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Abstract

Weeds pose a significant threat to crop yields, both in quantitative and qualitative terms.
Modern agriculture relies heavily on herbicides; however, their excessive use can lead to
negative environmental impacts. As a result, recent research has increasingly focused on
Integrated Weed Management (IWM), which employs multiple complementary strategies
to control weeds in a holistic manner. Nevertheless, large-scale adoption of this approach
requires a solid understanding of the underlying tactics. This systematic review analyses
recent studies (2013–2022) on herbicide alternatives for weed control across major cropping
systems in the EU-27 and the UK, providing an overview of current knowledge, the extent
to which IWM tactics have been investigated, and the main gaps that help define future
research priorities. The review relied on the IWMPRAISE framework, which classifies weed
control tactics into five pillars (direct control, field and soil management, cultivar choice
and crop establishment, diverse cropping systems, and monitoring and evaluation) and
used Scopus as a scientific database. The search yielded a total of 666 entries, and the most
represented pillars were Direct Control (193), Diverse Cropping System (183), and Field
and Soil Management (172). The type of crop most frequently studied was arable crops
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(450), and the macro-area where the studies were mostly conducted was Southern Europe
(268). The tactics with the highest number of entries were Tillage Type and Cultivation
Depth (110), Cover Crops (82), and Biological Control (72), while those with the lowest
numbers were Seed Vigor (2) and Sowing Depth (2). Overall, this review identifies research
gaps and sets priorities to boost IWM adoption, leading policy and funding to expand
sustainable weed management across Europe.

Keywords: dataset; scientific publications; non-chemical weed control; diversification;
field trial

1. Introduction
Agriculture must tackle the dual challenge of nourishing a growing global population

while preserving ecosystems that are vital for human survival. Weeds represent one
of the main threats to food crops and agriculture in general, as they damage yields both
quantitatively and qualitatively [1,2]. Byrne and Howell [3] observed that weed competition
could lead to reductions in yield by as much as 37% in vineyards, a decrease in the number
of clusters per vine by 28%, and a reduction in berry weight by 3%. Numerous studies
documented yield reduction attributed to weeds in vegetable crops, e.g., in broccoli (Brassica
oleracea var. italica), the presence of ryegrass (Lolium spp.) at a density of 600 plants m−2

within the row resulted in complete loss of production [4]. In the context of arable crops,
it has been observed that uncontrolled weed growth can reduce the yield of sugar beet
(Beta vulgaris L. var. saccharifera L.) crop by as much as 90–95% [5,6]. Jain et al. [7] and Pant
et al. [8], reported that weed infestation can reduce maize (Zea mays L.) yield by 60–85%.
Indeed, weeds compete with crops for essential environmental resources, including space,
nutrients, sunlight, and water [9]. They can also produce allelochemicals that disrupt
the fundamental physiological processes of crops, thereby inhibiting their growth and
development. Additionally, these allelochemicals can affect seed germination, causing
delayed crop seedling emergence. On the other hand, in addition to quantitative damage,
weeds can cause qualitative damage and a significant reduction in the market value of the
product [10]. Therefore, their management is crucial.

Modern agricultural systems, especially in developed countries, are largely charac-
terized by large-scale, intensive, and mechanized farming focused on a few major crops
that are heavily reliant on mineral fertilizers and chemical crop protection products [11].
Reasons for the intensive use of herbicides include their cost-effectiveness in weed control,
the absence of threshold-based spraying decisions, and the lack of an adequately effective
and affordable non-chemical alternative [12]. Nevertheless, excessive use of herbicides
can lead to unintended harm to crops, destruction of natural vegetation, and loss of soil
biodiversity [13–15], environmental contamination [16], and adverse health effects on
farmworkers [17] and the general public [18].

In the European Union (EU), the European Green Deal [19,20] presents a challenge for
modern agriculture to sustain current crop production levels while reducing the overall
use and risk of chemical pesticides by 50% to safeguard the environment and reverse
ecosystem degradation.

The European Biodiversity Strategy [21] includes proposals for actions that impact not
only the use of plant protection products but also promote the growth of the organic farming
sector, conserve and restore ecosystems, enhance the biodiversity of natural resources, and
encourage changes in the eating habits of European consumers.

In recent years, research on weed control has generally focused on replacing herbicides
with single alternative strategies. Nevertheless, the high reproductive capacity and disper-
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sal ability of certain weed species make individual control tactics insufficient for achieving
effective management [22]. Integrating multiple strategies concurrently allows farmers to
attack weeds at various life stages, significantly hindering their growth and reproductive
success [23]. This highlights the crucial role of Integrated Weed Management (IWM), which
shifts from an approach based on the use of a single tactic and consideration of one growing
season, to a more holistic approach relying on multiple tactics, that considers more than
one cropping season, and focuses on managing weed communities [24]. Effective IWM is
not just the use of multiple control actions, but the combination of tools and techniques in
ways that truly varies the type and timing of disturbance, and thus acts against adaptation
trade-offs caused by weeds [11].

However, to date, IWM is still not widely adopted by farmers for various reasons.
Among these reasons is the greater complexity and time required compared to the use
of herbicides [25], as well as the potential increase in costs [26]. Indeed, the long-term
profitability of IWM remains uncertain for many farmers [27]. Adopting IWM may require
specialized equipment and trained personnel, which can be an additional barrier for some
farmers [28].

There are also other aspects to consider, such as the lack of immediate visible results
for the alternative tactics. Farmers usually cannot afford to evaluate the success of most
alternative weed control methods in their own managed fields, due to a lack of access to
specific knowledge, costly technologies, or solid set-up of on-farm tests (that normally rely
on a single, unreplicated treatment without controls, making it difficult to assess its real
effectiveness). On the other hand, researchers conducting on-station field experiments with
side-by-side treatment comparisons are more confident in assessing the relative effective-
ness of different techniques [29], but they could miss farm-related issues that may affect
the applicability and the effect of the tested solutions. Another aspect to consider is the
variability of the effects of alternative tactics. In fact, the effectiveness of non-chemical
methods can be more variable and less predictable than herbicides, depending on factors
such as climate and soil characteristics [25]. Consequently, farmers may perceive IWM
as riskier compared to herbicides. Thus, knowledge exchange among stakeholders such
as farmers, extension services and researchers, who collaborate within networks, about
the available alternative strategies and related experiences on best practices, becomes
essential to facilitate the adoption and adaptation of IWM practices in various specific
contexts [23,30]. Therefore, from an academic point of view, it is crucial to redefine research
priorities, focusing on the evaluation of practical solutions applicable to farmers’ needs
and on effectively disseminating knowledge about IWM. To this end, it is necessary to
understand the current state of knowledge regarding the weed control techniques underly-
ing IWM. Therefore, the aim of this systematic review is to make the scientific community
aware of the alternative techniques that have been studied more, and those that have been
less studied, and therefore call attention to research gaps, in order to better direct further
investigations to promote the use of IWM.

2. Materials and Methods
This systematic review focuses on the current state of art regarding latest scientific

publications on alternative weed control methods to herbicide use produced within the
27 countries of the European Union (EU-27) and the UK.

This systematic review relied on the framework of Integrated Weed Management
(IWM) [24] recently developed by the IWMPRAISE project [31] which classifies methods
into five pillars as direct control, field and soil management, cultivar choice and crop
establishment, diverse cropping systems, and monitoring and evaluation, with each pillar
encompassing multiple tactics. Compared to [24], this review intentionally excluded
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tactics based on herbicide use (e.g., pre-emergence herbicides, post-emergence herbicides,
patch/band spraying, and pre-harvest herbicide), focusing on alternatives to herbicides.
The focus was solely placed on pre-harvest weed control. Overall, this systematic review
explored a total of twenty-nine IWM tactics in latest scientific publications. The tactics were
evaluated only in the context of major cropping systems such as arable crops, vineyards,
olive groves, orchards, field vegetables, and grasslands.

2.1. Processing the Query String for Insertion into the Scientific Database for Each Tactic Assessed

The systematic review followed the protocol outlined by PRISMA (version PRISMA
2020) [32], i.e., the international standard for systematic reviews and meta-analysis in
scientific publications. To carry out the online literature search, among the various sci-
entific databases available, Scopus was selected for its extensive coverage of foremost
scientific journals, with publications reporting peer-reviewed research, and topics related
to IWM. For the development of search criteria to be used on Scopus, each tactic was
treated as an individual topic, further subdivided into subcategories reflecting various
operation/elements associated with itself in the context of weed control. Table 1 displays
an example of subcategories from the topic “Tillage type”.

Table 1. Subcategories of the tillage type topic.

Tillage Type Weed Control

Conventional Inversion Weed Biomass
Reduced Non-inversion Weed Density

Conservative Depth Weed Abundance
Minimum Timing Weed Cover
No Tillage Frequency

Strip Intensity
Ridge

Primary tillage
Secondary tillage

For each identified operation/element of each tactic, a comprehensive list of associated
technical methods, operations, and relative technical means together with their synonyms
was set and used as keywords. Figure 1 displays an example representing the identified
keywords for the inversion tillage subcategory.

Figure 1. Identification of keywords for the inversion tillage subcategory.
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During this phase, it was determined that the “Tillage type” and “Cultivation depth”
tactics should be merged into a single tactic, as distinguishing between them for cate-
gorization proved to be challenging. Keywords were then inserted into search strings,
with one assigned for each tactic, following the Scopus guidelines. These strings were
formulated combining keywords relative to the components and declinations of each IWM
tactic, together with weed control, representing the performance indicator. Therefore, these
elements were searched within article titles, authors’ keywords, and abstracts present in
the Scopus database. Restrictions such as geographical coverage, timeframe, language, and
publication typology were applied during the search on Scopus. Only papers authored by
researchers affiliated with specific countries were considered. These countries included
Austria, Belgium, Bulgaria, Croatia, Cyprus, Czechia, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, the
Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, and the UK.
Only papers published in English within the years 2013 and 2022 were included. Moreover,
the search focused only on research articles. Therefore, articles were the document type
specified in the search string. Figure 2 shows an example of a search string used.

“TITLE ( ( {cover crop}  OR  {cover crops}  OR  {cover cropping}  OR  {green ma-
nure}  OR  {green manures}  OR  {green manuring} )  AND  ( {weed}  OR  {weeds}
) )  OR  ABS ( ( {cover crop}  OR  {cover crops}  OR  {cover cropping}  OR  {green 
manure}  OR  {green manures}  OR  {green manuring} )  AND  ( {weed}  OR
{weeds})  AND  ( {weed}  OR  {weeds} ) )  OR  AUTHKEY ( ( {cover crop}  OR
{cover crops}  OR  {cover cropping}  OR  {green manure}  OR  {green manures}  OR
{green manuring} )  AND  ( {weed}  OR  {weeds} )  AND  ( {weed}  OR  {weeds} ) )
AND  AFFILCOUNTRY ( austria  OR  belgium  OR  bulgaria  OR  croatia  OR
cyprus  OR  czechia  OR  denmark  OR  estonia  OR  finland  OR  france  OR
germany  OR  greece  OR  hungary  OR  ireland  OR  italy  OR  latvia  OR
lithuania  OR  luxembourg  OR  malta  OR  netherlands  OR  poland  OR  por-
tugal  OR  romania  OR  slovakia  OR  slovenia  OR  spain  OR  sweden  OR
{united kingdom} )  AND  ( LIMIT-TO ( PUBYEAR ,  2022 )  OR  LIMIT-TO (
PUBYEAR ,  2021 )  OR  LIMIT-TO ( PUBYEAR ,  2020 )  OR  LIMIT-TO (
PUBYEAR ,  2019 )  OR  LIMIT-TO ( PUBYEAR ,  2018 )  OR  LIMIT-TO (
PUBYEAR ,  2017 )  OR  LIMIT-TO ( PUBYEAR ,  2016 )  OR  LIMIT-TO (
PUBYEAR ,  2015 )  OR  LIMIT-TO ( PUBYEAR ,  2014 )  OR  LIMIT-TO (
PUBYEAR ,  2013 ) )  AND  ( LIMIT-TO ( LANGUAGE ,  ʺEnglishʺ ) ) AND ( 
LIMIT-TO ( DOCTYPE , ʺarʺ ) )” 

Figure 2. Search string used for the cover crops tactic.

The queries were executed on Scopus on 15 July 2023, and the results were imported
into a template on separate MS-Excel files, with one file used for each tactic. The litera-
ture search identified a total of 5851 papers of potential interest at this phase, including
duplicates selected for different tactics.

2.2. The Screening Process of the Research Articles

The research papers imported were subjected to a screening process for eligibility.
In the first screening, the information contained in the title, author keywords, and ab-
stract of each paper were analyzed according to five exclusion criteria. Therefore, papers
presenting the following characteristics were excluded from the study: (i) experimental
trials conducted outside the European territory (EU-27 + UK) (G was used to identify this
type of entry); (ii) papers not reporting any agronomic indicators, such as weed density
(number of weed plants or seeds per unit area), weed soil cover (percentage of the unit area
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covered by weed plants), or weed biomass (dry or fresh weight of the above-ground total
biomass of weed plants) (W was used to identify this type of entry); (iii) systemic trials in
which it was not possible to isolate the effects of a single tactic from other elements of the
cropping system (to be included in the dataset, and each single tactic had to correspond to
a single factor or a single treatment) (S was used to identify this type of entry); (iv) papers
not reporting findings from an agricultural field experiment (experiments carried out in
greenhouses were retained only if they were conducted on soil, whereas those performed
on turfgrass or forest were not included) (F was used to identify this type of entry); and
(v) off-topic papers (O was used to identify this type of entry). After the first initial screen-
ing, 4343 documents were rejected, while 1508 advanced to the next screening phase. In the
second screening process, whenever possible, full-text PDFs of the papers were retrieved
from the web and thoroughly read to verify eligibility, thus leading to their inclusion in the
dataset. Table 2 shows examples of papers excluded during the screening process for each
eligibility criteria adopted.

Table 2. The exclusion criteria and related examples of papers excluded during the screening process.

Exclusion Criteria Examples of
Excluded Papers

G The field experiment was not conducted within EU-27 + UK. [33–35]

W The study reports data other than weed density, weed soil
cover, or weed biomass. [36–38]

S Systems trials where the effect of a single tactic could not be
separated from other cropping system components. [39–41]

F
Papers that did not report results from an agricultural
field experiment (e.g., simulation modeling studies and
pot experiments).

[42–44]

O Off-topic papers. [45–47]

For each paper that passed the second screening, relevant information about the tactic
was extracted, including the corresponding IWM pillar and specific tactic it belongs to, and
its description. Details were also gathered about the country where the study took place,
subsequently reporting for each the corresponding European macro-area [48], the type of
crop involved in the trial, and the type and description of the reference system with which
the tactic was compared. The types of reference systems were classified into “no-herbicide”
and “herbicide”, which represent the categories of greatest interest for the purposes of
the review, and into “others”. The latter category may include untreated or weed-free
reference systems. Additionally, for each manuscript, the authors, title, year of publication,
Digital Object Identifier (DOI), and Scopus web link (Uniform Resource Locator—URL)
were documented. These extracted data were transferred into an MS-Excel template to
create the final dataset. In case a single paper was linked to multiple IWM tactics, duplicate
entries for the same paper were maintained in the database under different IWM tactics. If
the experiment was conducted in multiple eligible countries, the entry for that paper was
reported as many times as the number of countries involved. The latter rule was applied
also for experiments that involved more than one crop typology, thus reporting the entry
as many times as the number of the additional crop types involved, with the exception of
papers where no specific reference to one crop type was given (e.g., papers where biological
control products were tested against weed plants that can be present in several cropping
systems), for which the attribute “MULTIPLE” was used. If the experiment documented
in the paper involved multiple reference systems, only one entry was kept, prioritizing,
in this order, herbicide-based systems, untreated systems, and weedy control. At the end
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of this phase, 473 papers were selected for inclusion in the review (648 papers in total,
including duplicates).

2.3. Search for Any Missing Articles Within Review Papers

To ensure we collected all available research articles for each tactic, we also examined
review papers related to each tactic, checking their references for any articles that might
have been missed. For each tactic, the same search strings employed for the research articles
as previously described were used, and the document type was specified as review paper.

The queries relating to review papers were executed on Scopus on 9 May 2024. Also, in
this case, the results were imported into a template on separate MS-Excel files, with one file
for each tactic. A total of 499 review papers of potential interest were collected at this point,
including duplicates for the different tactics. The title, abstract, and keywords of the reviews
collected for each tactic were screened to verify eligibility according to the criteria O, G,
F. From the review papers that passed to the next phase, all references were collected and
then inserted into a single file for each tactic. By the end of this phase, a total of 4300 entries
had been identified, including duplicates. The papers collected for each tactic underwent
an initial screening, using the publication year (2013–2022) as the inclusion criteria. During
the same screening process, duplicates present within the same tactic were also excluded.
The papers that passed this screening were compared with the entries obtained from the
queries executed on 15 July 2023, to exclude any duplicates. Therefore, for each tactic, the
papers sourced from the review paper references were compared with the full dataset. At
this point, 262 potential papers were identified. The information contained in the title,
author keywords, and abstract of each identified paper were analyzed in terms of the
exclusion criteria W, S, F, G, O. Selected papers that were not directly relevant to the tactic
they were grouped under but were more applicable to others were moved to the collections
of more appropriate tactics. For each paper that passed the second screening, relevant
information was extracted as described above. At this point, a total of 16 entries (18 entries
including duplicates) were included, and data was added to the previously created dataset.
Therefore, at the end of the process, considering both the screening of the literature related
to scientific articles and that of the references from scientific reviews on IWM tactics, a final
dataset was obtained, including 489 entries without duplicates and 666 entries including
duplicates, across the IWM tactics considered (Table 3). The final dataset is available in the
Zenodo open access repository (https://doi.org/10.5281/zenodo.17672318, accessed on 11
November 2025).

Table 3. Alternative weed control tactics encompassed within the five IWM pillars in the system-
atic review.

Direct Control Field and
Soil Management

Cultivar Choice and
Crop Establishment

Diverse
Cropping System

Monitoring
and Evaluation

Biological control Dead Mulching Cultivar choice Cover crops DSS
Hand weeding Liming Seed vigor Crop rotation Scouting

Mechanical weeding Nutrient placement Seeding pattern Field margin
management Sensing Technologies

Mowing Seedbed preparation Seeding rate Intercropping

Thermal weeding Stubble management Sowing date Landscape
management

Tillage type and
cultivation depth Sowing depth

Water management
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To analyze the temporal trend of entries over the period 2013–2022, a second-degree
polynomial regression was performed, with the year acting as the independent variable
and the number of entries as the dependent variable. The generic function of the model is
expressed by (1):

y = a + b·x + c·x2 (1)

where a is the intercept, b the linear coefficient (slope), and c the quadratic coefficient (curvature).
Figure 3 shows the PRISMA 2020 flow diagram [32] for the systematic review process.
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Figure 3. PRISMA 2020 flow diagram illustrating the systematic review process, including the
identification of entries through scientific article databases and through the screening of the reviews’
references related to IWM tactics.
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3. Results and Discussion
3.1. General Considerations on the Dataset

As highlighted by recent literature reviews [24,49,50], in recent years, the growing
attention to sustainable agricultural practices has fostered the development of Integrated
Weed Management (IWM) strategies aimed at reducing dependence on chemical herbicides
and promoting more ecological and multifactorial approaches to weed control. Within
this context, the present study analyses the evolution of publications over the last decade to
identify the main trends and research areas related to alternative weed management methods.

Considering the general trend of publications per year, Figure 4 shows that between
2013 and 2022, there was, on average, a steady level of research interest in alternative methods
to herbicides for weed management. Notably, until 2019, the average number of publications
per year was around 50, whereas from 2020 onwards this trend showed a significant increase,
reaching an average of about 90 publications per year (approximately +45%).

Figure 4. Number of publications per year included in the dataset, published between 2013 and 2022,
on Integrated Weed Management solutions tested in in the EU-27 and the UK.

A second-degree polynomial regression was also performed to describe the temporal
trend in entries between 2013 and 2022 (Figure 5). The model was significant (p = 0.0097)
with multiple R2 = 0.734 (R2 adjusted = 0.657). The pattern shows a non-linear dynamic,
with an initial growth phase, a central decrease, and a subsequent increase in the final years
of the period analyzed. Overall, a generally increasing trend in entries can be observed
over the study period.

This growing interest in recent years highlights the increasing need to develop alterna-
tive strategies to the use of herbicides, which is in line with the European Union’s policy
and the Farm to Fork Strategy, which aims to reduce the use and risk of chemical pesticides
by 50% by 2030 [21]. This increasing trend suggests an increasing scientific and societal
awareness of the need for sustainable weed management approaches.
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Figure 5. Non-linear second-degree polynomial regression curve describing the temporal trend of
entries between 2013 and 2022.

3.2. The Number of Observations in the Five Pillars of Integrated Weed Management

The analysis of publications distribution within Pillars (Table 4) shows that research has
primarily focused on two areas: direct control (28.98%) and diverse cropping systems (27.48%),
which together account for more than half of the total publications. Field and soil manage-
ment (25.83%) also represents a substantial share, highlighting the importance of integrated
agronomic practices in reducing herbicide dependence. Conversely, cultivar choice and crop
establishment (10.21%) and monitoring and evaluation (7.51%) appear to be less investigated. Di-
rect control tactics are the most extensively studied, likely because they represent the first and
most immediate option for weed management, particularly in organic farming systems [51,52].
Moreover, research in this area tends to produce tangible and scientifically robust results
within a relatively short timeframe. Indeed, findings from studies on direct control are generally
easier to interpret, and the transfer of knowledge to farmers is often highly effective. However,
even if direct control remains the pillar with the higher score, it is remarkable that other pillars,
mostly focused on a more comprehensive approaches like diverse cropping systems and field
and soil management, are progressively gaining ground. Regarding the diverse cropping system
pillar, it showed slightly lower values, highlighting a growing scientific and practical interest
in crop diversification as a sustainable weed management strategy. Diversification practices
such as crop rotation, intercropping, and cover cropping are increasingly recognized for their
long-term benefits in reducing weed pressure and enhancing agroecosystem resilience [53–56].
However, the implementation of these systems requires a solid technical knowledge base, ap-
propriate machinery, and, in some cases, greater labor input, which may limit their immediate
adoption compared to direct control tactics. Nonetheless, the integration of agroecological
practices to effectively harness ecosystem services, also driven by European policy incentives,
has, in recent years, intensified research efforts in this field.

Table 4. Number of observations per pillar.

Pillar n %

Direct control 193 28.98
Field and soil management 172 25.83

Cultivar choice and crop establishment 68 10.21
Diverse cropping system 183 27.48

Monitoring and evaluation 50 7.51
% refers to the total entries included in the review.
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The field and soil management pillar obtained results comparable to the two most exten-
sively investigated pillars and includes a set of practices and strategies that often influence
weed dynamics indirectly. In general, these strategies affect the chemical and physical
properties of the soil, thereby influencing weed seed germination, crop establishment,
and overall productivity. The effect on weeds primarily results from the creation of soil
conditions that are unfavorable for their emergence and development, while promoting
crop growth. This pillar encompasses agronomic strategies such as conservation tillage
practices (e.g., minimum tillage, no tillage, strip-tillage), which in the long term enhance
soil structure, water retention, nutrient cycling, and consequently the sustainability and
resilience of cropping systems. Field and soil management has attracted growing research
interest, as soil management is fundamental to many agronomic and environmental pro-
cesses that interact with weed dynamics, which is an approach that is fully consistent with
the principles of IWM [57–59]. For practitioners, field and soil management represents a set of
practices that are often already part of routine farm operations and can be further integrated
or optimized without major machinery investments or radical system changes. This makes
this area of research particularly relevant, and the associated practices suitable and feasible,
emphasizing their importance within sustainable IWM systems.

Regarding the cultivar choice and crop establishment pillar, the results were significantly
lower compared to the previously discussed pillars, indicating a reduced level of research
focus in this area. Nevertheless, the current literature highlights the substantial potential of
these practices for effective weed management. Strategies such as selecting varieties that
rapidly accumulate biomass, achieve early canopy closure, or exhibit allelopathic effects,
have shown promising results in suppressing weeds [60,61]. Despite this demonstrated
potential, research and adoption of these approaches remain relatively limited. This is
partly due to the limited availability of locally oriented, context-specific breeding research
and programs, which would be essential to adapt cultivar selection to regional or even
sub-regional pedoclimatic conditions. Moreover, from a strictly scientific perspective, these
strategies are not often investigated within the framework of IWM, but rather with a
primary focus on crop agronomic performance. However, interest in this field is expected
to increase, particularly within broader agroecological research frameworks that emphasize
resource-use efficiency and reduced dependence on direct control measures. In particular,
the upgrowing bio-breeding programs established to select in organic farming conditions
for the organic farming crop sectors are enhancing the selection of crop genotypes adapted
to herbicide-free (organic) management, thus highlighting crop genotype traits related to
competitiveness against weeds [62].

The monitoring and evaluation pillar emerged as the least investigated among the
five, suggesting that the main limitation lies not in technological knowledge itself, but
rather in its practical implementation and technology transfer. This concerns the use
of decision support systems (DSSs), scouting tools, and sensing technologies such as
remote and proximal sensing, which are designed to detect and quantify weed populations.
Part of the challenge is that current research efforts often lack comparative data with
reference systems (i.e., systems not based on monitoring systems), while the investment
required to develop DSS platforms and acquire advanced sensors remains too high for
practitioners. Moreover, these technologies are often complex and demand technical
support and a high level of expertise, which limits their widespread adoption [63]. From a
research perspective, although considerable progress is being made in the field of precision
agriculture, these technologies are still typically considered auxiliary tools rather than core
components of weed management strategies. Nonetheless, the increasing availability of
highly sensitive sensors, machine learning algorithms, and open-access spatial datasets is
expected to accelerate research efforts in this field [64–67]. In the near future, the integration
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of DSSs and proximal sensing systems will represent a crucial step for IWM, improving the
timeliness of interventions, and enhancing the efficiency of resource use within sustainable
cropping systems.

In conclusion, although direct control methods remain central to IWM strategies,
future progress will rely on the development of more integrated systems, from both an
agroecological and technological perspective, while enhancing the local applicability and
scalability of management practices. Building increasingly adaptive approaches will be key
to achieving more sustainable and herbicide-free weed management processes.

Considering the distribution of the pillars across different European regions (Central
and Eastern, Northern, Southern, and Western), as shown in Table 5, the most represented
area is Southern Europe, accounting for 40.24% of all entries, with the largest sharecoming
from publications focused on direct control (15.17% of the total entries included in the
review). This result identifies Southern Europe as a research hotspot, given that it is the
region most affected by climate change [68] and therefore requires specific studies to address
its impacts also from a weed management perspective. Moreover, this area is characterized
by mild climatic conditions, especially in the coldest season, which might have favored
high weed biodiversity, which might be challenging to manage [69,70]. The wide range of
crops, the climatic variability and the pedoclimatic diversity typical of Southern Europe
have likely also contributed to the high proportion of publications dealing with direct
control practices as an adaptive response to agronomic emergencies.

Table 5. Number of observations per pillar in the different macro-areas and for the different crop types.

Direct
Control

Field and
Soil

Management

Cultivar Choice and
Crop Establishment

Diverse
Cropping

System

Monitoring
and Evaluation

Total Entries
per Area

Area * n % n % n % n % n % n %

Central and
Eastern Europe 38 5.71 50 7.51 16 2.40 31 4.65 0 0.00 135 20.27

Northern Europe 18 2.70 28 4.20 11 1.65 20 3.00 0 0.00 77 11.56
Southern Europe 101 15.17 64 9.61 28 4.20 58 8.71 17 2.55 268 40.24
Western Europe 36 5.41 30 4.50 13 1.95 74 11.11 21 3.15 174 26.13

Crop type Total Entries
per Crop Type

Arable crops 76 11.41 132 19.82 56 8.41 138 20.72 48 7.21 450 67.57
Field

vegetable crops 36 5.41 22 3.30 10 1.50 23 3.45 1 0.15 92 13.81

Orchards 14 2.10 7 1.05 1 0.15 6 0.90 28 4.20
Olive trees 1 0.15 2 0.30 2 0.30 5 0.75
Vineyards 7 1.05 6 0.90 7 1.05 1 0.15 21 3.15
Permanent
Grasslands 2 0.30 3 0.45 7 1.05 12 1.80

Multiple 57 8.56 1 0.15 0 58 8.71

Number of
crop type 6 6 3 6 3 6

% refers to the total entries included in the review. Bold text highlights the record with the highest number
of entries and the corresponding percentage within the Area and Crop Type sections of the table. * Countries
considered within each European macro-area. Central and Eastern Europe (Bulgaria, Croatia, Czechia, Hungary,
Poland, Romania, Slovakia, Slovenia); Northern Europe (Denmark, Estonia, Finland, Latvia, Lithuania, Sweden);
Southern Europe (Cyprus, Italy, Malta, Portugal, Spain, Greece); Western Europe (Austria, Belgium, France,
Germany, Ireland, Luxembourg, the Netherlands, the UK).

Western Europe showed lower results, accounting for 26.13% of the total entries, indi-
cating a central role in studying IWM practices at the EU level and highlighting the higher
percentage observed for the pillar diverse cropping systems (11.11%). This result suggests
increasing attention in countries with large agricultural areas, such as France and Ger-
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many, towards diversification practices, showing a greater predisposition of practitioners
to test agroecological solutions, which can also be attributed to the support provided by
the EU-CAP (European Union-Common Agricultural Policy) and national policy strate-
gies [24,71,72]. Moreover, in this area, issues related to intensive agriculture, such as soil
degradation, biodiversity loss, and water pollution, have led to the adoption of more
environmentally friendly solutions [71,73].

In Central and Eastern Europe, entries accounted for 20.27% of the total, representing
a relevant agricultural area. Although none of the pillars appeared to be more extensively
investigated, the absence of entries for the monitoring and evaluation pillar is particularly
relevant. Although Northern Europe accounted for significantly lower overall results
(11.56%), a similar trend was observed, with no entries recorded for the monitoring and
evaluation pillar. In Central and Eastern Europe, this could be linked to a more recent
transition towards integrated and sustainable farming systems, together with limited
investment in monitoring infrastructures and digital tools [74–76]. In Northern Europe,
on the other hand, the lack of entries within the IWM monitoring and evaluation pillar
likely reflects that such tools are disseminated via national IPM advisory platforms or
technology-oriented research streams rather than framed as IWM-specific monitoring
studies [77].

The analysis by crop type revealed an uneven distribution of entries, highlighting a
predominance of arable crops (67.57%) followed by field vegetable crops (13.81%), while
perennial and extensive systems such as orchards, vineyards, olive trees, and grasslands
were less represented (Table 4). This pattern confirms that IWM research in Europe remains
mainly focused on herbaceous, intensive systems where weed pressure and management
complexity are higher, reflecting their strategic importance at the extensive scale of Eu-
ropean agriculture, in terms of land coverage, contribution to food and feed supply, and
concentration of agronomic inputs, which in turn attracts the bulk of IWM innovation and
experimentation [24,78,79].

Within arable systems, the largest contributions to the overall dataset came from diverse
cropping systems (20.72%) and field and soil management (19.82%), which together account for
about 40% of all entries. This pattern indicates that, at the European scale, IWM efforts are
oriented toward system-level strategies that prioritize prevention and resilience over purely
reactive interventions [24,80]. Nonetheless, direct control contributed 11.41%, showing that
tactical measures remain important in arable crops, particularly for summer crops, where
timely interventions are often required [81]. Overall, the evidence points to a growing
shift toward the agroecological redesign of weed management, with reduced reliance on
external inputs and lower soil disturbance [82]. The only other well represented crop
type was field vegetable crops. In these systems, the main contributions fell under direct
control (5.41%), followed by diverse cropping systems (3.45%) and field and soil management
(3.30%). This distribution reflects the high operational intensity associated with short crop
cycles, where direct control predominates due to the need for timely interventions [83,84].
Notably, the relatively high shares within the pillars of diverse cropping systems and field and
soil management indicate growing interest in diversification practices, such as living/dead
mulches and stale seedbeds, to suppress weeds while supporting soil function [83,85].

Field vegetables are likely underrepresented because they occupy less area and attract
less funding than arable systems, while their high heterogeneity, short cycles, and opera-
tional urgency favor time-critical direct control over long, monitored experiments [83,84].

Other crop types such as orchards, vineyards, olive trees, and permanent grasslands
appear marginal, probably due to the following structural reasons: (i) they cover smaller
agricultural areas than arable and vegetables, resulting in less research funding, and
(ii) weed management is often related to routine mechanical/cultural practices such as
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direct control or green manuring, and therefore few publications are framed within the
IWM context. Other crop types such as orchards, vineyards, olive trees, and permanent
grasslands appear marginal mainly for structural reasons: (i) compared with arable and
vegetable systems, they often cover smaller areas and attract more limited, crop-specific
funding, and (ii) weed management is frequently embedded in routine mechanical/cultural
practices (e.g., mowing/tillage, living or dead mulches/green manuring), so fewer studies
are explicitly framed as IWM [86–88]. The multiple category accounted for 8.71% of entries
and was dominated by direct control (8.56%), while the representation in the other pillars
was negligible. Hence, entries reported as “MULTIPLE” primarily test the immediate
efficacy of direct control tactics across different crop contexts. Lastly, the representation
of the monitoring and evaluation pillar across crop types was negligible among the papers
included in this study (i.e., those that met our eligibility criteria), suggesting that DSSs,
sensing, and scouting remain underreported within IWM. This underrepresentation largely
reflects methodological constraints: to qualify under our criteria, studies must deliver
quantitative weed metrics (e.g., density, biomass, cover, seed bank) benchmarked against a
reference system and collected, ideally, over multiple seasons, with robust field validation
(i.e., comparing sensor outputs with actual field measurements) and standardized protocols
across heterogeneous fields. These requirements raise costs and logistical complexity,
thereby reducing the number of monitoring-oriented studies captured [81].

The reference systems used as benchmarks for assessing the innovative weed control
tactics were based on the use of chemical herbicides, in a range between 9.84 and 17.44%
of the entries within each IWM pillar (Table 6). Benchmarks for alternatives to chemical
weed control were instead more variably represented in the dataset, with the field and soil
management pillar showing the highest concentration (~38% of the pillar entries) and cultivar
choice and crop establishment showing the lowest (~3%). For the field and soil management pillar,
in many cases the reference system was based on farmer standard mechanical weeding,
against which the alternative systems were tested and compared. Nevertheless, the majority
of the entries of the datasets (~45–87% of each pillar) report on studies conducted against
no reference systems, or the reference system was simply not explicitly reported.

Table 6. Number of observations per pillar with the reference system “Herbicide”, “No-herbicide”,
or “Others”.

Cultivar Choice and
Crop Establishment Direct Control Diverse

Cropping Systems
Field and

Soil Management
Monitoring

and Evaluation

n % n % n % n % n %

Herbicide 7 10.29 19 9.84 28 15.30 30 17.44 6 12.00

No Herbicide 2 2.94 30 15.54 18 9.84 65 37.79 3 6.00

Others 59 86.76 144 74.61 137 74.86 77 44.77 41 82.00

Entries tot. 68 193 183 172 50

% refers to the total entries of the respective pillar.

3.3. Number of Observations per Tactic in Each Pillar
3.3.1. Pillar: Direct Control

Within the direct control pillar, the most investigated tactics are mechanical weeding
and biological control, accounting for 33.68% and 37.31% of the entries in this pillar,
respectively (Table 7).
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Table 7. Distribution of the number of entries per tactic of the direct control pillar, along with the
corresponding counts for different crop types and macro-areas.

Direct
Control

Biological
Control

Hand
Weeding

Mechanical
Weeding Mowing Thermal

Weeding Subtotal

n % n % n % n % n % n %

72 37.31 17 8.81 65 33.68 16 8.29 23 11.92

Area *

Central and
Eastern Europe 9 4.66 6 3.11 13 6.74 2 1.04 2 1.04 32 16.58

Northern Europe 2 1.04 1 0.52 14 7.25 2 1.04 5 2.59 24 12.44
Southern Europe 44 22.80 9 4.66 25 12.95 9 4.66 14 7.25 101 52.33
Western Europe 17 8.81 1 0.52 13 6.74 3 1.55 2 1.04 36 18.65

Crop Type

Arable crops 10 5.18 9 4.66 44 22.80 4 2.07 9 4.66 76 39.38
Field vegetable crops 3 1.55 8 4.15 12 6.22 1 0.52 12 6.22 36 18.65

Orchards 2 1.04 5 2.59 7 3.63 14 7.25
Olive trees 1 0.52 1 0.52
Vineyards 1 0.52 2 1.04 2 1.04 2 1.04 7 3.63

Permanent Grasslands 1 0.52 1 0.52 2 1.04
Multiple 56 29.02 1 0.52 57 29.53

% refers to the total entries for the direct control pillar. Bold text highlights the record with the highest number
of entries and the corresponding percentage within the pillar, the area and the crop type sections of the table.
* Countries considered within each European macro-area. Central and Eastern Europe (Bulgaria, Croatia, Czechia,
Hungary, Poland, Romania, Slovakia, Slovenia); Northern Europe (Denmark, Estonia, Finland, Latvia, Lithuania,
Sweden); Southern Europe (Cyprus, Italy, Malta, Portugal, Spain, Greece); Western Europe (Austria, Belgium,
France, Germany, Ireland, Luxembourg, the Netherlands, the UK).

The result obtained with mechanical weeding can be explained by the practical relevance
this weed management technique holds for farmers [24,89]. Moreover, the continuous
technological development in agriculture contributes to encouraging research and experi-
mentation in mechanical weed control. This method is in fact closely linked to the strong
wave of technological innovation in areas such as sensors, autonomous navigation sys-
tems, and the development of smart actuators. These advancements make mechanical
control increasingly sophisticated, with the goal of providing more effective and precise
tools that reduce crop damage and promote greater sustainability through lower energy
consumption [90,91].

The outcomes achieved with biological control confirm the considerable interest this
technique arouses within experimental research. The use of biological control, i.e., “the
use of an agent, a complex of agents, or biological processes to bring about weed suppres-
sion” [92], as an alternative to chemical methods can bring several benefits, such as reduced
contamination of soil, water, and food, improved user safety, and a low risk of resistance
development in weeds. Biological control can also contribute to biodiversity conservation.
Bioherbicides, for instance, especially those based on fungi, often show high specificity
toward the target weed species, selectively attacking certain weeds without harming crops
or other plants or organisms of interest [93].

Following mechanical weeding and biological control, thermal weeding accounts for 11.92%
of the entries within this pillar. Although thermal weeding offers notable advantages,
such as reduced soil disturbance, the comparatively lower number of studies, relative to
the two aforementioned techniques, may be attributed to its potentially high operational
costs (as in the case of flame weeding) and its environmental impact associated with
energy consumption and greenhouse gas emissions. In this context, advances in precision
agriculture, through the development of increasingly efficient site-specific control systems,
could play a crucial role in improving the energy and environmental sustainability of
thermal weed control technologies [94].
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Mowing and hand weeding show the lowest values, at 8.29% and 8.81%, respectively. For
hand weeding, this low value is easily explained by the fact that it is a very costly technique
in terms of time, labor, and economic expenses, which is an aspect to be considered in
light of the growing problem of labor shortages [90]. Mowing, on the other hand, despite
bringing significant environmental benefits such as soil conservation, may also present
disadvantages compared to tillage, such as requiring multiple interventions during the
season, which could potentially make it less attractive for farmers and, consequently, also
in experimental research [95].

Regarding crop type, the mechanical weeding technique is more frequently tested in
the context of arable crops. This may be due to the fact that it represents one of the few
available solutions that farmers can rely on for weed control in this type of crop [96].
Biological control, on the other hand, obtained a particularly high percentage under the
“Multiple” category. This category refers to entries in which the experimental trial does
not concern a specific crop type but rather tests the solution on weeds potentially present
in different crop types. This result may be explained by the fact that, in biological control
studies (especially with pathogens, fungi, bacteria, and bioherbicides), the main interest
lies in assessing how effective the agent is against the target weed species, evaluating
the effect of different concentrations or formulations in order to establish the extent of its
phytotoxic effect. This may therefore be due to the fact that much of the research is still
at the proof-of-concept stage, where the question is whether the agent works, rather than
at the stage of transferring protocols for practical application in weed control [97]. For
thermal weeding, the entries concerned field vegetables (6.22%) and arable crops (4.66%).
The slightly higher percentage for field vegetables may be due to the greater profitability of
these crops compared to arable types, which more strongly justifies the costs involved and
thus makes the technique more easily transferable from the experimental to the practical
context [98]. In mowing, the entries mainly fall under the orchard category, probably because
mowing is commonly used for managing spontaneous vegetation and/or cover crops in the
inter-row, with these strategies being increasingly adopted for soil conservation [99–101].
Arables showed a somewhat lower value compared to orchards, probably because they
are more sensitive to weed competition, and thus experiments more often rely on other
techniques, such as mechanical weeding. Hand weeding showed similar results for both
arable and field vegetable crops.

In general, within the pillar, most entries fall into the categories of arable crops and
field vegetables, while in between, there are the “multiple” entries, which are almost
entirely derived from biological weed control. The overall result obtained in terms of arable
and field vegetable crops is probably linked to their sensitivity to weeds, their importance
as food sources, and their profitability, especially for vegetables [102,103].

In terms of geographical area, most entries for the different tactics concern experimen-
tal trials conducted in Southern Europe. In Southern Europe, there is a high incidence of
arable and vegetable crops that can experience strong weed pressure in the early stages,
requiring immediate and effective interventions [104]. Particularly for vegetables, there is
also a high added value per unit of area, which makes the use, and therefore the experi-
mentation, of costly or complex practices, from biological to thermal control, economically
more justified. In areas such as Northern and Central Europe, large-scale arable land
tends to prevail, which makes the application of these types of tactics less manageable and
sustainable. Here, research focuses more on preventive methods that are better suited for
large-scale application.
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3.3.2. Pillar: Field and Soil Management

In the pillar field and soil management, the tactic with the highest number of entries is
tillage type and cultivation depth, accounting for 63.95% of the entries within the entire pillar
(Table 8).

Table 8. Distribution of the number of entries per tactic of the field and soil management pillar, along
with the corresponding counts for different crop types and macro-areas.

Field and Soil
Management

Dead
Mulching Liming Nutrient

Placement
Seedbed

Preparation
Stubble

Management

Tillage Type
and

Cultivation
Depth

Water
Management Subtotal

n % n % n % n % n % n % n % n %

18 10.47 8 4.65 7 4.07 10 5.81 13 7.56 110 63.95 6 3.49

Area *

Central and
Eastern Europe 2 1.16 5 2.91 2 1.16 2 1.16 4 2.33 35 20.35 50 29.07

Northern Europe 3 1.74 2 1.16 3 1.74 20 11.63 28 16.28
Southern Europe 15 8.72 5 2.91 4 2.33 2 1.16 32 18.60 6 3.49 64 37.21
Western Europe 1 0.58 2 1.16 4 2.33 23 13.37 30 17.44

Crop Type

Arable crops 2 1.16 6 3.49 5 2.91 7 4.07 13 7.56 97 56.40 2 1.16 132 76.74
Field

vegetable crops 12 6.98 1 0.58 1 0.58 8 4.65 22 12.79

Orchards 2 1.16 1 0.58 1 0.58 1 0.58 2 1.16 7 4.07
Olive trees 2 1.16 2 1.16
Vineyards 2 1.16 1 0.58 1 0.58 2 1.16 6 3.49
Permanent
Grasslands 1 0.58 1 0.58 1 0.58 3 1.74

Multiple

% refers to the total entries for the field and soil management pillar. Bold text highlights the record with the
highest number of entries and the corresponding percentage within the pillar, the area and the crop type sections
of the table. * Countries considered within each European macro-area. Central and Eastern Europe (Bulgaria,
Croatia, Czechia, Hungary, Poland, Romania, Slovakia, Slovenia); Northern Europe (Denmark, Estonia, Finland,
Latvia, Lithuania, Sweden); Southern Europe (Cyprus, Italy, Malta, Portugal, Spain, Greece); Western Europe
(Austria, Belgium, France, Germany, Ireland, Luxembourg, the Netherlands, the UK).

As noted for the tactic mechanical weeding in the direct control pillar, this is probably due
to the practical relevance these strategies have for farmers [24]. Indeed, this tactic includes
primary tillage operations, which are considered one of the most important solutions
for weed control, as they affect perennial weeds as well as seed distribution in the soil,
preventing germination, in addition to secondary tillage operations [105,106]. The type
and depth of tillage, whether conventional, reduced, or no tillage, significantly influence
weed community density and composition [59,79]. However, while this strategy can reduce
reliance on chemical inputs, it may also lead to further soil degradation or increased fuel
consumption [107]. For this reason, research activity aims to bring improvements by testing
machinery and different operational methods across various pedoclimatic contexts, in order
to enhance efficiency as well as environmental and economic sustainability.

After tillage type and cultivation depth, the following tactic is dead mulching, accounting
for 10.47% of the entries within the pillar. The strategy of dead mulch for weed control
has long been studied, as it represents one of the few tools that integrates with, and in
some cases replaces, tillage practices, both in organic systems and in no-tillage systems. Its
effectiveness depends on the thickness of the mulch applied, its penetrability, and its per-
sistence, which in turn relates to its resistance to degradation and weather conditions [108].
Experimental activities are therefore still being carried out to evaluate different aspects,
such as materials and thicknesses, in order to obtain a resource that is effective, environ-
mentally and economically sustainable, and that does not inhibit the establishment of the
crop itself.
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Stubble management accounts for 7.56% of the entries within the entire pillar. This
strategy affects seed return to the soil, thereby influencing the weed seed bank [24,79].
Research continues to evaluate stubble management techniques, comparing chemical
solutions with mechanical ones, including those based on conservation tillage strategies
and the use of cover crops, in order to reduce the seed bank while ensuring the most
sustainable implementation of the practice.

There are relatively few entries for the tactics liming (4.65%), nutrient placement (4.07%),
and water management (3.49%). This could be due to the need for long-term trials and
evaluation systems that are costly in terms of both equipment and time [109–112]. To increase
the number of studies, it could be useful to direct future research funding toward these
areas. The results also show that most of the techniques have been evaluated in arable crops
(76.74%). It is important to highlight that the tactic tillage type and cultivation depth within the
arable crops category (56.40%) contributes the most to this percentage, due to the relevance
of primary and secondary tillage as a strategic resource for weed control in arable systems.
Other techniques contribute less, with percentages ranging from 1.16% to 7.56%.

The category of field vegetables (12.79%) is mainly represented by the tactic dead mulch
(6.98%), which is an important reference for weed control and easier to sustain in these crops
given their higher added value compared to arable crops, where instead the contribution of
dead mulch is lower (1.16%). The crop types orchards (4.07%), vineyards (3.49%), and olive
trees (1.16%) show lower percentages, as do permanent grasslands (1.74%). For the pillar
field and soil management, most of the entries concern experimental trials conducted in
Southern Europe (37.21%) and Central and Eastern Europe (29.07%), while Northern and
Western Europe show lower percentages of 16.28% and 17.44%, respectively.

3.3.3. Pillar: Cultivar Choice and Crop Establishment

Among the 68 entries selected for this pillar, 54% dealt with the tactic of cultivar choice,
whereas sowing date was the second most represented one, accounting for 20.59% of total
pillar entries (Table 9).

Table 9. Distribution of the number of entries per tactic of the cultivar choice and crop establishment
pillar, along with the corresponding counts for different crop types and macro-areas.

Cultivar Choice and
Crop Establishment

Cultivar Choice Seed Vigor Seeding
Pattern Seeding Rate Sowing Date Sowing

Depth Subtotal

n % n % n % n % n % n % n %

37 54.41 2 2.94 7 10.29 7 10.29 14 20.59 2 2.94

Area *

Central and
Eastern Europe 12 17.65 0 0.00 2 2.94 2 2.94 0 0.00 0 0.00 16 23.53

Northern Europe 3 4.41 1 1.47 2 2.94 2 2.94 1 1.47 1 1.47 10 14.71
Southern Europe 16 23.53 0 0.00 2 2.94 2 2.94 8 11.76 1 1.47 29 42.65
Western Europe 6 8.82 0 0.00 1 1.47 1 1.47 5 7.35 0 0.00 13 19.12

Crop type

Arable crops 28 41.18 1 1.47 4 5.88 7 10.29 15 22.06 1 1.47 56 82.35
Field

vegetables crops 7 10.29 3 4.41 10 14.71

Olive trees 0 0.00
Orchards 1 1.47 1 1.47
Vineyards 0 0.00
Multiple 1 1.47 1 1.47

% refers to the total entries of the pillar cultivar choice and crop establishment. Bold text highlights the record
with the highest number of entries and the corresponding percentage within the pillar, the area, and the crop
type sections of the table. * Countries considered within each European macro-area. Central and Eastern Europe
(Bulgaria, Croatia, Czechia, Hungary, Poland, Romania, Slovakia, Slovenia); Northern Europe (Denmark, Estonia,
Finland, Latvia, Lithuania, Sweden); Southern Europe (Cyprus, Italy, Malta, Portugal, Spain, Greece); Western
Europe (Austria, Belgium, France, Germany, Ireland, Luxembourg, the Netherlands, the UK).
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Very few entries were about seed vigor and sowing depth. This evidence may suggest that
most of the research on IWM focused on sown crop management aspects more related to
post-germination periods. High crop seed vigor, obtained, e.g., by seed priming or bioacti-
vation, can lead to faster crop seed germination and bigger cotyledonal tissues and plantlets,
thus contributing to avoid or reduce early competition with weed plantlets [113,114]. One
may think that this tactic is senseful for small seed crops and slow early growth, such as
some field vegetables (e.g., carrot), but in actuality the tactic was discussed by only one
paper reporting on arable crops (specifically on meadow fescue). The same applies for
sowing depth, which is a tactic aiming at giving an early advantage to the crop, usually char-
acterized by low competitiveness with weeds at early stages (e.g., cotyledonal stage, first
leaves stage), by placing the crop seed shallower than the standard deposition technique,
consistently with seed physiology and dimensions [115]. Cultivar choice is gaining more
peace within the pillar, thus unraveling an increasing importance given to competitiveness
against weeds in many genetic development programs, embracing not only arable crops
(i.e., the most represented group in our dataset, with 41% of the entries in the pillar) but
also field vegetables (10%) and, at a minor extent, orchards (only one entry). We argue
that weed competitiveness is a crop trait gaining attention especially in organic farming
conditions, where crop robustness is a pre-requisite for an healthy crop development due
to the banning of herbicide use, which is, conversely, very effective in keeping weeds under
control in conventional agriculture conditions, regardless of the ability of the crop genotype
in competing with weeds [116–118]. This evidence is extensively proven by the absence of
weed competitiveness among the target traits in many crop breeding programs conducted
in and for conventional farming [119,120]. Sowing date regulation could be an effective tactic
to avoid crop-weed competition but requires in-depth knowledge of the weed community
composition and the availability of alternative crop genotypes, and is able to be established
during significantly different periods (e.g., early fall, late winter) to escape from the flashes
of germination of most competitive weeds. Overall, it is a tactic that is not easy to transfer
to real farm conditions, where the decision on the sowing date is usually determined by
a number of uncontrolled factors, such as weather and soil conditions, crop seed, labor,
and machinery availability. Furthermore, the uncertainty about weather trends and the
fuzzier seasonal patterns of air temperatures and precipitations often make this tactic
ineffective or inapplicable [42,121]. Seeding pattern and seeding rates, which in this dataset
are equally represented (10% each) with combined scores that are the same as sowing
date, can be considered more flexible and applicable tactics. Major options considered in
studies conducted on seed pattern range across narrower or wider inter-row space for row
crops (e.g., cereals and pulses), to broadcast or strip sowing. In any case, the adjustments
of the sowing technique aim to increase crop plant density (to reduce ecological niches
accessible to weed plants, e.g., for spinach [122]) or to allow inter-row cultivation (e.g., for
chickpea [123] or lentils [124]) for post-emergence direct control of weeds. For sowing rate,
the aim of increasing or decreasing the standard rate is to emphasize plant traits related to
competitiveness against weeds [122,125–127]. In certain crops (e.g., spring barley [126]), a
reduced crop density can lead to bigger plants, with higher leaf area or higher number of
secondary stems, thereby enhancing soil coverage and, in some cases, potentially reducing
or delaying weed growth. In other cases, where crop plasticity is rather low, higher seed or
plant density is essential to subtract space from weed availability (e.g., chickpea [123] or
spinach [122]). In this case, special attention should be paid to intra-species plant–plant
competition, shading and diseases, that can be all reduced by fine-tuning the other crop
management levers, such as crop nutrient supply and crop protection [123,124,127].

For this pillar, most of the entries were retrieved from studies conducted in Southern
Europe (42.65% of total pillar entries), with the remaining European regions being similarly
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represented in the dataset. We may argue that one possible reason of this evidence could be
due to climatic patterns affecting Mediterranean and Southern European countries, where
because of heavy fluctuations in weather conditions around the crop establishment periods
and along the entire crop cycle call for crop genotypes and crop establishment techniques
characterized by high flexibility or adaptation to specific narrow conditions.

3.3.4. Pillar: Diverse Cropping Systems

In this study, the pillar diverse cropping systems comprises 183 entries. The evidence
focuses on crop-based tactics such as cover crops (44.8%) and intercropping (27.9%), which
together account for about 73% of the entries, whereas landscape management (11.5%), crop
rotation (8.2%), and field margin management (7.7%) are less represented (Table 10).

Table 10. Distribution of the number of entries per tactic of the diverse cropping systems pillar, along
with the corresponding counts for different crop types and macro-areas.

Diverse
Cropping Systems

Cover Crops Crop Rotation
Field

Margin
Management

Intercropping Landscape
Management Subtotal

n % n % n % n % n % n %

82 44.81 15 8.20 14 7.65 51 27.87 21 11.48

Area *

Central and
Eastern Europe 7 3.83 8 4.37 2 1.09 6 3.28 8 4.37 31 16.94

Northern Europe 9 4.92 3 1.64 0 0.00 8 4.37 0 0.00 20 10.93
Southern Europe 40 21.86 3 1.64 5 2.73 6 3.28 4 2.19 58 31.69
Western Europe 26 14.21 1 0.55 7 3.83 31 16.94 9 4.92 74 40.44

Crop type

Arable crops 49 26.78 15 8.20 13 7.10 49 26.78 11 6.01 137 74.86
Field vegetables crops 21 11.48 1 0.55 1 0.55 23 12.57

Olive trees 1 0.55 1 0.55 2 1.09
Orchards 6 3.28 0.00 6 3.28
Vineyards 5 2.73 2 1.09 7 3.83

Permanent grasslands 1 0.55 6 3.28 7 3.83

% refers to the total entries for the diverse cropping systems pillar. Bold text highlights the record with the highest
number of entries and the corresponding percentage within the pillar, the area, and the crop type sections of the
table. * Countries considered within each European macro-area. Central and Eastern Europe (Bulgaria, Croatia,
Czechia, Hungary, Poland, Romania, Slovakia, Slovenia); Northern Europe (Denmark, Estonia, Finland, Latvia,
Lithuania, Sweden); Southern Europe (Cyprus, Italy, Malta, Portugal, Spain, Greece); Western Europe (Austria,
Belgium, France, Germany, Ireland, Luxembourg, the Netherlands, the UK).

This pattern is partly due to study design: crop-based tactics are typically implemented
at plot scale and evaluated over a few seasons (i.e., 2–3 years), with meta-analyses reporting
consistent short-term weed suppression for cover crops and annual intercrops [128,129]. By
contrast, margin/landscape actions require broader spatial replication, coordination across
management units at the landscape level, and longer monitoring to detect changes in weed
community dynamics [130]. Crop rotation is frequently part of the reference or background
system rather than a factorial treatment, and its effects tend to accumulate over multi-year
sequences, hence they are captured mainly in long-term rotation studies rather than short
trials [131,132]. As a result, this study mostly captures short-to medium-term, plot-level
responses, whereas spatially mediated benefits may remain under-documented.

Studying the crop type into the tactic, within cover crops (n = 82), evidence clusters in
arable (59.8%) and field vegetables (25.6%), with perennials less represented (orchards 7.3%,
vineyards 6.1%, olive 1.2%). Annual systems are more frequently studied, likely because
weed pressure is a more immediate constraint on production and because these systems
offer a clear off-season window (post-harvest to pre-sowing) during which cover crops can
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produce biomass without overlapping the cash crop and can be cleanly terminated before
planting. This window reduces agronomic risk, allows the use of standard machinery
and replication, and targets short-cycle weeds for which suppression can be detected
within a few seasons. Consistently, several studies show that cover crops substantially
reduce weed biomass and density, with outcomes modulated by management choices (e.g.,
species/mixtures and termination timing) [82,133]. At the plot scale, weed suppression
tends to increase with cover-crop biomass, while the independent effect of mixture diversity
is context-dependent [134].

In perennial systems, by contrast, floor management is often split between inter-row
covers and within-row strips; replication is more challenging, and reporting of weed metrics
is less uniform, indeed, many papers prioritize soil cover, erosion, or habitat indicators. More-
over, in many perennial systems weed suppression, especially in the inter-row, is not a primary
management objective compared with soil protection, trafficability, or habitat provision for
beneficial organisms (e.g., natural enemies and pollinators), while within-row control typically
receives most attention. Consequently, the dataset captures a robust signal for cover crops
in annuals, whereas evidence for perennials remains often thin and heterogeneous [135–137].
Permanent grasslands are absent in the cover crop tactic, as the herbaceous sward is itself the
production surface, so we cannot apply the notion of “cover crop”.

Within the diverse cropping systems pillar, entries outside cover crops are concentrated
in arable crops. Intercropping is almost exclusively arable (49/51), crop rotation is entirely
arable by design (15/15), and field margin management is reported mainly in arable contexts
(13/14). Only landscape management shows a broader spread (arable 52.4%; permanent
grasslands 28.6%; scattered cases in vineyards/vegetables/olive). This pattern might be so
interpretated: (i) rotation presupposes annually replanted cash crops and is structurally
inapplicable to perennial systems [55,138]; (ii) in orchards and vineyards, practices re-
sembling intercropping are typically classified as under-canopy covers/floor vegetation,
so they could appear under the cover-crop tactic rather than “intercropping” [87,135,139];
and (iii) field margin management studies are concentrated in arable because margins are
discrete external habitats targeted by agri-environmental schemes and evaluated mostly for
annual fields, whereas in perennial systems similar actions are recorded as floor vegetation
or broader landscape elements rather than “field margins” [140–142]. Notably, within
landscape management, permanent grasslands contribute a substantial share of entries (6/21),
typically focusing on habitat configuration, connectivity, and management mosaics rather
than plot-level weed outcomes [143,144].

Geographically, the evidence is concentrated in Western and Southern Europe, which
together account for ~72% of entries, whereas the remaining tactics are smaller in absolute
terms and unevenly distributed across areas. Considering the tactics individually, Western
Europe concentrates the evidence for intercropping, while in Southern Europe dominates
cover crops. Central and Eastern Europe carries the largest share of crop rotation and a
substantial portion of landscape management. By contrast, Northern Europe contributes only
cover crops and intercropping, with just a few entries for rotation. This regional pattern is
agronomically and methodologically coherent. Cover crops are concentrated in Southern
Europe primarily because autumn–winter windows are more reliable for establishing
biomass before spring planting, and because maintaining soil cover between cash crops
is promoted to reduce soil and nutrient losses [145–147]. The clustering of intercropping
in Western Europe likely reflects strong research programs on cereal–legume and oilseed–
legume consociations and established trial infrastructure, aimed at reducing reliance on
external inputs and increasing resource-use efficiency [132,148]. In Northern Europe, the
bulk of the few entries observed consists of cover crops and intercropping, and there is little
or no landscape/field margin work in our dataset; it might be due because many studies
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on margins/landscapes prioritize biodiversity or ecosystem-service outcomes over weed
metrics [140,142].

3.3.5. Pillar: Monitoring and Evaluation

In this review, the fifth pillar (monitoring and evaluation) was represented by a limited
number of entries (50), mostly because the literature search aimed to catch only papers
dealing with this set of tactics specifically to assist Integrated Weed Management in the
field, and not to improve general crop management, for bench/in vitro testing innovative
weed control practices or to study per se weed spatial variability as related to the effect
of the application of weed control strategies. 56% of the entries was classified under the
sensing technologies tactic, i.e., the use of sensors for proximal (i.e., ground-level) or remote
assessment of weed infestation, coverage, abundance, and composition (Table 11).

Table 11. Distribution of the number of entries per tactic of the monitoring and evaluation pillar,
along with the corresponding counts for different crop types and macro-areas.

Monitoring and Evaluation
DSS Scouting Sensing

Technologies Subtotal

n % n % n % n %

12 24.00 10 20.00 28 56.00

Area *

Central and Eastern Europe 0 0.00 0 0.00 0 0.00 0 0.00
Northern Europe 4 8.00 4 8.00 4 8.00 12 24.00
Southern Europe 2 4.00 4 8.00 11 22.00 17 34.00
Western Europe 6 12.00 2 4.00 13 26.00 21 42.00

Crop type

Arable crops 11 22.00 10 20.00 27 54.00 48 96.00
Field vegetable crops 1 2.00 1 2.00

Orchards
Olive trees
Vineyards 1 2.00 1 2.00

Permanent Grasslands
Multiple

% refers to the total entries for the monitoring and evaluation pillar. Bold text highlights the record with the highest
number of entries and the corresponding percentage within the pillar, the area, and the crop type sections of the
table. * Countries considered within each European macro-area. Central and Eastern Europe (Bulgaria, Croatia,
Czechia, Hungary, Poland, Romania, Slovakia, Slovenia); Northern Europe (Denmark, Estonia, Finland, Latvia,
Lithuania, Sweden); Southern Europe (Cyprus, Italy, Malta, Portugal, Spain, Greece); Western Europe (Austria,
Belgium, France, Germany, Ireland, Luxembourg, the Netherlands, the UK). DSS—Decision support system.

This evidence is supported by the dominance of entries collected for this tactic from
studies conducted on arable crops, which are more sensitive to damages from imprecise
weed control operations compared to tree species. The remaining part of the entries were
equally distributed between the decision support system (DSS) and the scouting tactics, that
were similarly related to arable crops. Weed scouting for identification and quantification
of weed communities in the field is unanimously considered as a pre-condition for imple-
menting a true Integrated Weed Management approach [149,150]. Indeed, knowing the
exact weeds and their biological cycles and competitiveness traits is essential to design a
weed management strategy and to deploy consistently all the most effective tactics [151].
In our review it was thus difficult to find papers where scouting was considered part of
the innovation in weed management. In some cases [152–154] what was tested was an
improvement in weed scouting strategy or technique, making it interesting to compare it
with the standard strategy. The development of decision support systems for weed manage-
ment has been increasing in recent years, but was mostly focusing on tools to support the
identification of weeds by non-expert end users (e.g., systems that uses digital cameras
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and recognition software to automatically adjust the intensity of weed control intervention,
enabling selective weed control while preventing crop damage [155,156]) or to identify eco-
nomic threshold for weed control intervention, mostly by herbicide application [157–159].
New advancements have been recently made in on-field automatic weed species identifica-
tion thanks to the simultaneous exponential development and improvement of artificial
intelligence (AI) systems, empowered by machine learning and 5G networks, fed by high
definition imagery caught from tractors, robots, s or end users’ mobile devices [160–162].
Nevertheless, these kinds of tools and applications are the object of papers validating
them or documenting their development and improvement, but very few papers tested
their efficacy in supporting weed control in field conditions, possibly in comparison with
alternative methods [163,164].

3.4. Overall Considerations for the Systematic Review

The present review allows us to understand how many studies have been conducted,
and therefore how extensively the various tactics within the different pillars forming the
foundation of IWM have been investigated. Scopus was used to carry out the online
literature search. Although it limited access to some regional or technical publications,
the database offered robust and comprehensive coverage of leading scientific journals.
This provided access to high-quality, peer-reviewed research on topics relevant to IWM,
thus supporting retrieval of a wide range of evidence available in the scientific literature.
However, some limitations were also identified such as those inherently linked to the
methodology adopted and the types of scientific studies available. These limitations are
structural and methodological in nature with respect to the objective of evaluating IWM. In
fact, although the systematic review approach allows the isolation of the effects of individual
practices or crop management operations on weeds, it led to a reductionist perspective.
This reductionist approach did not allow the importance of a systems-based perspective to
emerge, and this is recognized as the only true win–win solution in IWM [24]. Consequently,
aspects arising from the synergistic interaction among the various components of IWM, and
thus among different tactics within the agricultural system, fundamental for an effective
weed management strategy, may not have been adequately addressed. The reductionist
approach, by focusing on studies investigating single tactics, has partly favored short-term
studies, such as those on mechanical weeding for example, which are well represented
in the results. The eligibility criterion based on agronomic indicators, according to which
scientific articles not reporting the effects of the tactic in terms of at least one weed indicator
(cover, density, biomass) were not included, may have limited the number of entries for
tactics and pillars that are less assessable from such perspectives. This is the case, for
example, of the monitoring and evaluation pillar.

The results showed that the most investigated practices are those that are easier to
test in the field, both from a practical standpoint and in terms of the time required, as
evidenced by the entries found for the direct control pillar. Moreover, the most studied
practices are usually those that can be more easily transferred to end users, the farmers.
These are tactics that meet criteria such as applicability, being feasible in real agricultural
contexts, readiness for practical implementation, and adaptability to different pedoclimatic
conditions more easily compared to others. Conversely, the number of entries is lower for
practices that are more challenging to evaluate, such as agronomic techniques fundamental
to IWM, including crop diversification or landscape diversification. Some tactics still at the
proof-of-concept stage, such as biological control, have achieved a relatively high score.

This systematic review represents a first attempt to provide an updated overview
of the current state of the art of alternative techniques to the use of chemical herbicides
within the context of IWM in Europe. It is based on the recent IWM framework developed

https://doi.org/10.3390/agronomy16020220

https://doi.org/10.3390/agronomy16020220


Agronomy 2026, 16, 220 24 of 31

within the EU-H2020 IWMPRAISE project. Through this review, the state of scientific
knowledge regarding these techniques has been assessed across the twenty-seven EU
Member States and the UK. The use of the IWMPRAISE framework proved highly useful
for organizing and systematizing the collected information. Based on the extracted data,
this review may pave the way for future meta-analyses on the effectiveness and readiness
of IWM tactics that serve as alternatives to herbicides. The document also allows an
evaluation of how extensively IWM tactics have been investigated in scientific research, by
considering different crop types and European regions. Importantly, the state-of-the-art
analysis highlights existing gaps in scientific knowledge for specific tactics and helps to
identify research priorities for the future. The findings provide valuable indications of
which tactics require further study, and which crops or regions would benefit most from
additional evaluation to strengthen the current knowledge base. The results also offer
insights relevant to policy development, helping to guide funding and support mechanisms
that can encourage scientific research. All this contributes to increasing knowledge and
understanding of the different tactics that make up IWM among all stakeholders—from
farmers and technical advisors to policymakers—thereby fostering their adoption for more
effective, efficient, and sustainable weed management.

4. Conclusions
This systematic review aimed to provide an updated synthesis of recent scientific

publications (2013–2022) addressing alternative methods to chemical herbicides for weed
management across the EU-27 and the UK, covering the main cropping systems. Overall,
an increasing trend in entries was observed over the study period, reflecting growing
scientific and societal awareness of the need to develop alternative strategies, in line with
European Union policies to reduce the use and risk of chemical pesticides.

The primary goal of the present study was to identify which Integrated Weed Manage-
ment (IWM) tactics have received greater or lesser scientific attention. The analysis revealed
a marked predominance of studies within the direct control pillar (28.98%), followed by
diverse cropping systems (27.48%). The first likely reflects the greater applicability and
immediacy of these tactics for end users, as well as the possibility of obtaining transferable
results in shorter timeframes. Conversely, the interest in diverse cropping systems may
stem from the long-term agronomic and ecological benefits they provide, reinforced by
European policies promoting ecosystem services. Arable crops dominated the dataset
(67.57% of entries), which is consistent with their extensive territorial coverage, key role
in food and feed production, and higher susceptibility to weed pressure. Geographically,
Southern Europe accounted for the largest share of studies (40.24%), possibly due to its
greater exposure to climate change impacts, high biodiversity, and the complexity of weed
management under diverse pedoclimatic conditions. Therefore, the amount of scientific
literature produced appears to reflect the practical needs and specific characteristics of the
different areas considered. Among individual tactics, tillage type and cultivation depth,
cover crops, and biological control were the most frequently investigated, owing to their
practical relevance, short-term weed suppression potential, and environmental advantages.
Conversely, tactics such as seed vigor, sowing depth, and water management were rarely
studied, likely because of the need for long-term experiments, higher investment require-
ments, and limited transferability. Overall, this review highlights existing research gaps
and provides useful insights for setting future research priorities aimed at strengthening
the scientific basis of IWM. Moreover, the findings may inform policy development and
guide funding strategies to promote broader knowledge and adoption of sustainable weed
management practices across Europe.
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