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Abstract: A transformation is needed in agricultural production to satisfy the growing
population-based increased food demands and overcome food safety challenges while
supporting human health and the preservation of natural resources. Improving sustainable
agricultural practices is essential for developing a long-term and resilient economy. This
systematic review with meta-analyses aims to overview sustainable agriculture’s progress,
trends, and future opportunities, focusing primarily on integrating novel technologies
into recently prevailing agricultural operations. As a basis, an extensive literature search
was conducted, identifying nearly 45,000 records related closely to various dimensions
of sustainable agriculture. Out of these, based on a thorough selection process, 291 were
included in further evaluations. The temporal distribution and content analyses indicated
an improvement in the number of papers and the spectrum of addressed agricultural
aspects. The analysis of the publications revealed that most traditional farming practices
focus on mass food production and cannot deal with further interrelated sustainability
challenges. On the other hand, sustainable agricultural practices consider sustainability’s
environmental, economic, and social aspects, thereby preserving environmental health and
supporting economic viability and social well-being. The integrative assessment in this
study suggests that adopting novel, innovative practices can achieve the most significant
progress toward agricultural sustainability. At the same time, a broad range of limitations
and challenges are listed, which widely hinder the penetration of sustainability initiatives.
To eliminate these barriers, consistent policy regulations are required, targeting specific
agricultural problems, alongside a complex, education-based support system, further
boosting initiatives related to the green transition in agriculture.

Keywords: green transition; agricultural sustainability; agricultural innovation; agro-economy;
food production

1. Introduction
Agricultural activities have a significant impact on the condition of the environment

and natural resources through various mechanisms. The most environmentally adverse
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agricultural practices include excessive use of chemical fertilizers and pesticides and mono-
cultural mass production, leading to soil degradation, water pollution, and deterioration of
organisms [1–5]. Intensive animal husbandry and synthetic fertilizers contribute signifi-
cantly to the emission of greenhouse gases such as methane, dinitrogen oxide, and carbon
dioxide [6,7]. In some areas, the inappropriate disposal of plant residues or the burning of
the remains instead of recycling results in extensive greenhouse gas emissions [8]. Using
fertilizers and pesticides leads to the eutrophication of lakes, fostering damage to aquatic
ecosystems [9]. In addition, soil’s physical and agrochemical degradation, including the
loss of humus and essential nutrients, is a major environmental burden, especially in
regions where acidification of soil or radionuclide (e.g., 210Pb, 226Ra, 90Sr) pollution are
causes for concern [10,11]. These suggest that land use faces several challenges in terms of
agricultural utilization.

The United Nations (UN) estimates that the global population could increase to 8.6 bil-
lion by 2030 [12]. This also means that the agricultural food industry needs to intensify
its production. All this is executed with a focus on the fact that existing agricultural areas
should not be further increased based on the recent intensity of their management [13–15].
In addition, a reduction in global biological diversity significantly hinders the involvement
of new food sources (e.g., seaweed or plant-based alternatives to animal-derived products)
and adversely affects food quality and nutrient content [16,17], putting pressure on agricul-
tural systems. With eco-efficient agricultural operations, however, some adverse trends
can be counteracted. Binding greenhouse gases in soil and plants, reducing biodiversity
loss through new species with elevated resilience, changing nutritional habits through the
diversification of diet, and using modern soil cultivation practices to reduce soil depletion
and flood risk are all among potential solutions [18,19].

Based on the above, this paper seeks to introduce the development of sustainable
agriculture and its practices in the last ten years by conducting meta-analyses of the avail-
able literature. Here, the most decisive farming technologies are assessed, focusing on
innovations and their adoption in actual practice. Therefore, the implementation conditions
of these innovations and their influence on production and the environment are also evalu-
ated. Additionally, the major factors that hinder the spread of these sustainable practices are
underlined, thereby determining the areas where there is space for further improvement.

1.1. The Concept of Sustainable Agriculture and Sustainable Agricultural Practices

The Food Agricultural Organization (FAO) defines the concept of sustainable agri-
culture as follows: “the management and conservation of the natural resource base, and
the orientation of technological and institutional change in such a manner as to ensure
the attainment and continued satisfaction of human needs for present and future gener-
ations” [20]. As a prelude, the formation of sustainable agriculture frameworks resulted
from a long-term evolution lasting several decades. In the early 1980s, many American and
European farmers recognized that their operations could hardly be maintained due to fi-
nancial and environmental constraints; therefore, an alternative approach was required [21].
In this initial period, the proposal widely divided the scientific community, and its progress
did not get the boost it deserved. By the late 1980s, however, the deterioration of soil and
water bodies, the accumulation of toxic substances, and related health issues became highly
evident and perceptible for society, researchers, and also legal bodies, which facilitated the
wider acceptance and actual manifestation of sustainable agricultural interventions [22–24].
Since then, the concept has been continuously evolving with consistent debate, with mul-
tiple perspectives reflecting the preferences of stakeholders or authors. The approach of
a sustainable farming system suggests that agriculture contributes to general well-being
by providing sufficient food and other goods and services in an economically efficient,
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socially responsible, and profitable manner while also improving the quality of the environ-
ment [25]. Some authors emphasize that sustainable agriculture should be assessed from a
holistic farming aspect that aims to meet the needs of current and future generations by
ensuring profitability, environmental health, and social and economic equity [26].

As a closely related subject, sustainable agricultural practices are tools and measures
that support the reform of the whole agrarian sector along complex environmental-social-
economic demands. These rely on previously developed methods with recent technological
advances (e.g., low/no-emission machinery) and novel solutions (e.g., artificial intelli-
gence) that aim to increase agricultural standards and productivity and subordinate total
agricultural production to sustainability purposes [27]. From an ecological perspective,
sustainable practices aim to maintain and improve the quality of the environment, even
under the pressure of extensive farming operations. From an economic point of view,
sustainable agricultural practices must ensure the long-term maintenance of farming activi-
ties, maintain economic resistance to market fluctuations, and meet the changing needs
of consumers. These practices include the social aspect of sustainability by promoting the
life quality of farmers, agricultural workers, and wider society, and improving food safety
and healthy nutritional opportunities [28]. Additionally, sustainable agriculture based on
innovative practices can contribute to achieving the Sustainable Development Goals (SDGs)
of the United Nations, especially no poverty (SDG 1), zero hunger (SDG 2), decent work
and economic growth (SDG 8), reduced inequalities (SDG 10), responsible consumption
and production (SDG 12), climate action (SDG 13), life below water (SDG 14), and life on
land (SDG 15) [29]. Thus, according to unanimous opinion, sustainable agriculture and its
supporting practices are critical elements of future development.

1.2. New Research Directions Related to Sustainable Agricultural Practices

Considering the core focus areas, ecological intensification is a key strategy in sus-
tainable agriculture, advocating for replacing anthropogenic inputs with environmentally
friendly and sustainable alternatives. As suggested by scientific representatives, this ap-
proach underscores the need for the sustainable use of natural resources such as soil, water,
nutrients, and other biotic and abiotic factors to achieve high performance and efficiency of
agricultural yields. With similar goals, sustainable intensification has a broader definition
range, including a wide variety of models and novel technologies that serve eco-efficient
operations [30–32]. In addition to ecological intensification, genetic and socio-economic
intensification are also evaluated in the literature. Genetic intensification, for instance,
focuses on enhancing the genetic structure of plants to improve yield, resist pests and
illnesses, tolerate harsh weather conditions, and enhance nutritional quality [33–36]. Socio-
economic intensification, on the other hand, evaluates economic and social factors that can
help improve farming, including the establishment of better markets for farmers. Further, it
promotes the creation of training and education platforms related to modern technologies,
the appropriate governmental regulatory and support policy systems, and the building of
communities [37–40].

Another direction is climate-smart agriculture, which is considered the manifestation
of intelligent agriculture [41]. The FAO defined climate-smart agriculture as “an approach
for transforming and reorienting agricultural production systems and food value chains so that
they support sustainable development and can ensure food security under climate change.” [42].
Researchers are looking for practices that use the latest technological achievements and
aim to reduce greenhouse gas emissions and water use while helping farmers adapt
to and relieve the effects of climate change. Thus, these methods (e.g., cover cropping
and nutrient recycling) promote the resistance of the sector to changing environmental
conditions [43–48]. General resistance of the sector is a highly important issue, while
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current agronomic practices reportedly face three interrelated challenges: the spread of
pathogens in soil-human microbial loops, antibiotic-resistant genes in agroecosystems, and
the impact of chemical pesticides on human and environmental health [49].

Among the trends in sustainable agriculture, research in agroecology stands out for its
holistic approach. Agroecology, which integrates ecological principles with agricultural
practices, aims to create sustainable and resilient food systems. This trend emphasizes
the interconnectedness of plants, animals, humans, and the environment to balance food
security and promote biodiversity and environmental health [50,51]. According to the
most common views, agroecology deals with the exploration of the underlying causes
of unsustainable agricultural systems but also links environmental security, production,
consumption, and social innovation by promoting strong social movements, participatory
frameworks, and alternative markets [52].

2. Materials and Methods
A systematic approach was used to review the relevant recent literature (published

since 2015) for a thorough and accurate overview. As a first step, the database of Web of
Science was scanned to find relevant publications using the topic search term “sustainable
agriculture”. Further, the databases of Google Scholar, PubMed, Scopus, and ResearchGate
were also inspected using the aforementioned keyword. The resulted publications have
been cumulated and listed with their bibliometric data, keywords, and abstract. According
to the titles of listed publications, a pre-filtering of duplications was performed in Microsoft
Excel. A summary of the literature selection process can be seen in Figure 1.

The first phase of this identification procedure resulted in more than 42,600 hits.
Additionally, the reference list of 1000 randomly selected papers (from the 42,646 hits) was
also revised to reveal additional publications outside of the studied databases but within
the scope of this analysis. This complementary search yielded 1983 publications. After
that, duplications were filtered out using the Bramer methodology [53]. Following the
identification process, the key search terms “sustainable agricultural practice”, “agricultural
technology”, and “sustainable management” were designated by the authors of this paper.
These keywords were selected and used with the aim of including general aspects (with
the keyword “sustainable agricultural practice”) and more specific ones (“technology” and
“management”) simultaneously, thereby representing some of the most studied directions
in sustainable agriculture in the literature. To combine or exclude keywords, “AND”
and “OR” Boole operators were used, according to Booth and his co-author [54]. The
refinement targeted papers in English, published between 1 January 2015 and 30 June
2023. However, to obtain a more comprehensive overview, discussions were also crafted
based on publications from the year 2024. Studies were subject to specific criteria: we
only assessed documents that were research papers, review articles, and book chapters
focusing on sustainable agricultural practices. With these prerequisites, we selected 5800
sources for the subsequent analysis phase. In the following selection process, a two-step
filtration approach was applied. First, relevant studies (research papers, review articles,
book chapters) were identified by reviewing titles and abstracts, and it was then determined
based on a complete text overview whether to involve the given source of literature in
further research phases [55]. In more than 4100 cases, abstracts of papers referred to
sustainable agriculture; however, the text scanning revealed no actual inclusion. The topic
remained at the level of mention without in-depth assessment or critical scientific approach
to any extent. In this stage, the number of selected studies was reduced to 1227. We made a
template for the selected studies according to Clarke and Braun’s guidelines that allowed
systematic data recovery from studies. Due to this, we recorded details such as the scientific
field of study. Here, we excluded scientific fields outside of the agricultural economy, food
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economy, and sustainability sciences based on the year of publication, abstract, methods,
main findings, and the exclusion of sustainable farming practices [56]. After excluding
papers with the features above, 291 studies remained compliant. For these publications,
we also considered the yearly progress of research and, where possible, highlighted the
literature-based development of each concept. From the last ten years, such studies and
their main research focuses were highlighted, which, based on the number of papers
with similar topics from specific years and according to a content analysis, covered and
introduced the presented agricultural issues the most extensively (see Table 1).
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Table 1. Some of the most significant practices in sustainable agriculture according to the time series
of the literature.

Sustainable Agricultural Practices Geographical Scope
Discussed in the Paper Source

Seed treatment methods for sustainable agriculture:
(a) physical seed treatment,
(b) hot water treatment,
(c) dry heat treatment,
(d) aerated heat treatment,
(e) radiation treatment,
(f) chemical and biological treatment,
(g) seed soak in aqueous fungicides,
(h) use of antibiotics,
(i) seed soak in inorganic chemicals,
(j) seed dressing,
(k) seed coating,
(l) seed pelleting,
(m) permeability,
(n) fluid drilling,
(o) seed priming,
(p) microorganisms,
(q) future bioprotectants.

Global (general) [57]

Strategies for the sustainable agricultural framework:
(a) adaptive management,
(b) cooperation,
(c) ecology-based strategy,
(d) economics-based strategy,
(e) holistic and complex systems thinking,
(f) knowledge and science,
(g) subsidiarity.

Global (general) [58]

Cultivation patterns:
(a) crop diversification,
(b) intercropping of maize with food crops.

South Africa
(Kwazulu-Natal) [59]

Conservation agriculture:
(a) direct sowing,
(b) rip line seeding,
(c) planting basins.

Zimbabwe [60]

Practices to increase maize yield:
(a) establishment of furrows against soil erosion and for increased
water retention,
(b) cultivation of species with specific root structure against soil
erosion,
(c) rainwater retention,
(d) application of inorganic fertilizers,
(e) seasonal crop rotation,
(f) application of green fertilizers,
(g) mulching for better soil health,
(h) application of lime for soil pH optimization.

Southern Africa
(Chinyanja Triangle) [61]

Soil protection:
(a) organic manuring,
(b) precision manuring,
(c) integrated manuring,
(d) green manuring.

Finland [62]
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Table 1. Cont.

Sustainable Agricultural Practices Geographical Scope Discussed
in the Paper Source

Automation of conservation agriculture:
(a) seeders and planters,
(b) power sources,
(c) weed control and cover crop management.

Africa,
Asia [63]

(a) agroforestry,
(b) intercropping,
(c) overcrops.

Zambia [64]

Role of nanotechnology:
(a) nanoencapsulation,
(b) nanopesticides, nanoherbicides,
(c) nanobiofertilizers,
(d) nanoclay,
(e) nano-assisted release of genetic material for quality upgrading.

India [65]

Stakeholders’ evaluation on climate-smart agriculture:
(a) dugwell excavation,
(b) livestock insurance,
(c) tubewell,
(d) climate-smart housing for livestock,
(e) crop insurance,
(f) drip irrigation,
(g) sprinkler irrigation,
(h) check dams,
(i) vermicompost,
(j) farmyard manure.

India (Maharashtra) [66]

Resource management:
(a) integrated plant protection,
(b) integrated nutrient management,
(c) soil protection,
(d) water management.

Global (general) [18]

(a) conservation agriculture (CA),
(b) climate-resilient agriculture (CRA),
(c) climate-smart agriculture (CSA),
(d) sustainable agriculture (SA),
(e) sustainable agricultural intensification (SAI),
(f) sustainable agricultural extensification (SAE).

Global (general) [67]

(a) agroecology,
(b) nature-inclusive agriculture,
(c) permaculture,
(d) conservation agriculture,
(e) regenerative agriculture,
(f) carbon farming,
(g) low external input agriculture,
(h) organic farming,
(i) high nature value farming,
(j) climate-smart agriculture,
(k) ecological intensification,
(l) circular agriculture,
(m) biodynamic agriculture,
(n) sustainable intensification.

Global (general) [68]

(a) automation of various practices (e.g., irrigation, tillage, harvesting, yield
maximization),
(b) use of resistant seeds,
(c) modern irrigation techniques (e.g., sprinklers, drip irrigation),
(d) use of renewable resources,
(e) maintaining healthy soil conditions by supplementing essential nutrients,
water, and oxygen.

Global (general) [69]
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Table 1. Cont.

Sustainable Agricultural Practices Geographical Scope Discussed
in the Paper Source

(a) farm management plan,
(b) farming cooperation,
(c) sustainable crop rotation plan,
(d) soil management,
(e) crop nutrient management and organic-based fertilizers,
(f) crop protection management,
(g) management plan for efficient energy use,
(h) farm waste management,
(i) use of renewable energy,
(j) energy production from biomass and liquid manure,
(k) water conservation and management,
(l) irrigation evaluation and monitoring,
(m) reduction in CO2 emissions from machinery and fuel use,
(n) reduction in methane emissions from livestock,
(o) maintenance and calibration of spraying equipment,
(p) use of catch crops,
(q) integrated pest management,
(r) reuse of agricultural residues,
(s) precision agriculture.

Europe,
Asia [70]

(a) conservation agriculture,
(b) crop diversification,
(c) organic farming,
(d) agroforestry.

Europe,
North Africa [71]

(a) conservation agriculture,
(b) good agricultural practices (GAP),
(c) organic farming,
(d) sustainable intensification,
(e) permaculture.

Global (general) [72]

(a) organic farming,
(b) conservation agriculture,
(c) precision agriculture,
(d) agroecology.

Global (general) [73]

(a) genetic intensification, improvement of crop yields, resistance to pests and
illnesses, tolerance to abiotic stress, improving the nutritional quality of food,
(b) use of precision breeding with genetic and genomic devices,
(c) ecological intensification and increased diversification, farming, cultivation
systems, resource efficiency, integrated water and nutrient management,
(d) socio-economic benefits.

West Africa [74]

(a) artificial intelligence,
(b) machine learning. Global (general) [75]

RNAi-based biopesticides and strategies, including genomics, transcriptomics,
metabolomics, and bioinformatics. Global (general) [76]

(a) climate-intelligent agriculture,
(b) organic farming,
(c) biodynamic agriculture,
(d) conservation intensification,
(e) regenerative agriculture.

Global (general) [47]

artificial intelligence-based nanotechnology. Global (general) [8]
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Table 1. Cont.

Sustainable Agricultural Practices Geographical Scope Discussed
in the Paper Source

(a) precision agriculture,
(b) organic farming,
(c) agroforestry,
(d) aquaponics and hydroponics,
(e) biotechnology,
(f) AI and BigData,
(g) drones and satellite imagery,
(h) conservation agriculture.

Global (general) [77]

(a) crop rotation,
(b) cover cropping,
(c) conservation tillage,
(d) organic farming,
(e) integrated pest management,
(f) agroforestry,
(g) precision agriculture.

Global (general) [78]

Main focuses of agriculture in the next few years:
(a) organic farming,
(b) climate-smart agriculture,
(c) integrated farming,
(d) best practices in management.

Southeast Asia [79]

The role of artificial intelligence in:
(a) production efficiency,
(b) yield quantity and quality,
(c) food production.

Global (general) [80]

The selected 291 publications were involved in a meta-analysis; we determined the
general topic trends by combining data from the studies. The use of meta-analysis provides
an overview of the research topic of sustainable agricultural practices, allowing researchers,
farmers, decision-makers, and other stakeholders to draw more clear conclusions about
the effectiveness of each agrarian practice. In addition, this method increases the reliability
of the findings of our study, as it is based on a higher amount of data, which reduces
the possible variability, shortcomings, and methodological differences in investigations in
certain studies [81].

However, it is worth noting that due to the very high number of involved studies, the
publication list consists of papers of highly varied quality, which is a factor to consider
when determining the explanatory power of the related statements. For instance, infor-
mation disclosed in titles and abstracts sometimes does not entirely cover the main text’s
subject. Further potential limitations can emerge from the publication bias caused by not
incorporating smaller studies (e.g., by assessing a reference list of only 1000 publications
from the initial search). Additionally, the high heterogeneity arising from the experimental
setup (e.g., location and statistical methods) may also influence the outcome of this anal-
ysis [82]. At the same time, in this study, these potential shortcomings are considerably
counterweighted by the in-depth keyword search and the complementary scan for further
research items in the reference list of papers. Along with this, a solid basis was established
for the core conclusions in this paper by highlighting the issues represented most frequently
and underlining similar methodology proposals across studies.
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3. Results and Discussion
3.1. Scientometric Information on the Relevant Literature

In the preliminary analysis of the 291 publications, the temporal change in the relevant
studies was evaluated. The result of the 8-year-long overview is presented in Figure 2.
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Figure 2. Change in the number of publications related to sustainable agricultural practices between
2015 and 2023.

After the initial low number of papers published in 2015 and 2016, a dynamic increase
started in 2017. The publication intensity on the topic reached the highest numbers in 2021
and 2022, with 53 papers in both years. The result for 2023 should be interpreted considering
the specific methodology of this paper: the latest studies involved were published in June
2023. During the first six months of the year, 31 papers were published, projecting a
continuation of the previous years’ ascending trend.

It was also assessed as to which leading journals featured the most publications. The
related report for the 2015–2023 period is presented in Figure 3.
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Figure 3. The top 10 journals with the most articles published related to sustainable agricultural
practices between 2015 and 2023. (In parentheses: publisher).

It can be seen that 41 of the 118 research articles can be linked to one journal (Sus-
tainability), indicating its primary importance in the field. Further journals in the list also
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represent the high added value in assessing relevant agricultural issues. Apart from the
journal in first place, the distribution of papers among journals (and their publishers)
is considered even, which suggests the general relevance of the topic according to the
scientific community.

3.2. Practices in Sustainable Agriculture

After the short scientometric introduction, it is worth highlighting the significant
characteristics discussed in the literature on sustainable agricultural practices and related
fields. It became evident from our review that most authors focus on specific segments
rather than overgeneralizing farming issues. According to the literature of the last ten years,
authors have determined which agricultural practices and technologies are classified as
sustainable. Table 1 highlights some of the most intensely studied aspects of the literature
for each year.

The findings in Table 1 suggest that the most studied sustainable agriculture-related
aspects in the literature are strongly associated with technological improvements (e.g., the
permeation of AI solutions and climate-smart farming technologies). This introduction
and distribution of innovations by the scientific community establishes a solid basis for
practical implementation, which often lacks theoretical fundamentals, even in some regions
with high agricultural potential (e.g., favorable climate and soil characteristics) [83]. It can
also be seen that issues are primarily studied as global phenomena; however, geographical
involvement in many papers covers regions with much space for agricultural development
and efficiency enhancement (e.g., African and Asian territories).

3.3. Types of Sustainable Agricultural Practices

As seen above, evaluating sustainable agricultural practices is a hot topic in the
literature. Below, such operations are presented that are considered the most forward-
looking and practical based on a meta-analysis of literature findings from the past ten years.

3.3.1. Agroecological Practices

Agroecological practices are methods that integrate ecological principles to create
sustainable farming systems. The practices classified in this group emphasize respecting
wildlife and the need to maintain an environmental balance [27,50]. In other words, such
agricultural practices aim to consistently use natural resources by supporting appropriate
and profitable food systems, food safety, and flexibly developing agricultural systems.

The most widely studied techniques include crop diversification, poly-cropping, agro-
forestry, and the use of local varieties [84], organic fertilizers, intercropping, crop rotation,
and cover crops to enhance soil fertility, pest control, and pollination [85,86], and promote
organic farming [28]. According to some authors, agroecology-based farms generally
provide more ecosystem services than traditional farms, thus improving productivity
and promoting environmental health [85]. For instance, in Latin America, agroecological
practices have been integrated into broader rural and regional development strategies,
supporting socioeconomic development and ecological sustainability [87]. In addition,
agroecology also motivates farmers to transform their practices radically, change their
thinking, and facilitate participation in local knowledge distribution [88].

For the evaluation of agroecological systems, the Tool for Agroecology Performance
Evaluation (TAPE) was developed under FAO coordination to measure the performance of
methods concerning governance, culture, health, and nutrition [89]. Preliminary results
of TAPE applications show that agroecological practices improve ecosystem services such
as soil fertility, pest control, and pollination compared to conventional farming methods.
A positive effect on farmers’ well-being and food safety, especially in regions with scarce
resources and high biodiversity, such as Tanzania and Malawi, was also reported [87,90,91].
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3.3.2. Sustainable Agricultural Intensification

Sustainable agricultural intensification refers to a process that enhances the produc-
tivity of agricultural land by increasing the yield per unit by adopting various measures,
such as automation, innovative plant varieties, and advanced farming techniques [92].
It includes three main components: (i) genetic intensification, which focuses on the im-
provement of yield, pest resistance, and nutritional quality through precision breeding
and genomics; (ii) eco-intensification, which increases general efficiency while respecting
environmental conditions and needs; and (iii) socio-economic intensification, which in-
cludes market development, political support and social capital construction [93]. The main
characteristics of sustainable agricultural intensification are overviewed in Table 2, while
some significant barriers to implementation and their policy-assisted potential solution
proposals are found below.

Table 2. The main characteristics of sustainable agricultural intensification.

Nr.

Type of
Sustainable
Agricultural
Practice

Components Aims of
Implementation

The Effect on
the
Production

The Effects
on the
Environment

Factors
Hindering
Practical
Implication

Source

I.

Sustainable
intensifica-
tion of crop
production

(a)
Optimization
of tillage

It aims to
support yield
stability by
optimizing the
water-holding
capacity of soils
and making
farming methods
more cost- and
eco-efficient.

Increased
yield and
improved
plant fertility.

Contributes to
maintaining
soil health by
minimizing
soil
characteristics-
based
disturbance,
maintaining
soil structure,
and providing
better soil
quality.

Local
conditions, soil
characteristics,
and the
economic
viability of
various soil
cultivation
methods
influence the
optimization of
tillage methods.

[74,94–101]

(b)
Optimization
of water
management

It attempts to
map multiple
supply and
demand
scenarios using
computational
techniques and
algorithms to set
the most optimal
water use.

Improved
water
management
efficiency and
increased
productivity.

Contributes to
the protection
of water
resources, to
prevent water
waste, and to
enhance the
quality of
water.

The complexity
and uncertainty
of water
systems, the
lack of adequate
water
management
policies, the
variability of
water resources,
the economic
interests.

[98,101–109]

(c) Mixed
farming
integrating
crop
production
and animal
husbandry

It focuses on
utilizing
synergies
between plants
and livestock,
such as nutrient
recycling and
diversified
production,
thereby
increasing
ecological and
economic
resistance.

Increased
productivity
and optimized
resources by
providing
healthier flora
and livestock
and
implementing
more flexible
agricultural
systems.

Creates a
more balanced
ecosystem
and supports
biological
diversity.

Lack of
knowledge,
skilled
workforce,
handling of
synergies
characteristic of
mixed systems,
uncontrolled
material flow.

[98,103,110–115]
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Table 2. Cont.

Nr.

Type of
Sustainable
Agricultural
Practice

Components Aims of
Implementation

The Effect on
the
Production

The Effects
on the
Environment

Factors
Hindering
Practical
Implication

Source

(d) Precision
crop
management

It aims to
manage
agricultural
areas’
geographical and
temporal
diversity,
including using
advanced
technologies to
optimize
resources and
improve yields.

Uses
advanced
technologies
and data
analysis,
provides more
efficient plant
treatment,
optimized
nutrient
distribution,
and
maximized
yield, cost
savings by the
reduced use of
chemicals
such as
fertilizers and
pesticides,
increased
overall
profitability.

Contributes to
preserving
and restoring
sensitive and
vulnerable
habitats. It
helps to
reduce the en-
vironmental
impact of
farming by
minimizing
the use of
chemicals,
conserving
water
resources, and
reducing
waste.

High initial cost
and energy
requirements,
lack of
knowledge and
technical
expertise, falsely
addressed
space-specific
features.

[99,116–123]

(e) Bioreme-
diation

It uses living
organisms such
as bacteria, fungi,
and plants to
break down,
remove, or
transform
environmental
contaminants
into less harmful
substances.

More
cost-effective
compared to
traditional
clean-up
methods as it
often requires
less
equipment
and workforce
and can be
used on a
large scale.

Natural
metabolic
processes of
organisms
involved in
bioremedia-
tion organize
harmful
substances
into less toxic
or non-toxic
substances,
promoting the
restoration of
the natural
balance of the
environment
and
improving soil
health.

The complexity
of microbial
processes
adversely
influences the
efficiency of
integration, the
lack of related
knowledge, the
type and
metabolic
activity of the
microorganisms
used, the high
cost, the high
variability of
environmental
factors, slow
procedure flow,
selectivity for
contaminant
type.

[98,103,124–134]
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Table 2. Cont.

Nr.

Type of
Sustainable
Agricultural
Practice

Components Aims of
Implementation

The Effect on
the
Production

The Effects
on the
Environment

Factors
Hindering
Practical
Implication

Source

II.

Integrated
Pest
Management
(IPM)

It seeks to
combine cultural,
physical,
mechanical,
biological, and
chemical
methods to keep
pest populations
below economic
thresholds,
thereby
minimizing risks
to human health
and the
environment.

Increased
yields,
reduced
pesticide use,
and enhanced
overall envi-
ronmental
sustainability.

The purpose
of these
methods is to
reduce the
dependence
on pesticides
and to
minimize the
adverse
effects on the
environment.

The lack of
appropriate
knowledge. of
crop production
methods or
pests.

[99,135–140]

III.

Integrated
Nutrient
Management
(INM)

It aims to
combine organic
and inorganic
fertilizers to
improve soil
health and crop
productivity
sustainably.

Increased
yields by
improved soil
quality,
increased
nutrient use,
and
productivity.

Due to its
application,
soil health can
be maintained
or improved.

Higher levels of
expertise and
monitoring
compared to
traditional
methods, the
low availability
and quality of
organic
materials, the
lack of proper
policy support.

[141–148]

IV.
Climate-
smart
agriculture

(a) Minimum
tillage and no
tillage (MT
and NT)

It supports the
decrease in
farming
intensification by
mitigating as
much physical
impact on the
soil system as
possible.

Improved
agricultural
productivity
and soil
health,
alleviated
exposure to
climate
change.

These
practices
minimize soil
disturbances,
reduce
erosion,
enhance soil
organic matter
content, and
improve water
infiltration
and retention.

Lack of practical
knowledge, cost
factors, need for
special
machines, and
technological
challenges.

[144,149–156]

(b) Cover
cropping

It supports the
growing of
certain crops
primarily for the
benefit of the soil
rather than for
direct harvest.

Improved soil
biological
activity and
health and
increased
productivity.

It contributes
to the quality
of the soil by
improving its
physical,
chemical, and
biological
properties,
increasing
organic matter
and nutrient
content,
suppressing
weeds, and
eradicating
pests.

High related
costs
(maintenance),
the lack of
expertise, and
practical
knowledge
needed to select
the appropriate
species.

[144,157–164]
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Table 2. Cont.

Nr.

Type of
Sustainable
Agricultural
Practice

Components Aims of
Implementation

The Effect on
the
Production

The Effects
on the
Environment

Factors
Hindering
Practical
Implication

Source

(c) Nutrient
recycling
from
livestock

It aims to
minimize waste
and optimize
material use by
recirculating
reusable
materials into
different farming
phases.

Increased
productivity,
improved
cost-efficiency
by recovering
secondary,
mineral-rich
and organic
products.

Animal
fertilizers are
rich in organic
matter and
nutrients that
support the
fertility of the
soil, and these
measures also
reduce animal
waste, while
the
involvement
of external
agents is
minimized.

Cultural,
educational,
and institutional
hiatus, technical,
and economic
constraints.

[144,165–170]

(I) Sustainable intensification of crop production
Sustainable crop intensification practices positively affect yields and farmers’ income;

however, obstacles to their widespread adoption still exist. One significant barrier is the
perception of risk among small producers, who often see new technologies as a risky
investment [171,172]. In addition, the lack of participation of agricultural producers in
developing such technologies and the absence of a supportive policy environment hin-
der widespread integration [98]. Ecological concerns, such as land degradation and the
adverse effects of previous agricultural intensification practices, are also significant chal-
lenges [173]. Insufficient experience with sustainable production concepts and the need
for stakeholder-driven approaches to agricultural intensification are realized as additional
limitations [174,175]. Like each method listed, the solution should be provided primarily by
adequate and tailored policies. Establishing market opportunities and fostering/inhibiting
the use of agriculture-related products (e.g., fertilizers and genetically modified seeds) are
significant aspects of the process [176].

(Ia) Optimization of tillage methods
Although the literature contains several promising practices, many factors hinder the

optimization of tillage methods, including soil compression, the decrease in soil organic
matter content, the loss of nutrients required for optimal soil cultivation, and the low
economic viability of non-destructive cultivation techniques [177–179]. These diverse chal-
lenges require a comprehensive and location-specific approach for optimization, including,
among others, nutrient supplementation, soil amendment use, and the timing of field
operation, all executed with data collection and calculations based on reliable logging
and methods.

(Ib) Optimization of water resources management
The optimization of water resources management faces some significant obstacles,

including the complexity and uncertainty of water systems, the lack of adequate water
management policies, inadequate decision-making frameworks [180], spatial and temporal
changes in water resources, and conflicts between stakeholders [102]. In addition, the
consolidation of modeling results and the time-consuming justification process of their
efficiency are also significant challenges for adopting best practices with regard to wa-
ter resources [107]. Therefore, handling these shortcomings requires coordinated efforts
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involving advanced optimization techniques, stakeholder agreements, and integrating
adaptive management strategies. As actual evidence, resource policies make a significant
contribution by recognizing local characteristics (e.g., water stress in the Middle East)
and supporting joint technological (e.g., water recycling and reuse, rainwater harvesting,
desalination) solutions [181].

(Ic) Mixed farming integrating crop production and animal husbandry
The spread of mixed farming, combining crop production and animal husbandry, is

significantly hindered by the high labor intensity and time consumption associated with
integrating plant and animal breeding systems [114]. Additionally, the heterogeneity of
mixed management systems, high general costs, and initial capital investments into crop
production systems are limiting factors [110]. Further, the need to reduce functional interac-
tions between plants and livestock [115] and the availability of a skilled workforce [182] are
also weaknesses. In addition, nutrient recycling and the complexity of resource distribution
between food, feed, and animal products are challenging, especially in maximizing the
efficiency of food production [183]. These should be resolved by supporting policy and
complementary training opportunities and subsidies to enable farmers to acquire modern
tools and machinery.

(Id) Precision crop management
Despite several technical and economic obstacles, precision crop management tech-

niques hold immense potential for widespread application [184]. Significant barriers
include high initial costs and energy requirements, a lack of knowledge and technical
expertise, the complexity of managing site-specific inputs, and the challenges of climate
and topography. However, with efficient cooperation between science, policymakers, and
actors in the agricultural system, these obstacles can be overcome, paving the way for more
efficient and sustainable crop management [118,185,186].

(Ie) Bioremediation
Being a promising and environmentally friendly approach to treating environmental

pollutants, bioremediation faces several difficulties that hinder its widespread applica-
tion [125]. These include the complexity of microbial processes, the type and metabolic
activity of microorganisms used, the dynamic nature of the environment, and the variabil-
ity of environmental factors (e.g., availability of nutrients, temperature, pH, toxicity, and
concentration of compounds that can adversely affect the bioremediation process) [187]. In
addition, bioremediation’s nature and efficiency are highly varied by the contaminant type
(e.g., inorganic vs. organic), which requires specific knowledge in the field [188]. Many
innovative engineering tools, such as remote sensing and GIS-based mapping, support
bioremediation practices in determining the degree of contamination. Still, a more intensive
interaction of scientific fields and a multidisciplinary approach is also necessary [189]. As
polluters lack accountability in many regions of the world due to insufficient legislation,
policies should target this shortcoming by creating legal incentives, which would provide a
boost to clean-up technologies such as bioremediation [190].

(II) Integrated pest management (IPM)
The extensive manifestation of IPM principles is primarily hindered by their cost and

a lack of knowledge. In addition, the increased workload associated with IPM, and the
uncertainty of the actual effectiveness of the methods against pests, do not support the
spread of these techniques [140]. Overcoming these barriers requires a complex approach
that includes better training, economic incentives, and improved communication strategies.
The spread of these practices and a reduction in the use of pesticides can, however, best be
facilitated by appropriate regulation. For instance, Directive 2009/128/EC of the European
Parliament and of the Council aims to reduce the risks and impacts of pesticide use on
human health and the environment and to promote integrated pest management and the
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use of alternative approaches or techniques to reduce dependency on pesticide use. In
2017, the Commission undertook the development of a consensus in cooperation with the
Member States on the development of harmonized risk indicators to monitor trends in the
risks arising from the use of pesticides at the EU level [191]. Additionally, in February 2023,
within the framework of the “Farmer’s Toolbox for Integrated Pest Management” program,
the European Commission developed a toolbox of proven IPM practices. This toolbox
encourages national authorities and agricultural actors to use best practice techniques
and technologies, such as crop rotation and balanced fertilization, monitoring harmful
organisms, targeted and reduced application, and non-chemical pest control methods. The
database also contains 273 plant-specific guidelines. In this regard, the European Com-
mission highlighted that reducing the use of pesticides often works best when combined
with other goals, such as soil conservation practices, reducing the use of fertilizers, and
providing ecosystem services [192].

(III) Integrated nutrient management (INM)
Integrated nutrient management faces many obstacles, despite its proven benefits for

sustainable agriculture. One of the significant drawbacks is the dependence on chemical
fertilizers [193] and farmers’ lack of awareness and knowledge of the long-term benefits of
INM (e.g., improved soil health, increased crop yields, and reduced pollution) [194,195]. In
addition, the inconsistent availability and quality of organic materials such as farmyard
manure, compost, and bio-fertilizers may also hinder the consistent application of INM
practices [196]. A decent solution could be a balanced and site-specific combination of
organic and inorganic nutrients, but this would require more expertise and monitoring
than conventional methods [197]. Overall, barriers can be removed through education,
financial support, improving the supply chain of ecological inputs, and setting stricter
policy frameworks. As for the latter, legal documents created at the community and state
levels to limit inorganic fertilizer use and foster the application of organic compounds have
proven to be efficient [198]. Therefore, adapting best practice policies is key to the efficient
sector-level coordination of nutrient use.

(IV) Climate-smart agriculture (CSA) practices
This group of techniques includes conservation agriculture, integrated soil fertility

management, plant diversification, and agroforestry, which improve yields and farm
income while reducing greenhouse gas emissions [41,199]. CSA practices also include
advanced irrigation techniques, such as subsurface drip irrigation, which improve soil
properties and increase crop yields [200]. In addition, for example, early planting and using
organic fertilizers have been beneficial in drought-prone areas, significantly increasing
maize and bean yields [201].

(IVa) Minimum tillage (MT) and no-tillage (NT) management
As realized barriers ahead of this group of methods, the lack of practical knowl-

edge, the initial costs of such practices, and the need for special machines capable of
handling different soil hardness and operating speeds have been identified. Further, tech-
nological barriers to related solutions can also inhibit these sustainable practices in many
regions [154,156]. Recently, policymakers have focused on MT and NT management, which,
in a small group of high-income countries, has resulted in incentives toward the continuous
implementation of afore management techniques [202].

(IVb) Cover cropping
Although these practices are becoming more and more popular, it is necessary to

consider the variability in the costs (e.g., increases in the price of seeds, the high cost of
labor and equipment) and the lack of expertise related to the selection of the appropriate
cover crop type [161]. Besides these factors, in some cases, the inconsistent effect of cover
crops on soil water retention and excessive competition for water between cover plants
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and cultivated plants (e.g., in Mediterranean regions) should be assessed appropriately, as
these are potential limits to the spread of this practice [203]. Research shows that targeted
education programs and cost-sharing initiatives can help alleviate financial problems and
promote wider adoption. In addition, selecting less competitive cover plant species and
optimizing management practices can reduce interspecific competition [204].

(IVc) Nutrient recycling from livestock
Nutrient recycling from livestock faces many cultural, educational, and institutional

challenges, as well as technical and economic limitations. Cultural and educational barriers
often stem from a lack of awareness and knowledge about the benefits and methods of
manure recycling [205]. Institutional barriers include inadequate policies and regulations
that do not encourage nutrient recycling in many regions of the world [206]. Technical
challenges cover the complexity of livestock waste processing and specialized technologies
supporting efficient nutrient recovery, which is not readily available or affordable for all
farmers [168]. Economic factors also play a significant role: costs associated with the
transport and distribution of manure, the market demand for recycled manure products,
and the lack of quality standards limit the economic viability of nutrient recycling [170].
Addressing these barriers requires a multifaceted approach that includes policy reforms,
educational initiatives, and the adaptation of state-of-the-art technologies to promote
sustainable recycling of livestock nutrients.

It can be concluded that many factors, including farm size, access to financial resources,
and genetic, ecological, and socio-economic intensification components, influence the adop-
tion of solutions. The successful integration of such practices requires an interdisciplinary
approach, the involvement of the public and private sectors [207], and more intensive re-
gional cooperation. Further, future progress in sustainable agricultural practices cannot be
accomplished without the support of legal frameworks and policies built on local demands.

3.3.3. Sustainable Innovative Agricultural Practices

The practices mentioned above cannot be separated from the technological develop-
ment routes, as they are also vital to increasing resource efficiency, reducing environmental
degradation, and improving agriculture’s resilience to climate change. To provide a more
detailed but concise thought-provoking overview, Table 3 presents the most decisive and
promising practices with the potential for innovation to make agricultural operations
more sustainable.

Table 3. The most frequently studied sustainable innovative agricultural practices in the literature.

Nr.

Type of
Sustainable
Innovative
Agricultural
Practice

Components Aims of
Implementation

Effects on
Production

Effects on the
Environment

Factors
Hindering
Practical
Implication

Source

I. Biotechnology (a) General
biotechnology

Aims to use
biological
organisms and
systems to develop
quantitative and
qualitative
agricultural
production for
specific farming
purposes.

Improved
productivity,
resilience,
effective
management of
natural resources,
and satisfied
human nutritional
needs.

Biotechnology can
create plants
resistant to pests
and diseases,
thereby reducing
the need for
chemicals to
protect the quality
of the
environment and
reducing the use
of pesticides
through stress
tolerance genes.

High related costs,
regulatory
deficiencies, the
lack of social
acceptance, and
inade-
quate/outdated
infrastructural
conditions.

[208–210]
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Table 3. Cont.

Nr.

Type of
Sustainable
Innovative
Agricultural
Practice

Components Aims of
Implementation

Effects on
Production

Effects on the
Environment

Factors
Hindering
Practical
Implication

Source

(b) Genetic
engineering

Modifies the genes
of organisms to
establish
characteristics
enabling more
resilience and
productivity under
specific conditions.

Improved quality
and quantity of
crop production,
reduced costs, and
improved nutrient
utilization.

Improve plant
properties and
strengthen
resistance to pests,
diseases, and
adverse
environmental
conditions.

Environmental
and health
consequences
include possible
allergenic effects,
unintended
ecological risks,
genetic pollution,
and a deficit in
social acceptance.

[211–219]

(c) Marker-
assisted
selection

Operates to
enhance crop yield
by selecting the
most favorable
gene alleles using
DNA markers,
thus improving the
targeted trait in the
population.

Increased
efficiency, reduced
costs, accelerated
development of
improved
varieties,
improved crop
yield, and
increased genetic
gain of better
populations by
increasing
selection accuracy
and reducing
generation
intervals.

It supports the
selection of traits
that increase
resistance to
environmental
stress factors,
reduce the need
for chemicals, and
improve resource
efficiency.

High costs, lack of
expertise,
time-scale of
development,
unsupportive
regulations.

[211,220–224]

(d) Tissue
culture and
micropropaga-
tion

These aim to
multiply and
regenerate plant
materials under
laboratory
conditions; many
individuals with
the same
characteristics can
be cultivated in the
field.

More balanced
production of
seeds, setting
priorities for
propagation
conditions, and
better rooting
performance.

Optimization of
growth conditions
by selecting the
most appropriate
environment for
the species.

High costs from
testing to
application, lack
of trained experts.

[225–228]

(e) Omics

Analyses data on
the structure and
function of
biological systems
at specific levels
within the fields of
genomics,
proteomics,
transcriptomics,
metabolomics, and
phenomics.

Improved plant
traits (with focus
areas such as gene
characterization,
protein regulation
patterns, and
metabolite
composition) to
achieve global
food security.

Increases drought
tolerance,
improves the
efficiency of
nutrient use and
pest resistance.

Regulatory/legal
barriers, lack of
expertise to carry
out extensive
research.

[229–233]

(f)
Bioinformatics

Collects, organizes,
and processes
information on
genes and
molecules with
software to
interpret genetic
processes to be
highlighted during
cultivation.

Better seed
quality, improved
plant resistance,
enhanced soil
quality, and
support of
plant-based
human disease
diagnosis based
on large datasets.

Helps the better
understanding of
the environmental
systems as a
whole.

Educational
difficulties in
training scientists,
accep-
tance/adoption of
tools, high
software and
hardware costs.

[234–238]



Agronomy 2025, 15, 76 20 of 40

Table 3. Cont.

Nr.

Type of
Sustainable
Innovative
Agricultural
Practice

Components Aims of
Implementation

Effects on
Production

Effects on the
Environment

Factors
Hindering
Practical
Implication

Source

II. Tools of
eco-efficiency

Considers
adopting practices
and technologies
that operate with
low energy
consumption and
undesired
emissions.

Increased crop
quality/quantity
with reduced
resources invested,
optimized supply
chain, support of
technological
progress.

Supports reduced
resource use
resulting in lower
emission levels,
establishes
programs
promoting
environmental
sustainability.

Lack of expertise
and holis-
tic/systematic
approach,
inconsistent legal
frameworks,
climate change.

[239–244]

III.
Artificial
intelligence
(AI)

Its integration will
provide better
calculations,
forecasting, and
more reliable
decisions
throughout the
agricultural value
chain.

Precise and
controlled
management,
including (among
others) plant
selection,
procedure timing,
irrigation, weeding,
anti-pest measures,
and nutrition
supply, increased
overall production
efficiency.

Helps the removal
of pests, weather
prediction-based
software for a
more conscious
use of renewables,
emission tracking
to locate pollution
sources.

Low social
acceptance rate,
lack of
technological
knowledge, lack
of strategies.

[194,245–250]

IV. Drones
(a) Remote
inspection and
data gathering

Provides more
accurate and
time-saving
solutions for field
evaluation.

The identification
of diseases, yield
loss, and other
discrepancies,
monitoring of
real-time livestock
movement, and
support of rapid
soil and water
sampling for plot
assessment.

Fosters quick
intervention in
plant/plantation
impairments and
directed
intervention
instead of
extensive
intervention with
environmental
deterioration.

High initial and
maintenance costs
of equipment,
need for potential
authorization.

[251–256]

(b) Fertilizer
and pesticide
application

Enables a precise
and timely output
of agents to save
human workload,
time, and overall
energy
investment.

Directed and
reduced use of
chemicals for
balanced plant
development,
time-saving
compared to
conventional
methods.

Eliminates the
physical burden
(e.g., soil
deterioration) of
heavy machinery.

High equipment
initial and
maintenance costs,
need for potential
authorization and
social concerns
around
inappropriate
airborne spraying.

[253,255–260]

V. Satellites

Establishes
continuous
surveillance of
crops for better
yield and pest
management.

Crop health
monitoring, yield
assessment, soil
mapping, irrigation
management, pest
and disease control,
and overall food
security with the
potential to
increase efficiency
by attaching AI
and machine
learning.

Enables
early-stage
intervention to
avoid
environmental
deterioration and
contributes to the
establishment of
databases by data
collection.

High setup,
maintenance, and
reparation costs,
high energy
consumption, lack
of expertise, and
lack of farmer
willingness to
implement due to
its inaccessible
nature.

[261–265]
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Table 3. Cont.

Nr.

Type of
Sustainable
Innovative
Agricultural
Practice

Components Aims of
Implementation

Effects on
Production

Effects on the
Environment

Factors
Hindering
Practical
Implication

Source

VI. Sensors (a) Optical
sensors

Their application
is aimed at
favoring general
crop protection.

Surface reflection-
and material-based
data collection
with installation on
different vehicles
and tools (e.g.,
diseases and
irrigation
requirements).

Indication of
unfavorable
changes in soil
and plant
characteristics.

High costs, lack of
trained
professionals.

[266–268]

(b) Electro-
chemical
sensors

Supports the
accurate
determination of
beneficial and
undesired ions in
soil layers to favor
biological
processes.

Quantification and
qualification of soil
parameters (e.g.,
pH, ion
composition, and
concentration) and
monitoring
pollution spread
and hot spots.

Real-time
overview of soil
health to maintain
an adequate
habitat for species.

Laboratory
infrastructure
required for
further soil
analyses.

[269–271]

(c) Mechanical
sensors

Determines the
physical
properties of soils
to maintain
adequate
structure.

Assessment of
mechanical soil
parameters by
evaluating physical
resistance.

Determines the
location of areas
affected by
undesired soil
compaction to
prevent
irreversible
damage to soil
organisms.

High cost of tools,
lack of technical
personnel.

[272,273]

(d) Dielectric
sensors

Aims to
determine soil
water conditions
and supports the
setting of proper
moisture values.

Determination and
adjustment of soil
and tissue moisture
levels for
appropriate plant
development.

Helps determine
sites sensitive to
drought and
monitor seasonal
changes in the soil
water phase.

High cost of tools,
lack of technical
personnel.

[274–277]

(e) Location
sensors

These are applied
to prevent the
effects of
unfavorable
weather
conditions on
crops.

Information on
environmental
(primarily weather)
conditions based
on GPS data.

The sensors log
data in different
intervals to create
a time series of
information (e.g.,
being practical for
climate change
studies).

High tools, data
storage,
processing costs,
and a lack of
proper
interpretation of
results due to
insufficient
training.

[272,278,279]

(f) Air-flow
sensors

Determines the
physical
properties of soils
to maintain
adequate
structure.

Data collection
regarding various
soil parameters by
penetrating air into
the depths.

A comprehensive
evaluation of soil
characteristics
aids farming
efficiency and
provides data for
science-related
research.

High costs of tools
and lack of
farmers’
information on
specific devices
and functions.

[273,280,281]

VII. Forecasting
systems

(a) Weather
forecasting
systems

Helps avoid the
detrimental
consequences of
weather/
environmental
extremes by
enabling
premature
preparation.

Preparation for
indices risking crop
health and food
safety, decreased
im-
port/transportation
dependency due to
the realization of
projected yield.

Managers of
adjacent sites can
also be involved
in the data access
to broaden the
range of areas
with protective
measures against
forecasted
weather
phenomena
(e.g., hail).

High cost of the
establishment of a
network of units
and the high cost
of tools needed for
the prevention.

[282,283]
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Table 3. Cont.

Nr.

Type of
Sustainable
Innovative
Agricultural
Practice

Components Aims of
Implementation

Effects on
Production

Effects on the
Environment

Factors
Hindering
Practical
Implication

Source

(b) Market
forecasting sys-
tems/models

Aims to inform
stakeholders on
future processes
by past and recent
data processed
with statistical
analyses, aids the
potential
restructuring of
the cultivation
portfolio.

Indication of the
short- and
mid-term changes
in product prices,
whereby the
individual
agricultural
portfolios can be
restructured.

Monocultural
cultivation
depletes soil
nutrients, while
intermittent crop
rotation can
positively
influence
physicochemical
soil properties.

Lack of relevant
eco-
nomic/scientific
knowledge,
insuffi-
cient/nonreliable
raw data results in
biased outcomes,
nonresilient
farming
structures.

[284–286]

VIII. Simulations

Aims to present
possible future
scenarios based
on past data for
farmers.

Scenarios for crop
yield and quality,
water and fertilizer
use, and weather
conditions to
support efficient
adaptation and
mitigation
measures in
farming.

Simulations
predict changes in
climate
parameters,
whereby local and
regional scenarios
can be formed
regarding the
potential
environmental
consequences.

Insufficient input
data (quantity and
quality), high
software costs,
and the lack of
trained experts.

[287–289]

IX. Big Data

Supports modern,
data-based
farming
operations with
reliable
information.

Reliable forecasting
and
decision-making,
assessment of
water use, and
optimization of
energy and costs,
enhanced product
safety.

Access to
extensive data
and its
appropriate
interpretation also
support
minimizing
environmental
burden by
proposing
farming practices
with the least
stress exerted.

Data security
concerns among
farmers, lack of
human and
financial
resources, and low
technological
maturity level.

[290–292]

X. Special
vehicles

Aims to provide
machinery in any
cultivated area to
broaden the range
of arable lands
and enhance the
quality of farming
operations.

Increased accuracy
and decreased loss
by planting and
fertilizing,
increased
harvesting
efficiency with
time-saving
operation.

Lower emission
than conventional
vehicles, a more
efficient operation
requiring less
resource use.

Fear of
environmental
threat, low
adaptation to
novel solutions,
local regulations,
high costs.

[293–296]

XI. Nanotechnology

Enables the
improvement of
desired traits of
tools by
implementing
state-of-the-art
technologies.

Improved crop
quantity, quality,
and security,
support of the
controlled
application of
soil/plant
fertilizers and
amendments, and
more efficient
agricultural
operation through
the value chain.

Enables decreased
resource use (e.g.,
raw materials),
energy generation
from renewables
(e.g., solar panels),
and
contamination
remediation using
nanomaterials.

Lack of expertise,
health risks upon
misuse of
persistent
nanomaterials,
and high related
costs.

[297–301]
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Table 3. Cont.

Nr.

Type of
Sustainable
Innovative
Agricultural
Practice

Components Aims of
Implementation

Effects on
Production

Effects on the
Environment

Factors
Hindering
Practical
Implication

Source

XII. Innovative
seeds

Aims to develop
seeds with better
characteristics in
terms of resilience
and yield.

Increased stress
tolerance, higher
yield, shorter
cultivation periods,
and better product
transportability
and keepability.

Due to the seeds’
benefits, lower
amounts of water
and fertilizers are
required, and
transportation
routes are shorted
by cultivation in
areas formerly
considered
infertile.

Regulation of
(genetically)
modified crops,
low innovation
willing-
ness/uncertainty
of farmers, lack of
knowledge.

[302–305]

XIII.

Innovative
food
production
systems

Helps provide
food in remote
areas with
resource
deficiencies,
replace foods in
the diet with less
ecological
footprint.

Market
establishment by
novel foods and
foods with novel
methods,
increasing demand
triggers higher
production quality
and quantity
standards.

Contribution to
decreased water
consumption (e.g.,
plant-based
meats), direct and
indirect
enhancement of
consumers’
environmental
consciousness.

Aversion of
consumers,
sluggish licensing
and regulation of
products, high
developmental
costs, and lengthy
experimental
procedures.

[306–308]

It is worth noting that the classifications above are not considered a universal and
exhaustive listing; however, these highlighted segments appear in the literature the most
frequently and, according to several authors, have a core role in forming recent and future
advances in agriculture. Thus, the transition to more sustainable agriculture is determined
by integrating novel technologies (e.g., AI, drones), which, upon successful implementation,
will significantly contribute to the eco-efficient operation of the sector. However, the actual
adoption of these solutions is burdened by several common challenges. Based on the
classifications in Table 3, a short overview of the most frequently highlighted issues can be
found below.

(Ia) General biotechnology
The spread of biotechnology faces several financial, regulatory, social, and infrastruc-

tural obstacles. High investment and production costs represent significant economic and
regulatory challenges, as different national and international regulatory frameworks form
trade barriers. Among the difficulties, various levels of social acceptance of technologies
can be underlined, hindering innovations’ market integration [309–311].

(Ib) Genetic engineering
As Table 3 indicates, several environmental and health concerns may arise from the

use of genetically modified organisms [216]. Partly due to these potential risks, the social
acceptance of the genetic modification of organisms is also low. As a first phase, a solid
regulatory framework is essential for initial support in integrating this technology. At the
same time, well-founded information has to be published to a wider breadth of society to
help people be more informed and thereby provide sufficient background for individuals
to distinguish between actual and presumed concerns.

(Ic) Marker-assisted selection
Obstacles to the practical spread of marker-assisted selection include, among others,

the high costs associated with genotyping a large number of plants, the low economic
return on investment in the breeding of plant species, and the limited knowledge of the
technical features [219,220,222]. In addition, this technology is considered adequate in the
case of testing properties that can be measured only to a limited extent [312]. Therefore,
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specific subsidies and governmental programs should support the spread of such scientific
initiatives, with significant expenditures in the research and development procedures.

(Id) Tissue culture and micropropagation
Like marker-assisted selection, tissue culture and micropropagation adoption face

multiple challenges. Knowledge and expertise in this domain are still moderate among
farmers, which does not form sufficient demand and hinders the execution of extensive
laboratory experiments. Thus, the crop yield and overall market competitiveness remain
lower than for those areas with massive scientific backgrounds (e.g., biotechnology) [313].
According to some authors, the education of scientists, professionals, and farmers, along
with complementary regulatory support, would be giant steps toward resolving these
barriers, and rectifying the significant lagging of this area [228].

(Ie) Omics technologies
Despite the advances in genomics, proteomics, transcriptomics, metabolomics, and

phenomics demonstrated in Table 3, challenges such as public perception, an immature reg-
ulatory environment, and a lack of robust training and capacity building remain. Further,
compliance with data sharing and privacy standards often hinders the adequate exploita-
tion of technological potential [314]. Additionally, the lack of standardization and efficient
analytical methods due to insufficient resources are significant factors to eliminate [315].
These require transparent communication and substantial investment in research and
development to realize the full potential of agricultural biotechnology [224]. Therefore,
the penetration of omics technologies would greatly benefit from loosening regulatory
frameworks based on scientifically supported decisions and presenting this information on
multiple societal scales.

(If) Bioinformatics
As shown in Table 3 above, a wide range of modern approaches has been considered

in the scientific literature. Bioinformatics enables the interconnectivity of specific farming
practices, thereby providing all-pervasive technological solutions surrounding food safety,
both in quality and quantity. However, many bioinformatics implementations face difficul-
ties arising from insufficient educational systems and the lack of individual competencies
(e.g., simultaneous biological and informatics knowledge), which are additional barriers
besides the high emerging costs [238]. These obstacles can be widely overcome by fostering
digital progress on each level of the educational system, whereby a higher number of
professionals can be trained with dual (biology-informatics) interests.

(II) Tools of eco-efficiency
The problems raised regarding agricultural eco-efficiency are multifold, specifically

since the measures of eco-efficient operation (modern technologies to reduce environmental
burden) can cover nearly all segments of agricultural sustainability. This approach can
seem overgeneralized; however, barriers are often related to the limitations of individual
tools (see below). To highlight some of the most common issues, the low number of
trained personnel, the challenging and sometimes contradictory regulatory frameworks,
and climate change are the primary aspects to address. As these concerns emerge, a
systematic approach is required across societal and economic perspectives. Approaches
should focus on adopting the best available techniques implemented by appropriately
qualified professionals, keeping, at the same time, societal, economic, and ecological
demands in mind [239].

(III) Artificial intelligence (AI)
While it possesses immense potential in agriculture, artificial intelligence is considered

to have many barriers to its implementation in the field. AI’s relatively novel methods are
still scarcely known and bear social uncertainty. Users’ skills are usually insufficient, aggra-
vated by the lack of joint strategies. Further, data quality issues and ethical concerns are
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also barriers to AI integration. These shortcomings could be efficiently handled by uniform
legislation and related attitude formation of affected parties, providing a framework and
knowledge enabling conscious decisions in its application, even in farming practices [316].

(IV) Drones
The use of drones provides a wide range of benefits in farming. However, factors

like high costs and regulation hinder their extensive use among farmers. The concerns
linked to drones are enhanced in cases when they are used for chemical agent application;
spraying into the atmosphere is considered a health risk by many people. Therefore, general
governmental and regulatory confirmation would be needed to emphasize advances and
resolve the doubt regarding the presumed hazards, highlighting the benefits, drawing the
scope of application, and triggering the sparing use of drones and chemicals [260].

(V) Satellites
The barriers to the application of satellites comprise the need for high financial, ener-

getic, and expert investment into the technology, whereby these technologies are attainable
only for major institutions possessing these resources. Some mapping services are also
available for public use, but the skills required for proper interpretation of the information
are often lacking. Training should be directed at farmers to aid this concern, during which
basic information on the appropriate use of satellite images in their agricultural practices
should be forwarded. Further, primary sources for such data should also be reflected on,
which help farmers gather as much relevant data as possible [264].

(VI) Sensors
Using sensors gives a thorough overview of the relevant processes in soil and vegeta-

tion. However, the application level of these instruments remains below a certain standard.
Unfortunately, farmers’ economic opportunities and know-how in several geographical
areas enable them to use only a few or none of these during general fieldwork. This
means that the first challenge is to get the farmers familiar with the instruments available
for data collection, fostering the exchange of information. These measures should be fol-
lowed by establishing funds for a dedicated governmental budget to help procure essential
tools [285,289].

(VIIa) Weather forecasting systems
The formation of weather forecasting systems is burdened primarily by high costs

related to the weather/environmental forecasting apparatus. Along with this, regional
differences can be perceived in this field regarding the actual infrastructure and back-
ground expertise, raising the need for governmental intervention. However, in many
countries, efficient bound forecasting and averting systems are already in operation (e.g.,
hail forecasting), providing up-to-date information to farmers. Analogous to this, more
weather phenomenon-related cross-boundary forecasting systems should be installed and
maintained with easily attainable online information for all stakeholders [317].

(VIIb) Market forecasting systems
The use intensity of this type of forecasting has barely been examined; however,

the reliability of sources for relevant information, the ability of farmers to evaluate the
credibility of data, and even the continuously changing economic environment make it
extremely difficult to assess the actual role of market forecasting systems. While the data
quality and critical attitudes in this area can be enhanced, the uncertainty of the economy
cannot be eliminated, and this remains a major weak spot [284].

(VIII) Simulations
Using simulations can be beneficial for planning farming management schemes; how-

ever, some factors prevent the efficient use of technology in this domain. Data given as
input lack adequate quality and quantity in many cases, which should be eliminated by
standardized measurements, resulting in validated outcomes that are easily accessible
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for further use. Fluent data processing of simulations has high software and hardware
costs. Therefore, the license and technical guidance for their use should be integrated into
services tailored to farmers (e.g., bank products) to encourage their use and thus favor food
safety [318].

(IX) Big Data
Integrating Big Data (e.g., huge and progressively increasing amounts of data on

environmental/cultural parameters) has already penetrated agricultural practices. Still, its
comprehensive application is limited by data quality and security and human and financial
resource-based and technological issues. Long-term data storage should be fostered by
establishing dedicated, cloud-based data platforms with continuous data input, basic
tutorials, and calculation proposals to aid the utilization of information gathered during
farmers’ operations. With such systems available, human resource dependencies could be
sharply decreased, and with targeted agricultural subsidies for each farmer, technological
barriers should also be eliminated [319].

(X) Special vehicles
The agricultural use of special vehicles has proved to provide high farming efficiency.

However, conservative approaches from farmers, the fear of environmental deterioration
caused, regulative hindrances, and high purchase and maintenance costs all counteract
the widespread application of such machinery. To move forward, a thorough conversa-
tion should be conducted among developers, legal representatives, and farmers to map
the needs and opportunities in each potential case. After outlining the aforementioned
conditions, future measures could include the publication of relevant agricultural tenders
and policy revisions [294].

(XI) Nanotechnology
Practices in nanotechnology have the potential to revolutionize agricultural production.

Along with this feature, some significant concerns around its use are highly related to those
presented for biotechnology. The lack of expertise, the health risks associated with the
materials used, and the high emerging costs hinder its general integration. Considering
these obstacles, actions should focus on training groups of researchers for nanotechnological
applications and promoting the development of materials and products to eliminate their
health-threatening characteristics. Then, after familiarizing farmers with fundamental
information, forming demands should be followed by governmental legal and financial
support [320].

(XII) Innovative seeds
The development of innovative seeds has had immense relevance during the recent

decades of barely predictable climate change patterns. While a great proportion of farm-
ers still insist on conventional solutions, the societal and legal doubt around genetically
modified organisms and a significant knowledge gap leave huge unexploited potential
in this technological direction. These obstacles are not often set aside. However, reliable
and convincing scientific information on the actual ecological and health risks bound to
genetically modified organisms (GMOs), and thereby reconsidered legislation, would shift
the recent state toward a more open reception of innovative seeds from both farmers and
consumers [305,321].

(XIII) Innovative food production systems
The appearance of foods in the market produced using innovative/alternative meth-

ods (e.g., underground horizontal or rooftop farming, vertical farming, urban agriculture)
has occurred in direct response to unsustainable food supply schemes (e.g., long-distance
shipping with economic and ecological concerns) that have predominated previously. These
unconventionally produced foods can feed populations remote from conventional food
production with novel methods that have decreased ecological footprints. However, there
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is much debate regarding the actual sustainability benefits of some of these (e.g., vertical
farming and its high related energy intensity). Additionally, with the features above being
highly advantageous, consumers still strongly resist food innovation due to production
technology-based deviations in taste, consistency, and individual conviction. Moreover,
developing and licensing products takes a long time, slowing down their distribution.
Science and nutrition-based popularization of these foods would influence the social ac-
ceptance of these novelties. At the same time, additional support for the development and
shortening of the licensing procedure of foods should also be beneficial to distribution and
guaranteeing food safety in the long run [307,322].

According to the literature, each of the technologies above has a particular potential
to elevate agricultural production’s efficiency and climate resilience. At the same time,
farmers have individual opportunities and preferences regarding their operation. The
most efficient exploitation of resources requires the education of farmers and smallholders
regarding the technological and methodological options via professional assistance, through
which specific demands are shaped. Once the future progress directions are formulated,
legislation complemented with tailored financial subsidies should be made available for
farmers. This would aid more sustainable and efficient operations that serve high-scale
agricultural objectives.

4. Conclusions
This study aimed to evaluate significant trends and progress directions in sustainable

agriculture, focusing on integrating novel technologies into the sector’s operation. This
meta-analysis-based literature review relied on a list of 44,629 items published between
2015 and 2023, which was, through screening and eligibility assessment, narrowed down
to 291 papers. Further analyses of these publications indicated a yearly improvement in
the number of manuscripts, while the quantitative distribution of publications was uneven
among the journals. It was found that many techniques are available to foster agricultural
sustainability. However, adopting these innovative solutions faces multiple challenges,
which hinder their deeper penetration and, thus, the better utilization of technological op-
portunities. Limitations of this nature also have economic, social, and governmental aspects.
Among the most common barriers, high related investment costs, unwillingness to inno-
vate, social awareness, acceptance, and impenetrable legal frameworks were mentioned in
several cases. The complexity of the limitations above justifies the need for joint, intersec-
toral measures to aid agriculture prospects. This study provides insight into the prevailing
agricultural processes and localizes focus areas to advance future investigations. These
aspects should be addressed even more to help farmers with practical implementation in
order to keep up with the expectations of the changing natural, social, governmental, and
economic environment. Future environmental legislation and associated financial subsidies
must also be directed to favor the evolution of agriculture-related sustainability progress.
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AI Artificial intelligence
CA Conservation agriculture
CRA Climate-resilient agriculture
CSA Climate-smart agriculture
FAO Food Agricultural Organization
GAP Good agricultural practices
GHGs Greenhouse gases
INM Integrated Nutrient Management
IPM Integrated Pest Management
MT Minimum tillage
NT No tillage
SA Sustainable agriculture
SAE Sustainable agricultural extensification
SAI Sustainable agricultural intensification
SDGs Sustainable Development Goals
TAPE Tool for Agroecology Performance Evaluation
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Bacillus. Int. J. Environ. Res. Public Health 2023, 20, 4964. [CrossRef]
134. Tóth, C.; Simon, L.; Tóth, B. Microanatomical Properties of Energy Willow (Salix spp.) Leaves after Exposure to Potentially Toxic

Elements from Wastewater Solids and Wood Ash. Agronomy 2024, 14, 1625. [CrossRef]
135. Riyaz, S.U.M.; Kathiravan, K. Integrated Pest Management Approaches. In Geminiviruses; Kumar, R., Ed.; Springer: Cham,

Switzerland, 2019. [CrossRef]
136. Karlsson Green, K.; Stenberg, J.A.; Lankinen, Å. Making sense of Integrated Pest Management (IPM) in the light of evolution.

Evol. Appl. 2020, 13, 1791–1805. [CrossRef] [PubMed]
137. Jack, C.J.; Ellis, J.D. Integrated Pest Management Control of Varroa destructor (Acari: Varroidae), the Most Damaging Pest of

(Apis mellifera L. (Hymenoptera: Apidae)) Colonies. J. Insect Sci. 2021, 21, 6. [CrossRef]
138. Binks, R.H. Practical applications of integrated pest management in horticultural cultivation: The cases of protected tomato and

outdoor Brassica production. In Improving Integrated Pest Management in Horticulture; Collier, R., Ed.; Burleigh Dodds Science
Publishing: Cambridge, UK, 2022; pp. 387–420. [CrossRef]

139. Matthews, G. The Need for Integrated Pest Management (IPM). Outlooks Pest Manag. 2022, 33, 174–176. [CrossRef]
140. Ghabeish, I.H.; Al-Zyoud, F.A.; Mamkagh, A.M.; Al-Nawaiseh, R.A. Sustainable Control Measures Towards Integrated Pest

Management of the Cereal Leafminer Syringopais temperatella Led. (Lep.; Scythrididae): Tillage System as Cultural Control
Method. Rev. Colomb. Entomol. 2023, 49, e11487. [CrossRef]

141. Borase, D.N.; Nath, C.P.; Hazra, K.K.; Senthilkumar, M.; Singh, S.S.; Praharaj, C.S.; Singh, U.; Kumar, N. Long-term impact of
diversified crop rotations and nutrient management practices on soil microbial functions and soil enzymes activity. Ecol. Indic.
2020, 114, 106322. [CrossRef]

142. Selim, M.M. Introduction to the integrated nutrient management strategies and their contribution to yield and soil properties. Int.
J. Agron. 2020, 2020, 2821678. [CrossRef]

143. Zhang, X.; Davidson, E.A.; Zou, T.; Lassaletta, L.; Quan, Z.; Li, T.; Zhang, W. Quantifying nutrient budgets for sustainable nutrient
management. Glob. Biogeochem. Cycles 2020, 34, e2018GB006060. [CrossRef]

144. Caporali, F. Sustainable Agriculture Through Ecological Intensification. In Ethics and Sustainable Agriculture; Springer: Cham,
Switzerland, 2021. [CrossRef]

https://doi.org/10.3390/ani11082345
https://doi.org/10.31783/elsr.2022.82142149
https://doi.org/10.1109/icacite53722.2022.9823820
https://doi.org/10.32604/csse.2023.027647
https://doi.org/10.20894/ijcoa.101.012.001.004
https://doi.org/10.3390/en13184664
https://doi.org/10.5772/intechopen.90453
https://doi.org/10.26789/AEB.2020.02.002
https://doi.org/10.1007/s11356-021-13252-7
https://www.ncbi.nlm.nih.gov/pubmed/33768457
https://doi.org/10.54393/fbt.v2i02.13
https://doi.org/10.3390/toxics10080484
https://doi.org/10.1016/j.scitotenv.2022.153889
https://doi.org/10.3389/fagro.2023.1183691
https://doi.org/10.9734/ajee/2023/v20i4444
https://doi.org/10.3390/ijerph20064964
https://doi.org/10.3390/agronomy14081625
https://doi.org/10.1007/978-3-030-18248-9_12
https://doi.org/10.1111/eva.13067
https://www.ncbi.nlm.nih.gov/pubmed/32908586
https://doi.org/10.1093/jisesa/ieab058
https://doi.org/10.19103/as.2021.0095.15
https://doi.org/10.1564/v33_oct_01
https://doi.org/10.25100/socolen.v49i1.11487
https://doi.org/10.1016/j.ecolind.2020.106322
https://doi.org/10.1155/2020/2821678
https://doi.org/10.1029/2018GB006060
https://doi.org/10.1007/978-3-030-76683-2_6


Agronomy 2025, 15, 76 34 of 40

145. Paramesh, V.; Mohan Kumar, R.; Rajanna, G.A.; Gowda, S.; Nath, A.J.; Madival, Y.; Jinger, D.; Bhat, S.; Toraskar, S. Integrated
nutrient management for improving crop yields, soil properties, and reducing greenhouse gas emissions. Front. Sustain. Food
Syst. 2023, 7, 1173258. [CrossRef]

146. Puneeth Raj, M.S.; Narender; Pavitra, B.V. Review on Effect of Integrated Nutrient Management on Seed Yield and Quality of
Pulses. Int. J. Plant Soil Sci. 2023, 35, 404–409. [CrossRef]

147. Sarkar, P.; David, A.; Thomas, T.; Reddy, I.S. Integrated Nutrient Management in Green Gram (Vigna radiata L.) for Enhancing Soil
Health. Int. J. Environ. Clim. 2023, 13, 815–819. [CrossRef]

148. Shafi, U.; Mumtaz, R.; Mahmood, Z.; Muhammad, M.D.M.; Khanp, R.U.; Tanveer, S.I.H.K. Assessment of Wheat Productivity
Enhancement by Integrated Nutrient Management (INM) using Remote Sensing. In Proceedings of the 2023 International
Conference on Machine Intelligence for GeoAnalytics and Remote Sensing (MIGARS), Hyderabad, India, 27–29 January 2023;
pp. 1–4. [CrossRef]

149. Awe, G.O.; Reichert, J.M.; Fontanela, E. Sugarcane production in the subtropics: Seasonal changes in soil properties and crop
yield in no-tillage, inverting and minimum tillage. Soil Tillage Res. 2020, 196, 104447. [CrossRef]

150. Castellini, M.; Vonella, A.V.; Ventrella, D.; Rinaldi, M.; Baiamonte, G. Determining soil hydraulic properties using infiltrometer
techniques: An assessment of temporal variability in a long-term experiment under minimum-and no-tillage soil management.
Sustainability 2020, 12, 5019. [CrossRef]

151. Peixoto, D.S.; da Silva, L.D.C.M.; de Melo, L.B.B.; Azevedo, R.P.; Araújo, B.C.L.; de Carvalho, T.S.; Moreira, S.G.; Silva, B.M.
Occasional tillage in no-tillage systems: A global meta-analysis. Sci. Total Environ. 2020, 745, 140887. [CrossRef] [PubMed]

152. Jiang, S.; Wang, Q.; Zhong, G.; Tong, Z.; Wang, X.; Xu, J. Brief Review of Minimum or No-Till Seeders in China. AgriEngineering
2021, 3, 605–621. [CrossRef]

153. Smith, C.; Chalk, P.M. Carbon (δ13C) dynamics in agroecosystems under traditional and minimum tillage systems: A review. Soil
Res. 2021, 59, 661–672. [CrossRef]

154. Williams, J.D.; Wuest, S.B. Minimum tillage and no-tillage winter wheat–summer fallow for low precipitation regions. J. Soil
Water Conserv. 2021, 76, 246–255. [CrossRef]

155. Xu, H. Effect of No-Tillage Management on Soil Organic Matter and Net Greenhouse Gas Fluxes in a Rice-Oilseed Rape Cropping
System. Agriculture 2022, 12, 918. [CrossRef]

156. Yemadje, P.L.; Takpa, O.; Amonmidé, I.; Balarabe, O.; Sêkloka, E.; Guibert, H.; Tittonell, P. Limited yield penalties in an early
transition to conservation agriculture in cotton-based cropping systems of Benin. Front. Sustain. Food Syst. 2022, 6, 1041399.
[CrossRef]

157. Blanco-Canqui, H.; Shaver, T.M.; Lindquist, J.L.; Shapiro, C.A.; Elmore, R.W.; Francis, C.A.; Hergert, G.W. Cover crops and
ecosystem services: Insights from studies in temperate soils. Agron. J. 2015, 107, 2449–2474. [CrossRef]

158. Wittwer, R.; Dorn, B.; Jossi, W.; van der Heijden, M.G.A. Cover crops support ecological intensification of arable cropping systems.
Sci. Rep. 2017, 7, 41911. [CrossRef] [PubMed]

159. Adetunji, A.T.; Ncube, B.; Mulidzi, R.; Lewu, F.B. Management impact and benefit of cover crops on soil quality: A review. Soil
Tillage Res. 2020, 204, 104717. [CrossRef]

160. Quintarelli, V.; Radicetti, E.; Allevato, E.; Stazi, S.R.; Haider, G.; Abideen, Z.; Bibi, S.; Jamal, A.; Mancinelli, R. Cover Crops for
Sustainable Cropping Systems: A Review. Agriculture 2022, 12, 2076. [CrossRef]

161. Ingram, M. Building cover crop expertise with citizen science in the upper Midwest: Supporting farmer innovation in a time of
change. Front. Sustain. Food Syst. 2023, 7, 1045769. [CrossRef]

162. Trueman, C.L.; Awrey, J.C.; Delaporte, A.; Kerr, J.; Weersink, A.; Van Eerd, L.L. Long-term cover cropping suppresses foliar and
fruit disease in processing tomatoes. Plant Dis. 2023, 107, 2160–2168. [CrossRef] [PubMed]

163. Zhang, H.; Ghahramani, A.; Aram, A.; Erbacher, A. Cover cropping impacts on soil water and carbon in dryland cropping system.
PLoS ONE 2023, 18, e0286748. [CrossRef]

164. Dasgupta, D.; Ries, M.; Walter, K.; Zitnick-Anderson, K.; Camuy-Vélez, L.A.; Gasch, C.; Banerjee, S. Cover cropping reduces the
negative effect of salinity on soil microbiomes. J. Sustain. Agric. Environ. 2023, 2, 140–152. [CrossRef]

165. Szogi, A.A.; Vanotti, M.B.; Ro, K.S. Methods for treatment of animal manures to reduce nutrient pollution prior to soil application.
Curr. Pollut. Rep. 2015, 1, 47–56. [CrossRef]

166. Bergfeldt, B.; Tomasi Morgano, M.; Leibold, H.; Richter, F.; Stapf, D. Recovery of Phosphorus and other Nutrients during Pyrolysis
of Chicken Manure. Agriculture 2018, 8, 187. [CrossRef]

167. Tullo, E.; Finzi, A.; Guarino, M. Environmental impact of livestock farming and Precision Livestock Farming as a mitigation
strategy. Sci. Total Environ. 2019, 650, 2751–2760. [CrossRef]

168. Spiegal, S.; Kleinman, P.J.; Endale, D.M.; Bryant, R.B.; Dell, C.; Goslee, S.; Meinen, R.J.; Colton Flynn, K.; Baker, J.M.; Browning,
D.M.; et al. Manuresheds: Advancing nutrient recycling in US agriculture. Agric. Syst. 2020, 182, 102813. [CrossRef]

169. Hidalgo, D.; Corona, F.; Martín-Marroquín, J.M. Nutrient recycling: From waste to crop. Biomass Convers. Biorefinery 2021, 11,
207–217. [CrossRef]

https://doi.org/10.3389/fsufs.2023.1173258
https://doi.org/10.9734/ijpss/2023/v35i183303
https://doi.org/10.9734/ijecc/2023/v13i82015
https://doi.org/10.1109/MIGARS57353.2023.10064574
https://doi.org/10.1016/j.still.2019.104447
https://doi.org/10.3390/su12125019
https://doi.org/10.1016/j.scitotenv.2020.140887
https://www.ncbi.nlm.nih.gov/pubmed/32717599
https://doi.org/10.3390/agriengineering3030039
https://doi.org/10.1071/SR21056
https://doi.org/10.2489/jswc.2021.00062
https://doi.org/10.3390/agriculture12070918
https://doi.org/10.3389/fsufs.2022.1041399
https://doi.org/10.2134/agronj15.0086
https://doi.org/10.1038/srep41911
https://www.ncbi.nlm.nih.gov/pubmed/28157197
https://doi.org/10.1016/j.still.2020.104717
https://doi.org/10.3390/agriculture12122076
https://doi.org/10.3389/fsufs.2023.1045769
https://doi.org/10.1094/PDIS-09-22-2095-RE
https://www.ncbi.nlm.nih.gov/pubmed/36607329
https://doi.org/10.1371/journal.pone.0286748
https://doi.org/10.1002/sae2.12054
https://doi.org/10.1007/s40726-015-0005-1
https://doi.org/10.3390/agriculture8120187
https://doi.org/10.1016/j.scitotenv.2018.10.018
https://doi.org/10.1016/j.agsy.2020.102813
https://doi.org/10.1007/s13399-019-00590-3


Agronomy 2025, 15, 76 35 of 40

170. González-García, I.; Oliveira, V.; Molinuevo-Salces, B.; García-González, M.C.; Dias-Ferreira, C.; Riaño, B. Two-phase nutrient
recovery from livestock wastewaters combining novel membrane technologies. Biomass Convers. Biorefinery 2022, 12, 4563–4574.
[CrossRef]

171. Ajibade, S.; Simon, B.; Gulyás, M.; Balint, C. Sustainable intensification of agriculture as a tool to promote food security: A
bibliometric analysis. Front. Sustain. Food Syst. 2023, 7, 1101528. [CrossRef]

172. Jain, M.; Barrett, C.B.; Solomon, D.; Ghezzi-Kopel, K. Surveying the Evidence on Sustainable Intensification Strategies for
Smallholder Agricultural Systems. Annu. Rev. Environ. Resour. 2023, 48, 347–369. [CrossRef]

173. Buerkert, A.; Schlecht, E. Toward sustainable intensification of agriculture in sub-Saharan Africa. Front. Agric. Sci. Eng. 2020, 7,
401–405. [CrossRef]

174. Van Campenhout, B.; Bizimungu, E. Risk and returns of sustainable crop intensification: The case of smallholder rice and potato
farmers in Uganda. Dev. Policy Rev. 2018, 36, 605–633. [CrossRef]

175. Ratnadass, A. Crop Protection for Agricultural Intensification Systems in Sub-Saharan Africa. In Sustainable Agriculture Reviews;
Lichtfouse, E., Ed.; Springer: Cham, Switzerland, 2020; Volume 39. [CrossRef]

176. Kassie, M.; Teklewold, H.; Jaleta, M.; Marenya, P.; Erenstein, O. Understanding the adoption of a portfolio of sustainable
intensification practices in eastern and southern Africa. Land Use Policy 2015, 42, 400–411. [CrossRef]

177. Alfyorov, O.; Grynchenko, O.; Ponomarenko, V.; Shchur, T.; Tomporowski, A.; Kruszelnicka, W.; Walichnowska, P. Agricultural
Equipment Design Optimization Based on the Inversion Method. Agriculture 2022, 12, 1410. [CrossRef]

178. Okoko, P.; Nwabueze, O.D. Performance optimization of draft and power requirement for some tillage implements in a loamy
soil: A response surface approach. Poljopr. Teh. 2023, 48, 79–86. [CrossRef]

179. Veselovska, N.; Burlaka, S.A. Methods and techniques combination working bodies of complex soil processing machines. Vìsnik
Hmel′nic′kogo Nacìonal′nogo Unìversitetu 2023, 217, 42–47. [CrossRef]

180. Nie, S.; Huang, C.Z.; Huang, W.W.; Liu, J. A Non-Deterministic Integrated Optimization Model with Risk Measure for Identifying
Water Resources Management Strategy. J. Environ. Inf. 2021, 38, 41–55. [CrossRef]

181. Wang, G.; Kumar, S.; Huang, Z.; Liu, R. Water resource management and policy evaluation in Middle Eastern countries: Achieving
sustainable development goal 6. Desalination Water Treat. 2024, 320, 100829. [CrossRef]

182. Ryschawy, J.; Moraine, M.; Péquignot, M.; Martin, G. Trade-offs among individual and collective performances related to
crop–livestock integration among farms: A case study in southwestern France. Org. Agric. 2019, 9, 399–416. [CrossRef]

183. Puech, T.; Stark, F. Diversification of an integrated crop-livestock system: Agroecological and food production assessment at farm
scale. Agric. Ecosyst. Environ. 2023, 344, 108300. [CrossRef]

184. Trivelli, L.; Apicella, A.; Chiarello, F.; Rana, R.; Fantoni, G.; Tarabella, A. From precision agriculture to Industry 4.0: Unveiling
technological connections in the agrifood sector. Br. Food J. 2019, 121, 1730–1743. [CrossRef]

185. Javaid, M.; Haleem, A.; Singh, R.P.; Suman, R. Enhancing smart farming through the applications of Agriculture 4.0 technologies.
Int. J. Intell. Netw. 2022, 3, 150–164. [CrossRef]

186. Hundal, G.S.; Laux, C.M.; Buckmaster, D.; Sutton, M.J.; Langemeier, M. Exploring barriers to the adoption of internet of
things-based precision agriculture practices. Agriculture 2023, 13, 163. [CrossRef]

187. Nandy, S.; Andraskar, J.; Lanjewar, K.; Kapley, A. Challenges in bioremediation: From lab to land. In Bioremediation for
Environmental Sustainability. Toxicity, Mechanisms of Contaminants Degradation, Detoxification, and Challenges; Saxena, G., Kumar, V.,
Shah, M.P., Eds.; Elsevier: Amsterdam, The Netherlands, 2021; pp. 561–583. [CrossRef]

188. Vishwakarma, G.S.; Bhattacharjee, G.; Gohil, N.; Singh, V. Current status, challenges and future of bioremediation. In Bioreme-
diation of Pollutants. From Genetic Engineering to Genome Engineering; Pandey, V.C., Singh, V., Eds.; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 403–415. [CrossRef]

189. Rehan, M.; Alsohim, A.S. Bioremediation of Heavy Metals. In Environmental Chemistry and Recent Pollution Control Approaches;
Saldarriaga-Noreña, H., Murillo-Tovar, M.A., Farooq, R., Dongre, R., Riaz, S., Eds.; IntechOpen Ltd.: London, UK, 2019. [CrossRef]

190. Rodovalho Gonçalves, C.; da Silva Delabona, P. Strategies for bioremediation of pesticides: Challenges and perspectives of the
Brazilian scenario for global application—A review. Environ. Adv. 2024, 8, 100220. [CrossRef]

191. EU. Commission Communication in the Framework of the Implementation of Directive 2009/128/EC of the European Parliament
and of the Council of 21 October 2009 Establishing a Framework for Community Action to Achieve the Sustainable Use of
Pesticides. 2009. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015XC0612(03) (accessed
on 16 June 2024).

192. EC. Using Less Chemical Pesticides: European Commission Publishes Toolbox of Good Practices. 2023. Available on-
line: https://agriculture.ec.europa.eu/news/using-less-chemical-pesticides-european-commission-publishes-toolbox-good-
practices-2023-02-28_en (accessed on 16 June 2024).

193. Tufa, T. Role of Integrated Nutrient Management on Nutrient Uptake, Soil Physicochemical Properties and Maize Yield Improve-
ment: Review. J. Biol. Agric. Healthc. 2019, 9, 14–21. [CrossRef]

https://doi.org/10.1007/s13399-022-02546-6
https://doi.org/10.3389/fsufs.2023.1101528
https://doi.org/10.1146/annurev-environ-112320-093911
https://doi.org/10.15302/J-FASE-2020341
https://doi.org/10.1111/dpr.12356
https://doi.org/10.1007/978-3-030-38881-2_1
https://doi.org/10.1016/j.landusepol.2014.08.016
https://doi.org/10.3390/agriculture12091410
https://doi.org/10.5937/PoljTeh2301079O
https://doi.org/10.31891/2307-5732-2023-317-1-42-47
https://doi.org/10.3808/jei.202100459
https://doi.org/10.1016/j.dwt.2024.100829
https://doi.org/10.1007/s13165-018-0237-7
https://doi.org/10.1016/j.agee.2022.108300
https://doi.org/10.1108/BFJ-11-2018-0747
https://doi.org/10.1016/j.ijin.2022.09.004
https://doi.org/10.3390/agriculture13010163
https://doi.org/10.1016/B978-0-12-820524-2.00023-7
https://doi.org/10.1016/B978-0-12-819025-8.00020-X
https://doi.org/10.5772/INTECHOPEN.88339
https://doi.org/10.1016/j.envadv.2022.100220
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015XC0612(03)
https://agriculture.ec.europa.eu/news/using-less-chemical-pesticides-european-commission-publishes-toolbox-good-practices-2023-02-28_en
https://agriculture.ec.europa.eu/news/using-less-chemical-pesticides-european-commission-publishes-toolbox-good-practices-2023-02-28_en
https://doi.org/10.7176/JBAH/9-17-03


Agronomy 2025, 15, 76 36 of 40

194. Sharma, S.; Verma, K.; Hardaha, P. Implementation of Artificial Intelligence in Agriculture. J. Comput. Cogn. Eng. 2022, 2, 155–162.
[CrossRef]

195. Paramesh, V.; Kumar, P.; Bhagat, T.; Nath, A.J.; Manohara, K.K.; Das, B.; Desai, B.F.; Jha, P.K.; Prasad, P.V.V. Integrated Nutrient
Management Enhances Yield, Improves Soil Quality, and Conserves Energy under the Lowland Rice–Rice Cropping System.
Agronomy 2023, 13, 1557. [CrossRef]

196. Randhawa, M.K.; Dhaliwal, S.S.; Sharma, V.; Toor, A.S.; Sharma, S.; Kaur, M. Impact of Integrated Nutrient Management on
Transformations of Micronutrients and Uptake by Wheat Crop in North-western India. J. Soil Sci. Plant Nutr. 2021, 21, 2932–2945.
[CrossRef]

197. Kumar, S.; Sagwal, D.P.; Garhwal, R.S.; Kumar, A.; Gill, A.; Sharma, J.C. Efficacy of integrated nutrient management on soil
properties and wheat yield. Int. J. Agric. Sci. 2022, 18, 888–892. [CrossRef]

198. Ali, A.; Niu, G.; Masabni, J.; Ferrante, A.; Cocetta, G. Integrated Nutrient Management of Fruits, Vegetables, and Crops through
the Use of Biostimulants, Soilless Cultivation, and Traditional and Modern Approaches—A Mini Review. Agriculture 2024, 14,
1330. [CrossRef]

199. Azadi, H.; Moghaddam, S.M.; Burkart, S.; Mahmoudi, H.; Van Passel, S.; Kurban, A.; Lopez-Carr, D. Rethinking resilient
agriculture: From climate-smart agriculture to vulnerable-smart agriculture. J. Clean. Prod. 2021, 319, 128602. [CrossRef]

200. Johnson, D.; Almaraz, M.; Rudnick, J.; Parker, L.E.; Ostoja, S.M.; Khalsa, S.D.S. Farmer Adoption of Climate-Smart Practices
Is Driven by Farm Characteristics, Information Sources, and Practice Benefits and Challenges. Sustainability 2023, 15, 8083.
[CrossRef]

201. Adesipo, A.; Fadeyi, O.; Kuca, K.; Krejcar, O.; Maresova, P.; Selamat, A.; Adenola, M. Smart and climate-smart agricultural trends
as core aspects of smart village functions. Sensors 2020, 20, 5977. [CrossRef]

202. Adam, B.; Abdulai, A. Minimum tillage as climate-smart agriculture practice and its impact on food and nutrition security. PLoS
ONE 2023, 18, e0287441. [CrossRef] [PubMed]

203. Moore, E.B. Challenges and Opportunities for Cover Crop Mediated Soil Water Use Efficiency Enhancements in Temperate
Rain-Fed Cropping Systems: A Review. Land 2023, 12, 988. [CrossRef]

204. Rodrigues, M.A.; Raimundo, S.; Arrobas, M. Cover Cropping in Rainfed Fruticulture. World J. Agric. Soil Sci. 2019, 1, 1–3.
[CrossRef]

205. Tadesse, S.T.; Oenema, O.; van Beek, C.; Ocho, F.L. Manure recycling from urban livestock farms for closing the urban–rural
nutrient loops. Nutr. Cycl. Agroecosyst. 2021, 119, 51–67. [CrossRef]
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