriate treatments to farmers and, in many cases, combinations among them
in an integrated management context. By selecting a particular herbicidal treatment from the
proposed list, information is provided regarding the herbicide cost, application rates, weed densities
either before or after treatment and expected yield losses for each case [18]. Moreover, DSSs have
been reported to assess the yield losses of important crops such as winter wheat or soybean due to
weeds surviving herbicide treatments, while some of them are able to estimate the herbicide residuals
in soil water by means of several environmental indices [33]. Factors affecting herbicide efficacy can
be also recognized as well as the influence of climatic conditions [34]. DSSs can evaluate weather data
and inform the user about their impact on the efficacy of both residual and contact-acting herbicides
[35]. DSSs provide knowledge to the farmer regarding the competition among weeds and crops and
suggest the most appropriate herbicides against the dominant weed species at the optimum dose
rate, application time and method [36]. The impact of the DSS technology on reducing herbicide use
by approximately 40%, as compared to reference herbicide treatments, has been well established [25].
Efficient weed control has been recorded at over a 30% decreased herbicide use in cereals by applying
herbicides according to the suggestion of a DSS, whereas in sugar beet, the advice from a DSS
decreased the herbicide input up to 20% [24]. Moreover, herbicide inputs can be decreased up to 60%
in cereals if spraying is carried out according to the collection of site-specific data [37]. Other studies
also reported that potential savings in the number of herbicides sprayed to control broadleaf and
grass weed species ranged between 60% and 77% [38].

In addition, remote sensing can also play a key role in the development of advanced DSSs since
its adoption provides the ability to detect on-time changes in weed flora attributes within a field. The
core of site-specific weed management is to identify, analyze and manage site-specific spatial and
temporal variability of weed populations within agricultural areas in order to optimize weed
management practices and the overall strategy [27]. Therefore, the functionality of DSS
methodologies should be enhanced by the timely collection of precise data regarding spatial and
temporal attributes within a field [39]. DSSs can take advantage of such information and improve
management decision making based on incorporating various data and key parameters observed
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within a field at a certain point in time [40]. For instance, outputs from a DSS may be a site-specific
map for herbicide applications in a field or a georeferenced map with the probable location of
invasive plants or herbicide-resistant biotypes of specific weed species [27]. Farmers can take
advantage of the benefits of site-specific weed management and manage to reduce the cost of
herbicide inputs with respect to environmental protections as well as to keep their economic risks at
the lowest acceptable levels [41]. The data bases of decision support systems usually consist of a large
amount of useful information not only by an agronomic or environmental but also economic aspect
[12]. Agronomically speaking, knowing the accurate growth stage of the crop and the weeds at a
specific time is vital for predicting yield losses due to weed competition. Furthermore, the abundance
of weed flora can be quantified, whereas data regarding either soil type or crop growth can be derived
from the use of a DSS. Concerning the environmental impact, herbicide ranking is partially
dependent on the dose per treatment index and the risk of drift and leaching. Advice is also available
about the restrictions on the use of each herbicide. In addition, herbicides are ranked based on cost,
reflecting a balance that includes estimated yield losses due to the weeds, expected crop yield and
herbicide distribution costs. [36]. In Figure 1, some of the achieved or achievable goals of a weed-
based DSS are shown, while future challenges are also presented.

* Nationally adapted methods and region focused strategies.
Achieva ble * Reduced herbicide use

= Economical and environmental benefits
+ Contribution to integrated weed management understanding

go a I S * Feedback by the end users in order to enrich and improve the DSS
= Calculation of herbicide mixtures for complex weed infestation

* Mechanical weeding to be taken into account
* Combination with agronomic practices in a rotational scheme

F ut u re + Base all management practices on predicted outcomes
< = All available DSS under a common umbrella (e.g. in a common platform)
* Pro- and re-active management of herbicide resistance

c h a I I e n ges « More crops and countries to be included

« Crop protocols including weeds along with pests and diseases
* Ecologically-based decisions to be progressively included

Figure 1. Indicative achievable goals and future challenges of weed-based decision support systems
(DSS).

3. Limitations of Decision Supports Systems (DSS) in Weed Management

Despite their prospects, and up to now, DSSs have contributed little to solving practical
problems in crop protection under real field conditions due to a series of emerged problems during
their adoption and use [42]. As Wilson et al. (2009) have reported, this failure to adopt DSSs may be
partially related to gaps in farmers’ understanding of the human role in weed dispersal and the
tendency to overlook risks associated with management. Rapid advancements in technology render
equipment and software obsolete in a short period of time. Even if equipment still performs the
desired functions, it might no longer be supported by the company it was purchased from, either due
to merging or the company going out of business [43]. Thus, farmers may be frustrated at the rate of
change in technology, which can discourage the adoption of the technology as a whole. This is not
unusual with new, evolving technologies; however, it has been widely recognized as a major
limitation in the adoption of remote sensing and DSSs [44]. In general, it is difficult to convince
farmers to use DSSs [45] as it has been shown that producers often have different expectations of
decision-making tools depending on their farming styles and the practices that they follow [46]. The
gap between the decision-making style required by DSSs and the different types of farmers is
recognized, since sometimes a DSS either targets to address problems that are minor or not a priority
under real field conditions or fails to solve the most important management issues [47]. This is a
consequence of the global trend of researchers concentrating on a single parameter such as a specific
weed species, whereas at the same time farmers face challenges regarding broad spectrum weed
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management, including the interactions existing between various crops and weed species and also
the combined management of either microbial or arthropod pests. From a weed science perspective,
research in weed biology and ecology is needed in order to take advantage of new introduced
technologies, such as DSSs, to enhance weed management in a global range. Many DSSs have also
failed because they do not provide an easy way to capture and store environmental or biological data.
Long-term weed management requires a good knowledge of weed growth and interactions between
crops and weeds according to ecological and agronomical components, and this is something that is
often underestimated by DSS developers [48]. Before adopting the DSS technology, the interference
among each crop and various noxious weed species should be assessed because some weed species
can be more harmful for a specific crop than others. For instance, Avena sterilis, when recorded at a
density of 120 panicles per square meter, has been indicated as more harmful for barley crops as
compared to the grass species Phalaris minor (Retz.), when recorded at a density of 400 panicles per
square meter, respectively [49]. Therefore, priorization within each DSS for the several weeds is
crucial for the success of each recommendation and the practical utility of such supporting systems.
Due to the fact that weed populations are heterogeneous in composition and distribution, any
herbicide application that does not address that heterogeneity has a degree of inefficiency [50].
Furthermore, additional aspects which are often considered important by farmers ought to be taken
into account. For instance, aspects like weed propagation, requirements for crop quality with
minimum weed seeds in the crop seeding lots, weedy material in machinery and storing systems
ought to be taken into consideration in order to avoid misleading predictions of accurate yield losses
by the DSS of the next decade.

DSS software and electronic distribution networks are also expensive to develop and maintain.
The construction of a DSS often requires enormous amounts of time and financial investment [51],
and when this responsibility falls on a single individual or small group, there is often little energy or
resources left for the delivery phase. It is well known that complex products delivered without
technical support or regular updates may quickly vanish from the marketplace [47]. Consequently, a
strong and continuous technical support to the customers, farmers and advisors is rather necessary.
In addition, there is a lack of required algorithms which can determine the level of weed control
needed in each agricultural area. The present status of studies on yield loss estimations and economic
weed control thresholds have recorded the relative instability of such approaches [52]. DSS programs
indicate the highest herbicide rates needed for a reported spectrum of weeds. Consequently, the
number of weed species which can be efficiently controlled remains limited, whereas at the same
time control of other species can be achieved [24]. As previously reported, the need for individual
field recordings remains a strong barrier in enhancing DSS technology which might be increased as
long as farm sizes are expected to increase within the coming years. The necessary functionality of a
DSS requires accurate assessments of weeds within a field as input data. However, the main targets
of DSS developers are not always the exact assessments because what they want most are higher
weed control levels [25]. The concept of economic thresholds is widely used in DSSs for weed
management as well. According to this approach, weeds should be ignored up to a certain level of
density, beyond which, weed control should be performed with a standard chemical, mechanical or
alternative treatment. However, economic thresholds are related to yield, whose value cannot easily
be predicted under real field conditions at the time when herbicides are sprayed [33]. If the expected
yield is not estimated correctly, false assessments regarding the economic threshold for herbicide
applications will also be made [24].

DSS methodologies can be a useful tool in terms of integrated weed management; however, the
limitations regarding their potential still exist. A DSS requires a resource stock of adequate data.
Modern computer systems are able to store considerable quantities of data, although capturing the
data can be problematic [47]. Since DSSs use imaginary data of the dominant weeds observed in a
field in order to show management options, identifying weeds exerts a strong influence in the efficacy
of timely herbicide applications as provided by decision support systems. However, identifying grass
weed species in cereals or broadleaf weeds in legume or vegetable crops with imaginary data is
exceptionally challenging since the similarity between the weed and crop plants is great, especially
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during the early growth stages. For instance, noxious Poaceae species such as A. sterilis, L. rigidum,
Phalaris ssp. and Bromus sterilis were misidentified by the system described in the study by Gonzalez-
Andujar et al. (2006) [53]. There are also other obstacles in weed identification and mapping by
collecting imaginary data as a consequence of the spectral reflectance or texture between crop and
weed canopy and the difficulty to depict large areas in a short time [50]. As previously reported in
soybean crops, if the weed density is lower than 10 plants per square meter, some weeds cannot be
identified with 1-m pixel images [54]. Distinct weed patches do appear in no-tilled agricultural fields
[55,56] and in uncultivated areas [57,58] but only if the weeds are at the seedling stage and at sufficient
densities [50]. Difficulties in identifying the composition of a weed patch have also been noticed by
other scientists [59]. Moreover, DSSs theoretically process all the available data such as images of the
field based on the detected weeds, and thus support the required weed management options.
However, the time needed for a precise image acquisition and weed spatial resolution are concerning
issues as these can cause delays to the weed management under real field conditions [27]. In general,
it can be said that the degree of spatial resolution needed is dependent on the task of interest [60].
Airplane-mounted sensors can provide spatial resolution by varying the flight altitude and provide
the convenience of capturing images on demand [61,62]. This resolution could be sufficient for weed
detection in some cases (fields, vineyards and orchards), but weed patches should be of high and
adequately detectable densities. As a result, aerial imagery could offer a solution regarding image
acquisition and weed spatial resolution issues; however, limitations such as either small area
coverages or economic burdens might still exist [63].

As mentioned above, the adoption of DSSs can result in a reduced herbicide use [24,25].
However, the development of DSSs should target, in the long-term, to enhance weed management
with strategies involving lower reliance on the use of herbicides. This could allow farmers to apply
non-chemical weed control practices against noxious weed species such as L. rigidum, which is
notorious for evolving herbicide resistance patterns in different crops and countries [64,65]. Large
reductions in herbicide usage and the replacement of herbicides by non-chemical control methods is
feasible and environmentally desirable but is often associated with economic burdens for the farmer
and their overall profitability [66]. In addition, the principle of using DSS methodologies for getting
feedback of the weed seedbank dynamics into shallow and deep layers of soil has been suggested in
a recent study [12], but this version of the specific DSS regarding long-term weed management was
not tested. As a result, although DSSs have potential in reducing herbicide inputs within a season,
they have a lack of information on weed seedbank dynamics in the soil. Thus, they have not led to
the development of long-term weed management decisions. This is a strong challenge, especially
since knowledge of seedbank dynamics can promote the adoption of eco-friendly weed management
practices such as false or stale seedbeds. The optimization of such agronomic practices through the
use of DSSs could be proven to be of high importance since false seedbeds have resulted in sufficient
weed control in major arable crops such as rice and barley, although control of weeds was not carried
out by herbicide applications [67,68,69]. In Figure 2, some of the crucial points for the further
development of weed-based DSSs are shown and ought to be taken into account in future attempts.
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Figure 2. Potentially crucial points for weed-based DSS.

4. Conclusions

Decision support systems (DSS) have the potential of becoming an attractive tool designed to
support farmers and advisors to make the right decisions regarding crop and weed management. A
functional DSS can evaluate data collected from the crop environment and clarify the level of weed
control needed within a field. DSSs can help farmers and advisors to choose the appropriate
herbicides for a field and suggest the minimum rates for an herbicide application that can result in
optimum weed control without the risk of low efficacy or herbicide resistance. In the case of tank
mixtures, the proportion of each component in a mixture can be also estimated. When weed control
is carried out according to the information provided by a DSS, this can result in decreased herbicide
inputs in crop production. DSSs incorporate models able to assess yield losses for the crop due to
competition and select management options which are biologically and economically feasible. Given
that the adoption of DSSs can lead to decreased herbicide inputs in crop production, their potential
for creating eco-friendly, and of acceptable economic risk, weed management strategies is obvious.
On the contrary and despite their potential, DSSs have contributed little to solving practical problems
in crop protection under real field conditions due to a series of emerged problems during their
adoption by the farmers. The concept of economic thresholds is widely used in DSSs for weed
management. However, economic thresholds are related to yield, whose value cannot easily be
predicted under real field conditions at the time when herbicides are sprayed. Moreover, a
priorization among the several weeds of a specific field is also necessary. In general, it is difficult to
stimulate farmers to use DSSs as it has been noticed that farmers have different expectations of
decision-making tools depending on their farming styles. Rapid advancements in technology render
equipment and software obsolete in a short period of time. Even if equipment still performs, farmers
may be frustrated at the rate of change in technology, which can discourage the adoption of DSSs.
The functionality of DSSs requires exact assessments of weeds within a field as input data, although
capturing the data can be problematic. The development of DSSs should target to enhance weed
management with strategies involving lower reliance on the use of herbicides. Moreover, DSSs
should provide information regarding weed seedbank dynamics in the soil in order to suggest weed
management options not within a single period but from a rotational and a long-term viewpoint.
Further research is needed in order to optimize the practical use of DSSs for supporting farmers
regarding their weed management issues in various crops and under various soil and climatic
conditions.
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