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Agriculture is a key component in the global land, water, air, and energy nexus, and the way agriculture treats land can sig-
nificantly affect the ecosystems and the environment. Agriculture plays a significant role in climate change, with its effects
varying depending on whether the land is conserved or degraded. Through the adoption of alternative agricultural practices,
such as regenerative or conservation methods, it is possible not onlyenhance the soil’s organic carbon content and restore
degraded land but also to contribute positively to climate change mitigation and overall environmental health. The positive
impact of alternative agriculture on the quality of primary food raw materials is also proven. This review article aims to
summarize scientific information focused on the impact of alternative ways of soil technology in agriculture and to discuss
the positives and negatives of preservative technologies such as minimization, mulch-till, and no-till on the soil, plant pro-
duction, and the environment.
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Alternatives to Conventional Ways of Agriculture

In recent years, the agricultural system has be-
come increasingly complex and vulnerable. As the
global population grows, so does the demand for
food, yet essential resources like arable land and
water remain limited. The pressure on these finite
resources, coupled with the rising demand for food,
has primarily — though not exclusively — burdened
small-scale farmers (Khatri ez al. 2023).

The global food system is responsible for about
25% of annual human-caused greenhouse gas emis-
sions. It also results in about a third of soil acidi-
fication and is responsible for most of the world’s

eutrophication of surface waters (Poore & Nemecek
2018). If the food system continues with current
practices involving the use of synthetic pesticides,
fertilisers, fossil fuels, and the production of large
amounts of food waste, the carrying capacity of the
planet will be exceeded (Campbell et al. 2017). For
this reason, the production of safe and nutritional-
ly valuable food for a growing human population
within the carrying capacity of the planet is a key
challenge (Willett et al. 2019; Schreefel et al. 2020;
Galanakis 2024). The importance of sustainable
food production is currently embedded also in many
geopolitical strategic issues of the European Union,
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such as the Strategic Dialogue on the Future of EU
Agriculture (2024), the European Green Deal (Eu-
ropean Commission 2020a) or the EU Mission:
Agreement on land for Europe (Europian Union
2021), EU Circular Economy Action Plan (Europe-
an Commission 2015), the Paris Climate Agreement
(UN Climate Change Conference 2015), and the
Common Agricultural Policy (European Commis-
sion 2019).

Sustainable agricultural practices offer solutions
for producing food and other agricultural products
with minimal environmental impact, ensuring that
food availability and the well-being of future gen-
erations are not compromised (Robertson 2015;
Schreefel et al. 2020; Galanakis 2024). Sustain-
able agriculture can also be defined as an integrat-
ed system of plant and animal production methods
designed to meet long-term food demands while
enhancing the quality of the environment and the
natural resources that support agricultural econo-
mies. This system also makes it possible to main-
tain natural biological cycles, the economic viabil-
ity of farming activities, and increase the quality of
farmers’ lives and the whole society (Keeney 1990;
Siebrecht 2020). On the other hand, sustainable ag-
riculture depends on the development of advanced
approaches (activities, factors) to enhance crop
yield and improve other agriculture measures and
to make the agriculture wilderness friendly and sus-
tainable (Figure 1).

It is widely acknowledged that as the global pop-
ulation continues to grow, the demand for food rises,
leading to the conversion of forests and arable land
into urban areas. Considering diminishing arable
land, highly efficient and advanced technologies are
essential to meet the food demands of an expanding
global population (Khan ef al. 2021). Many of these
approaches are defined and comprehensively de-
scribed in academic literature, for example, organic
farming and climate-smart agriculture. An approach
that has recently gained attention as a potential solu-
tion for a sustainable food system is regenerative ag-
riculture (Rodale 1983; Schreefel et al. 2020; Muhie
2022). One of the main principles that unites all the
mentioned alternative agricultural methods is the
system of sustainable intensification. Climate-Smart
Agriculture involves practices that support both
agricultural productivity and climate adaptation,
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which is highly desirable in today‘s age of recog-
nized climate change and increasing food demand.
To integrate biodiversity and promote sustainabili-
ty, organic agriculture takes a broader systems ap-
proach, aiming to integrate organic principles into
farming. With the aim to increase biodiversity, en-
hance ecosystem services, rebuild soil organic mat-
ter, and improve water cycles is very well adapted
regenerative agriculture. These approaches also of-
ten intersect with broader sustainability goals, such
as carbon sequestration, the promotion of local food
systems, and improving the economic resilience of
smallholder farmers.

Sustainable Intensification

Agricultural intensification refers to the in-
crease in agricultural production per unit of input
or maintaining production with fewer inputs (Struik
& Kuyper 2017; Pellegrini & Fernandez 2018).
Sustainable intensification, on the other hand, is
a process or system that aims to boost agricultural
production and productivity without harming the
environment or converting additional non-agricul-
tural land (Pretty ef al. 2011; Cassman & Grassini
2020). Building sustainable agricultural intensifica-
tion and protecting both, the integrity of the land and
the people involved in this are necessary to ensure
the future quality and supply of agricultural prod-
ucts. Soil quality and natural biodiversity can be
improved by optimizing agricultural methods such
as tillage, crop rotation (Rasmussen et al. 2018), fer-
tilisation, and the use of different agricultural chem-
icals (Fernandez-Ugalde et al. 2009; Gomez et al.
2011; Lu et al. 2022; Theshiulo et al. 2024). More
efficient land use (e.g., zero tillage) can also help
to reduce agricultural greenhouse gas emissions and
future loss of natural habitats and contribute to soil
carbon sequestration (Mondal et al. 2023). Agri-
cultural intensification can have a positive impact
on improving the economic and social conditions
of farmers, resulting in increased food security and
more job opportunities for current and future gen-
erations (Garibaldi et al. 2017; Meyfroidt 2018;
Rasmussen ef al. 2018; Cassman & Grassini 2020)
(Figure 2).

Organic Agriculture
Organic agriculture takes a broader systems ap-
proach, aiming to integrate organic principles into
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farming to promote sustainability and biodiversity.
This often involves reducing reliance on synthetic
chemicals, focusing on soil health, and supporting
wildlife habitats through diversified farming sys-
tems. Organic agriculture is an integrated farming
system focused on environmental conservation, re-
ducing dependence on chemical pesticides and fer-
tilisers, and promoting agricultural sustainability.
Key features of this approach include the avoidance
of chemical pesticides, the widespread use of organ-
ic fertilisers, the preservation of biodiversity, crop
rotation, and the incorporation of fallow periods
(Ma & Zhuge 2024). According to the definition of
the Association of Organic Agriculture of the Slo-
vak Republic, the term organic agriculture refers to
a system favourable to the environment, the goal of
which is a sustainable agroecosystem, that primarily
uses local and renewable resources and organically
friendly technologies and at the same time its pro-
cedures minimal environmental damage. Organic

agriculture increases the ability to face the adverse
effects of climate change by reducing greenhouse
gas emissions (Yue et al. 2023). It creates efficient
and environmentally friendly agricultural systems
resistant to climate change such as temperature fluc-
tuations and drought, and that prevent soil erosion
(Yu & Wang 2024). This approach to land and food
production provides solutions to most of the prob-
lems agriculture is facing currently (Yue et al. 2023;
Dhakal et al. 2024).

More than 100 countries around the world are
currently publicly supporting organic farming stan-
dards (Seufert et al. 2017), which are based on stan-
dards developed by the International Federation of
Organic Agriculture Movements (IFOAM). Organic
standards cover various fields such as crop culti-
vation, animal husbandry (Yu & Wang 2024), bee-
keeping, and aquaculture. They include activities
that are prohibited or restricted as well as activities
that are required or recommended. An organic agri-

Figure 1. Key driving factors related to technology in advanced agriculture.
This list highlights the primary activities and factors within agriculture that necessitate advanced technology. It is not intended
to be exhaustive, as there are numerous other driving factors and activities that also require advanced technological solutions

(adapted from Khan et al. 2021).
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culture system can be defined by the following five
basic features: (1) respect for the environment and
animals, (2) promotion of sustainable crop produc-
tion methods, (3) use of non-chemical fertilisers and
agents on pest, diseases and weed control, (4) pro-
duction of high-quality food, and (5) prohibition of
the use of genetically modified (GM) crops (Lairon
2010; EU Regulation 2018/848). Compliance with
organic standards is verified annually through in-
spections carried out by accredited representatives
(Seufert ef al. 2017). For this reason, it is essential
to keep records of all farming activities.

The Effect of Organic Agriculture on Crop Produc-
tion Quality

Discussions are still ongoing about the nutri-
tional composition of conventionally and organical-
ly grown crops. In general, it is proved that crops
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grown organically contain higher concentrations of
key nutrients (Ma & Zhuge 2024) and lower levels
of nitrates. They also contain higher concentrations
of phytochemicals, flavonoids, antioxidants, phe-
nolic compounds (Ren et al. 2017), and vitamin C
(Hallmann & Rembiallkowska 2006; Golubkina
et al. 2018). On the other hand, the concentration
of proteins is lower compared to conventional ag-
riculture (Krejcitova et al. 2006; Bilsborrow et al.
2013) and nitrate levels (Herencia et al. 2011). In
some studies, no significant differences between
conventional and organic production systems have
been observed in terms of nutritional composition
in the crops, especially regarding the concentration
of proteins, minerals, and trace elements (Mader et
al. 2007) or phenolic compounds (Mazzoncini et al.
2015).

In the work of Giusti ef al. (2018), differences

* Trade-offs
* Lose-Lose
s Win-Win

Drivers

’ [_irudirect}\

Policy
Objectives and
4 Responses

* Environmental
Sustainability
* Political Stability
* Economic
\. Growth

Values

N

* Ecological
» Socio-cultural
* Economic

J

Environment, Markets, Culture, Population,

Globalisation, Governance

Figure 2. The agricultural intensification process and its possible outcomes (adapted from Rasmussen et al. 2018).
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in the nutritional composition of conventionally and
organically grown legumes were analysed in terms
of the content of phenols, anthocyanins, flavonoids,
and their antioxidant capacity. Results show that or-
ganically grown crops have higher concentrations
of phenolic acids, especially gallic, caffeic, syringic,
and ferulic acids. They also show higher antioxidant
capacity compared to conventional approaches. The
total protein content was determined in various sam-
ples of legumes, such as pea (Pisum sativum L.) and
bean (Vicia faba L.) varieties grown on a conven-
tional and organic production systems. The results
show that the protein content was significantly high-
er in crops grown under organic farming conditions
(Walter et al. 2022). However, in older literature, it
is more often stated that the protein content is high-
er in conventionally grown crops (Krej¢itova et al.
2006; Bilsborrow et al. 2013). In the work of Lat-
vian scientists, it was found that the protein content
in peas, beans, and soybeans (Glycine max L.) does
not statistically significantly differ according to the
cultivation system (Sterna et al. 2020). Based on
these results, it can be assumed that the content of
proteins and other nutrients is influenced by both,
the agricultural approach and other factors, such as
genotype and external environment like climatic
conditions, soil quality, precipitation, and fertilisa-
tion. However, a fundamental improvement in the
nutritional composition of cereals in terms of pro-
tein content was found in a study of 22 varieties of
spring barley grown organically and conventionally
for two consecutive years. It has been proven that
the effect of the organic cultivation system increased
the average content of the lunasin peptide from 47
to 92% (Legzdina et al. 2014). Lunasin is a peptide
that has potential in the prevention and treatment of
cancer in humans (Wan et al. 2017).

Menkovska et al. (2017) enzymatically deter-
mined the content of S-D-glucan, as the basic com-
ponent of soluble dietary fiber in selected cereals,
in samples of oat (4vena sativa L.), barley (Horde-
um vulgare L.), rye (Secale cereale L.), and wheat
(Triticum aestivum L.). Even though the values of
[S-D-glucan content were not significantly different
between crop samples of conventional and organic
cultivation, they conclude that organic agriculture is
very promising in producing cereals with positive
health benefits in terms of dietary fiber content.

Available evidence from most scientific studies
indicates that the occurrence and concentrations
of mycotoxins produced by the pathogenic species
of the fungus Fusarium ssp. are lower in organic
compared to conventional approaches. Most studies
also indicate that crop rotation, high organic matter
content, and high biological activity of microorgan-
isms in the soil, as well as the minimization of the
use of mineral nitrogen fertilisers, some fungicides,
and herbicides are associated with a lower risk of
contamination of cereals by Fusarium mycotoxins
(Bernhoft et al. 2022).

Organic Agriculture in the Slovak Republic

Since 1990, Slovak agriculture has undergone
numerous reforms. The entry of the Slovak Repub-
lic into the European Union meant the acceptance
of obligations in agricultural and environmental
legislation. Organic and environmental limits were
applied, which meant the usage of chemicals and
agricultural machinery to a much lesser extent. The
result was a lower burden on individual components
of the country. With a decrease in intensification, or
with a sustainable approach to the agricultural soil,
there was a significant decrease in the application of
industrial fertilisers in agriculture. Currently, more
attention is paid to greening measures and to the
support of organic agriculture, which is much more
sensitive to nature and its protection, the protection
of natural resources, and the environment (Izakovi-
Cova et al. 2022).

The topic of organic agricultural production in
the Slovak Republic is dealt with by the Department
of Organic Agricultural Production (OEPV), a part
of the Central Control and Testing Institute in Ag-
riculture located in Bratislava (UKSUP). The pro-
fessional duties and responsibilities are stated in the
EU legislation, namely 58 THE LAW of February
2, 2023, which amends Act no. 282/2020 Coll. on
organic agricultural production as amended by Act
no. 350/2020 Coll. (Slov-Lex 2023).

In the long-term horizon from 1993 to 2020,
a positive trend in the introduction of organic ag-
riculture was recorded with an increase of 11.45%
(Izakovi¢ova et al. 2022). Increasing the areas of
organic agriculture to at least 13.5% by 2030 is one
of the main goals of the SR 2030 Environmental
Strategy in sustainable land management (MZP SR
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2019). As of October 31, 2023, the total area of ag-
ricultural land cultivated organically is 228,323.76
ha, and 1,311 operators are registered in the system
of organic agricultural production (UKSUP 2023),
and with an increasing trend (Table 1).

The objectives of the European Commission pre-
sented in the Farm to Fork strategy have the task of
moving the EU food system to a healthier and more
sustainable level, and the area used for organic ag-
riculture should increase within European countries
to 25% of the total agricultural land by 2030 (Euro-
pean Commission 2020b).

Despite the increased interest in organic agricul-
ture in the Slovak Republic, many shortcomings are
still observed, such as the poorly developed distri-
bution of organic products and their low sales on the
domestic market. The availability of organic prod-
ucts is relatively limited, and the lack of strong com-
petition fails to create the pressure needed to lower
the high prices of organically produced goods, mak-
ing them less accessible to final consumers (Néme-
thova et al. 2017).

Climate-Smart Agriculture

Climate-Smart Agriculture involves practic-
es that support both agricultural productivity and
climate adaptation. It includes things like improv-
ing water use efficiency, diversifying crops, using
drought-resistant varieties, and integrating systems
that sequester carbon. It’s essentially about increas-
ing the resilience of farming systems to climate-re-
lated risks while reducing agriculture’s contribution
to greenhouse gas emissions. Climate change rep-
resents a significant and growing threat to global
food and nutrition security.

Climate-smart agriculture is an approach that
aims to make agriculture more sustainable in the era
of climate change (Zhao et al. 2023; Vishnoi & Goel
2024). It is a strategy of introducing new agricultural
technologies and practices to support production to
adapt to and mitigate climate change (Kaczan et al.
2013; Lipper et al. 2017; Zhao et al. 2023). It aims
to provide internationally applicable agricultural
management concepts for food security in a chang-
ing climate (Zhao et al. 2023; Vishnoi & Goel 2024)
that could serve as a basis for policy support and
proposals from multilateral groupings of states such
as the Food and Agriculture Organization (FAO) of
the United Nations (UN). Climate-smart agricul-
ture refers to agricultural methods that can increase
production, increase plant resistance to pathogens
and diseases, and reduce greenhouse gas emissions
while helping to achieve initiatives in food securi-
ty and development (FAO 2013; Zhao et al. 2023;
Vishnoi & Goel 2024).

The adoption of Climate-Smart Agriculture
(CSA) varies across the continents (Figure 3). Ac-
cording to Li ef al. (2024), scholars from Asian and
African countries have contributed a significant por-
tion of the literature in this field. In contrast, the lit-
erature from Europe, Oceania, and the Americas is
generally limited and shows a declining trend. This
uneven geographic distribution of CSA adoption lit-
erature can be attributed to the differing pressures
on food supply across continents. Africa and Asia
face greater challenges in producing enough food to
feed their populations compared to Europe, Ocea-
nia, and the Americas (Do & Ho 2022; FAO 2023).

Table 1

The total area of agricultural land registered in organic agriculture production in the Slovak Republic as of 30/11/2024
(in ha). As of 30/11/2024, there are 1,335 operators registered in the organic production system in Slovakia (of which there
are 967 with land) (UKSUP 2024).

Land status Agricultural land Arable land };f;z?;rfg: Orchards Vineyards
Organic 233036.77 76683.11 154354.83 1577.72 421.11
III. year of conversion 127.11 0 0 58.09 69.02
II. year of conversion 22546.49 7179.72 15113.89 192.26 60.62
L. year of conversion 13320.52 5115.19 8128.37 24.20 52.76
Total 269030.89 88978.02 177597.09 1852.27 603.51
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As a result, researchers have focused more on CSA
adoption in these regions (Li ef al. 2024).
Climate-smart agriculture seeks to minimize or
eliminate greenhouse gas emissions associated with
the production of food, fibre and fuel. It approach-
es soil and crops to enable them to act as carbon
reservoirs and absorb carbon dioxide (CO,) from
the atmosphere. CO, subsequently reaches the soil
through the plant and its root system, where it forms
an important part of soil organic matter called hum-
mus. Better carbon sequestration can be achieved
through many sustainable agriculture practices,
such as no-tillage, leaving crop residues, crop ro-
tation, or intercropping (Chen et al. 2009; Clark et
al. 2017). Hazra et al. (2019) proved that the rota-
tion of fields with maize (Zea mays L.) and wheat
improves soil aggregation and carbon sequestration
in the long term. One of the ways to increase the
content of organic carbon in the soil is to alternate
cereals with legumes. The results of this experiment
indicate that the inclusion of legumes could increase
soil organic carbon retention by up to 10%, while
also increasing the total yields of rotated crops (van
der Pol et al. 2022). It has also been found that even
no-till can increase soil organic carbon while reduc-

ing greenhouse gas emissions (Curtin et al. 2000).
The use of integrated nutrient management also has
a positive effect on crop yield, soil carbon content,
and nutrient availability for crops (Choudhury ef al.
2018). Leaving crop residues in the field after har-
vest improves soil health, carbon storage, and soil
moisture (Turmel et al. 2015).

Climate-smart agriculture also aims to improve
agricultural techniques and approaches to increase
crop productivity and income while minimizing en-
vironmental impact. It also contributes to improving
food and nutritional security (Teklu et al. 2023). In
general, climate-smart agriculture can provide an ef-
ficient way of global agriculture and rural develop-
ment sustainably in the presence of changing weath-
er patterns (Campbell ef al. 2014; Zhao et al. 2023).
Smart water practices present opportunities for
farmers to mitigate water stress caused by climate
change. Innovative water conservation technologies
such as rainwater harvesting, mulching, or terrac-
ing can save costs and provide high-quality water
throughout the year while increasing farmers’ yields
and incomes (Karpouzoglou & Barron 2014; Botha
et al. 2015). At the same time, these systems create
water efficiency and allow access to water during pe-
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Figure 3. Distributions of the scientific studies dealing with Climate-smart agriculture by continent in the years period

2013-2023 (adapted from Li et al. 2024).
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riods of water deficiency (Patle et al. 2020). Despite
many positives, the concept of climate-smart agri-
culture is still evolving and there is limited research
on the relationship between climate-smart agricul-
ture and sustainable agriculture, as well as how cli-
mate-smart agriculture practices can be implement-
ed to ensure long-term food and nutrition security
(Sarker et al. 2019). Challenges in climate-smart
agriculture persist, including issues related to lim-
ited agricultural water resources, climate variability
and change, agricultural greenhouse gas emissions,
and the integration of information resources (Zhao
et al. 2023).

The Effect of Climate-Smart Agriculture on Crop
Production Quality

C-smart agriculture is an effective approach to
improve soil water retention (12%) and increase
grain yield (66%) of maize (Zizinga et al. 2022).
Research conducted in southern Ethiopia found that
soils that were managed under CSA practices had
nearly twice as much total plant-available nitrogen
and phosphorus as conventional practices. At the
same time, the carbon reserves in the soil managed
by CSA practices were increased three to seven
times, and the wheat yield was higher by 30—45%
compared to conventional agriculture (Tadesse et al.
2021). CSA is also recognized as an essential path-
way to food security and rural poverty reduction
in a changing climate and poverty-stricken, flood-
prone, and soil-salinized areas such as Bangladesh
(Akter et al. 2022). The positive impact of CSA on
agricultural production has also been noted in the
Maharashtra region of India, which suffers from se-
vere water shortages during the dry season. Drought
can be solved using the practices of this agricultural
system with various irrigation water technologies,
such as digging wells, rainwater harvesting, or oth-
er methods of groundwater extraction. Combined
with integrated nutrient management methods, such
as the use of animal manure, vermicomposting, or
incorporating straw residues into the soil, it can im-
prove the efficiency of water and fertiliser uses. At
the same time, it can increase agricultural productiv-
ity and reduce the amount of agricultural water, fer-
tilisers, and greenhouse gas emissions (Khatri-Ch-
hetri et al. 2019).

Optimizing sowing and harvesting dates, reduc-
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ing the number of chemical fertilisers, and adjusting
irrigation schedules had a very positive impact on
total crop yields in rice (Oryza sativa L.) cultivation
in the delta of Mekong River in Vietnam (Ho & Shi-
mada 2019). In Zambia, central Africa, conservation
agricultural measures such as spreading post-har-
vest crop residues on farmland or alternating be-
tween legumes and cereals are used. These mea-
sures in Zambia have the potential to increase soil
fertility and carbon sequestration capacity, thereby
significantly increasing average grain yields and
effectively ensuring local food security (Kaczan et
al. 2013). Farmers in Namibia have increased crop
yields by applying nutrient-rich earthworm compost
leachates, practicing hydroponic cultivation, and
planting mushrooms along the coast of the Namib
Desert, while also collecting mist water to conserve
irrigation water, or mixing it with seawater and us-
ing it for irrigation directly to the roots of crops.
Through these measures, Namibia has mitigated the
food insecurity crisis and increased its agricultural
land adaptability to climate change (Mupamwa et
al. 2019).

The system of climate-smart agriculture is main-
ly aimed at developing countries more threatened by
the impact of climate change, such as the countries
of sub-Saharan Africa or South Asia, as can also be
seen from the research above. For countries with de-
veloped agriculture, high economic efficiency, and
higher land areas per capita, these practices focus
primarily on reducing greenhouse gas emissions
while improving production efficiency (Kaczan et
al. 2013; Long et al. 2016).

Regenerative Agriculture

Regenerative Agriculture focuses on rebuilding
soil organic matter, improving water cycles, increas-
ing biodiversity, and enhancing ecosystem services.
It includes practices like cover cropping, agroforest-
ry, rotational grazing, and reducing tillage. The goal
is to make the land more resilient to climate change
and improve soil health. Regenerative agriculture
is a holistic approach to agriculture based on six
principles of agroecosystem restoration: (1) under-
standing that each soil and soil microbiome has its
environmental specificities, (2) minimizing external
interventions into the soil (e.g. tillage, or the use of
synthetic fertilisers and pesticides ), (3) maintaining
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soil cover throughout the year, (4) maintaining liv-
ing plant root systems in the soil for as long as pos-
sible, (5) increasing biodiversity, and (6) integrating
farm animals (Eckbert & Rosenzweig 2020) (Fig-
ure 4). This agricultural method seeks to implement
the above principles to restore healthy agricultural
ecosystems and eliminate soil degradation, loss of
biodiversity, and even a decrease in economic prof-
itability. There are many different definitions and
approaches to regenerative agriculture. Instead of a
universal approach, it is necessary to adapt all the
mentioned methods to the specific agricultural and
climatic environment in which they are used. Some
regenerative agriculture practices overlap with other
forms of sustainable agricultural practices, such as
organic or CSA (Khangura et al. 2023).

The Effect of Regenerative Agriculture on Crop and
Soil Quality

LaCanne and Lundgren (2018) assessed the ef-
fects of regenerative and conventional approaches
of maize production systems on ecosystem services,
profitability, and productivity. It was found that
pests were 10 times more common in fields treat-
ed with insecticides than in fields with a regenera-
tive system. Regeneratively managed fields showed
29% lower maize production, but 78% higher prof-
its compared to traditional agriculture. The gain was
mainly related to the effect of the agricultural ap-
proach on soil organic matter, not crop yield.

One of the mechanisms used in regenerative ag-
riculture is the integration of earthworms into the
soil. Hodson ef al. (2023) conducted an experiment
in which 5 varieties of spring wheat were grown in
the presence and absence of earthworms under reg-
ular irrigation and drought conditions. The results
show that the amount of plant biomass was greater
in samples grown in the presence of earthworms in
the soil. The presence of earthworms reduced the
effect of drought on plant biomass and slowed the
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Figure 4. The six core principles to regenerative agriculture.

rate of soil drying. The presence of earthworms also
has a positive effect on the soil microbiome in terms
of suppressing plant pathogens and promoting plant
growth.

The research in regenerative agriculture has also
shown that tillage can disrupt and reduce popula-
tions of saprophytic and mycorrhizal fungi, thereby
compromising soil health (Frey et al. 1999; Kabir et
al. 2005; Brito et al. 2012; Dai et al. 2015) and on
the other hand, studies indicate that regenerative ag-
riculture enhances soil health by increasing micro-
bial diversity and richness (Macik ef al. 2023; Singh
et al. 2023; Khangura et al. 2023). One example of
how the increased biodiversity of the soil microbi-
ome affects positively the quality and added value of
crop production is the amino acid ergothioneine. Er-
gothioneine is an amino acid with strong antioxidant
and anti-inflammatory properties that is produced by
a variety of soil fungi and mycobacteria. Crops such
as maize, soybeans, and oats cultivated convention-
ally were found to contain 30% less ergothioneine
compared to regeneratively grown crops (Beelman
etal.2021).

Agriculture and Biodiversity

Biological diversity is a phenomenon represent-
ing the diversity of all living organisms on the Earth,
such as millions of species of plants, animals, and
microorganisms. Many of the ecosystem functions
provided by biodiversity, such as pollination of
flowers, retention of nutrients in the soil, resistance
to weeds or suppression of pathogens are important
to produce crops and therefore can also be classified
as ecosystem services (Duru et al. 2015; Manning
et al. 2019). In addition to the mentioned functions,
biodiversity also supports and stabilizes other eco-
system functions, such as biomass production or
carbon storage in the soil (Balvanera et al. 2006;
Cardinale et al. 2011; van der Plas 2019).

Maintain Livestock
Living Intogration
f Roods
?A
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Endangerment of Biodiversity Due to Conventional
Agriculture

The intensive use of conventional agricultur-
al practices, such as the use of irrigation systems,
tillage, ploughing with the use of heavy machinery,
fertilisers, and pesticides, has led to one of the most
fundamental environmental threats in the last fifty
years — the loss of biodiversity (Barros-Rodriguez
et al. 2021; Cozim-Melges et al. 2024). In addition
to the global loss of biodiversity, one of the main
current problems is the increasingly large-scale ex-
tinction and fragmentation of natural ecosystems
(WOolff et al. 2018). The consequences arising from
these problems are not only related to genetic loss
but also to ecosystem services that, in addition to
well-being, guarantee the preservation of human life
(Jennings et al. 2016; Aerts et al. 2018). Agricul-
tural systems often suffer from reduced biodiversity,
making them more susceptible to pathogens, pests,
and abiotic stresses such as drought. The reliance
on synthetic fertilisers and pesticides not only harms
the environment but also negatively impacts plant
production (Cozim-Melges et al. 2024). As a result
of the addition of nitrogen to the soil, a reduction in
biodiversity is observed, while its reduction is more
significant when using fertilisers containing NH*
ions and those containing NO*. This loss of species
diversity due to nitrogen application is more pro-
nounced in warmer regions, leading to lower yields
of nitrogen-sensitive crop species such as legumes
or non-vascular plants (Fay et al. 2015). A reduction
in microbial biodiversity was also found to occur
after phosphorus addition to soil (Fay et al. 2015),
however fertiliser regime, followed by soil proper-
ties, and available P are the main factors impacting
the soil microbiome (Wang et al. 2018). Nitrogen
pollution of terrestrial ecosystems also causes spe-
cies loss through processes of eutrophication and
acidification with serious consequences for commu-
nity composition throughout the food chain (Bob-
bink et al. 2010).

Biodiversity is also negatively affected by us-
ing herbicides, which, in addition to their primary
goals such as the elimination of weeds, also affect
non-target organisms, mainly related to the soil
microbiome (Garcia-Delgado et al. 2018). Other
chemical preparations are also used in agriculture
to kill fungi, nematodes, insects, and rodents, which
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also affect the biodiversity of the area in which they
are used and have a particularly strong and negative
effect on soil microorganisms (Mulla et al. 2020).

Losses and fragmentation of suitable habitats
due to the intensification of agriculture also partially
result in the decline of populations of native spe-
cies within agroecosystems (Winfree et al. 2009),
concerning mainly pollinators such as the bumble-
bee (Carvell et al. 2015). As a result of agriculture,
which is a key activity for the development of so-
ciety and the maintenance of human life, a huge
number of natural ecosystems are converted into
monocultures, which fundamentally contribute to
greenhouse gas emissions (Boguzas et al. 2022;
Zugasti-Lopez et al. 2024) and loss of biodiversity
(Cozim-Melges et al. 2024; Martinez et al. 2024).

Cultivating the soil with agricultural heavy
machinery may contribute to aerating the soil and
mixing it with supplied fertilisers, however, these
processes also have their negatives (Derpsch et al.
2024). During tillage, there are significant changes
in the biological and chemical properties of the soil
and a greater possibility of erosion due to a decrease
in soil moisture and organic matter content (Lal
et al. 2013; Groenigen et al. 2016; Derpsch et al.
2024). These changes harm the populations of earth-
worms (Lumbricidae) and soil microorganisms,
which significantly contribute to greater soil quality
by improving its structure and increasing nutrient
availability (Blouin et a/. 2013). Conventional till-
age techniques have been found to significantly re-
duce the population of earthworms, with immature
individuals being particularly affected, which make
up 76—90% of the total population (Dominguez et
al. 2016). Navarro-Noya et al. (2013) proved nega-
tive changes in soil microbiome communities due to
tillage, especially in genera of soil microorganisms
such as Actinobacteria, Betaproteobacteria and
Gammaproteobacteria.

Biodiversity Protection by Using Sustainable Agri-
cultural Methods

To mitigate the decline of native species such
as pollinators, agro-environmental schemes funded
by the EU have been introduced within agro-eco-
systems (Council Regulation (EEC) No. 2078/92).
Based on these regulations, financial compensations
are provided to farmers for carrying out agricultural
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practices that have a beneficial effect on biodiver-
sity, such as less intensive cultivation of cultivated
land or the creation of new habitats on uncultivat-
ed land. Agro-environmental schemes have been
shown to benefit natural populations of birds, bees,
butterflies, and plants, leading to increased species
biodiversity and abundance in specific habitats
(Carvell et al. 2007; Pywell et al. 2011; Pywell et al.
2012). In a study by Carvell et al. (2015), the impact
of agro-environmental schemes on the population of
natural pollinators, such as the bumblebee was in-
vestigated. Planting flower beds in areas with a high
proportion of arable land has been noted to have
a positive effect on pollinating insect populations.

The importance of plant-soil feedback through
soil microbial communities in the relationship be-
tween biodiversity and ecosystem functioning is in-
creasingly being advocated for agricultural practices
today concerning monoculture crops. The mecha-
nisms underlying biodiversity and ecosystem func-
tioning relations are still actively debated. More and
more results indicate that plant biodiversity affects
underground microbial communities, which oppo-
sitely support the functionality of ecosystems below
and above ground (Wagg et al. 2014; Prommer et
al. 2020).

Modern agriculture maximizes yields in the
short term and modern crops produce high yields in
monocultures where they are supplemented with nu-
trients and pesticides. In such a case, increasing bio-
diversity in the form of diversification, i.e. adding
other types of crops, is unlikely to increase the pro-
ductivity of the main crop (Tamburini et al. 2020).
However, increasing diversity can enhance other
ecosystem functions and potentially reduce the re-
liance on pesticides, irrigation, and fertilisation
(Manning et al. 2019; Cozim-Melges et al. 2024;
Martinez et al. 2024). Diversification of crops also
from monoculture to two-cultivar mixtures reduces
the incidence of diseases (Zhu et al. 2000; Martinez
et al. 2024; Altieri et al. 2024). Functional diversity
is also a strong indicator of the multifunctionality of
the agricultural ecosystem, in which weed growth
is suppressed, nitrogen is better retained in the soil,
plants are better supplied with inorganic nitrogen,
and finally, there is also greater biomass production
by plants and an increase in yields (Finney & Kaye
2017; Mahaut et al. 2019).

The Relationship Between Plant and Microbial Bio-
diversity

While many processes affecting the positive rela-
tionships between biodiversity and ecosystem func-
tions are located above ground, a significant part of
these mechanisms can also occur below the Earth’s
surface in the soil (Kaisermann et al. 2017; Mariotte
et al. 2018). Organisms of the soil microbiome are
responsible for these processes. Plant roots support
the growth and activity of various microorganisms,
including plant growth-promoting rhizobacteria,
mycorrhizal fungi, endophytic bacteria, actinomy-
cetes, nematodes, and protozoa, all of which can sig-
nificantly influence plant health and growth (Figure
5). The interaction between plants and soil microbes
is a complex, continuous, and dynamic process that
takes place in the rhizosphere, a specialized zone
around the roots. Plants engage with these microbes
through various types of relationships, such as com-
petitive, exploitative, neutral, commensal, and sym-
biotic (Chauhan et al. 2023).

For sustainable agricultural practices, a better
understanding of these mechanisms is crucial (Mari-
otte et al. 2018). Beneficial soil microorganisms can
positively influence plant nutrient acquisition from
the soil, pathogen defence, stress tolerance, and
overall productivity (Philippot et al. 2013; Finkel et
al. 2017; Chauhan et al. 2023). Numerous studies
have demonstrated that plant species vary in their
impact on soil microbiomes (Bezemer et al. 2006;
Yeoh et al. 2017, Fitzpatrick et al. 2018; Chauhan et
al. 2023). Various plant traits are linked to root mi-
crobial diversity, and species-specific root exudates
can influence the rhizosphere and soil microbiome
(Hu et al. 2018). Physiology and root architecture of
plants are also associated with the diversity of root
microbial communities. Growing different plant
species in the same soil can lead to an increase in
the diversity of the soil microbiome (Philippot et
al. 2013; Chauhan et al. 2023; Cozim-Melges et al.
2024; Martinez et al. 2024). In the study of Ke et al.
(2021), it has been shown that the strength of inter-
actions between plant and soil microbial communi-
ties can vary depending on how long the previous
plant species has been grown in the same soil.

The diversity of plant species also affects the
composition of the arbuscular mycorrhizal commu-
nity (Smilauer et al. 2020). Plants grown in previous
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Figure 5. Various types of plant-microbe interactions in the rhizosphere, PGPR = Plant Growth-Promoting (Rhizo)Bacteria/

Fungi (adapted from Chauhan et al. 2023).

growing seasons can influence the arbuscular my-
corrhizal community composition of the currently
grown plant through heritable factors (Bittebiere et
al. 2020). In addition, abiotic factors also affect in-
teractions between plants and microbes in the soil.
Kaisermann et al. (2017) tested the hypothesis that
drought influences plant-soil feedback, with subse-
quent effects on plant competition, by growing two
grassland plant species in monoculture and in com-
petition in soils that had either been exposed to a
prior drought or not. The previous drought created
a legacy effect on bacterial and fungal community
composition, which reduced plant growth in soils
with conspecifics and affected plant competitive
interactions. Furthermore, both plant and microbial
responses to a subsequent drought were influenced
by the legacy of the prior drought on plant-soil in-
teractions, with lasting effects on belowground
communities that impacted plant-soil feedback and
plant-plant interactions.

The effects of plants on the composition of the
soil microbiome are particularly visible in the rhi-
zosphere. Various substances are secreted into the
soil by the rhizosphere, such as sugars, amino acids,
organic acids, or dead root cells, which affect the ac-
tivity and composition of the rhizosphere microbial
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community (Philippot et al. 2013). For the proper
development of sustainable agriculture, it is essen-
tial to pay attention to these rhizosphere-mediated
multitrophic interactions, which are weakened by
breeding (Porter & Sachs 2020) or intensive conven-
tional agricultural practices (Banerjee et al. 2019).

The diversity of soil microorganisms impacts the
cycle of nutrients crucial for plants and the physi-
cal structure of the soil, or its aggregation capacity,
which is an important ability to reduce erosion and
hold water properly in soil. A growing body of evi-
dence indicates that soil microbial diversity is close-
ly associated with key functional aspects of soil that
are essential for sustainable agriculture, such as the
suppression of pathogenic microbes, plant matter
decomposition, nutrient cycling, and the reduction
of greenhouse gas emissions (Domeignoz-Horta
et al. 2015; 2018; Glassman et al. 2018; Ou et al.
2019; Zugasti-Lopez et al. 2024).

CONCLUSIONS

In conclusion, alternative agricultural practices
such as regenerative, organic, climate-smart, and
preservative methods offer promising solutions for
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addressing some of the most pressing environmen-
tal challenges of our time. Through the restoration
and enhancement of soil health, these approaches
not only increase soil organic carbon but also con-
tribute to mitigating the impacts of climate change.
Practices like minimization, mulch-till, and no-till
agriculture have demonstrated tangible benefits in
improving soil structure, enhancing water retention,
and reducing soil erosion, all while maintaining or
even increasing agricultural productivity.

However, the widespread adoption of these prac-
tices faces several challenges, including the need
for farmer education, adjustments in management
practices, and initial economic investments. While
these techniques hold great potential, careful con-
sideration of local environmental conditions, crop
types, and long-term sustainability is essential for
their successful implementation.

Ultimately, a holistic and integrated approach to
agricultural systems — one that balances productiv-
ity with ecological health — will be key in building
resilient agricultural landscapes that can support
both global food security and environmental sus-
tainability. Further research and policy support will
be crucial in scaling these practices and ensuring
their broader adoption across diverse agricultural
systems.

Acknowledgment: This work was financial-
ly supported by the Research and Development
(R&D) Project of the Ministry of Agriculture and
Rural Development of the Slovak Republic “Envi-
ronmentally friendly field crops cultivation practic-
es” and by the Operational Programme Integrated
Infrastructure (project “Innovation of primary ag-
ricultural production for sustainable agriculture”
ITMS: 313011T540) co-financed by the European
Regional Development Fund.

REFERENCES

Aerts, R., Honnay, O. and Van Nieuwenhuyse, A. (2018). Biod-
iversity and human health: mechanisms and evidence of the
positive health effects of diversity in nature and green spa-
ces. British Medical Bulletin, 127(1), 5—22. DOI:10.1093/
bmb/ldy021.

Akter, A., Geng, X., Endelani, M., Gershom, L.H., Hoque,
F., Kiraru, N.M., and Abbas, Q. (2022). Income and
yield effects of climate-smart agriculture (CSA) adoption
in flood prone areas of Bangladesh: farm level evidence.

Climate Risk Management, 37, 100455. DOI:10.1016/j.
crm.2022.100455.

Altieri, M. A., Nicholls, C.1., Dinelli, G., and Negri., L. (2024).
Towards an agroecological approach to crop health: redu-
cing pest incidence through synergies between plant di-
versity and soil microbial ecology. npj Sustainable Agricul-
ture, 2, 6. DOI:10.1038/s44264-024-00016-2.

Balvanera, P., Pfisterer, A. B., Buchmann, N., He, J.S., Nakashi-
zuka, T., Raffaelli, D., and Schmid, B. (2006). Quantifying
the evidence for biodiversity effects on ecosystem functio-
ning and services. Ecological Letters, 9(10), 1146—1156.
DOI:10.1111/1.1461-0248.2006.00963 .x.

Banerjee, S., Walder, F., Biichi, L., Meyer, M., Held, A.Y.,
Gattinger, A., Keller, T., Charles, R., and van der Heijden,
M.G.A. (2019). Agricultural intensification reduces micro-
bial network complexity and the abundance of keystone
taxa in roots. Multidisciplinary Journal of Microbial Ecolo-
gy, 13(7), 1722—1736. DOI1:10.1038/s41396-019-0383-2.

Barros-Rodriguez, A., Rangseekaew, P., Lasudee, K., Pathom-
aree, W., and Manzanera, M. (2021). Impacts of agricul-
ture on the environment and soil microbial biodiversi-
ty. Plants, 10(11), 2325. DOI:10.3390/plants10112325.

Beelman, R.B., Richie, J.P., Jr., Phillips, A.T., Kalaras, M.
D., Sun, D., Duiker, S.W. (2021). Soil disturbance im-
pact on crop ergothioneine content connects soil and hu-
man health. Agronomy, 11(11), 2278. DOI1:10.3390/agro-
nomy11112278.

Bernhoft, A., Wang, J., Leifert, C. (2022). Effect of organic
and conventional cereal production methods on Fusari-
um head blight and mycotoxin contamination levels. Agro-
nomy, 12(4), 797. DOI:10.3390/agronomy12040797.

Bezemer, T.M., Lawson, C.S., Hedlund, K., Edwards, A.R.,
Brooks, A.J., Igual, J.M., Mortimer, S.R., and van der
Putten, W. H. (2006). Plant species and functional group ef-
fects on abiotic and microbial soil properties and plant-soil
feedback responses in two grasslands. Journal of Ecology,
94(5), 893—-904. DOI:10.1111/5.1365-2745.2006.01158 x.

Bilsborrow, P.E., Cooper, J., Tetard-Jones, C., Srednicka-Tober,
D., Baranski, M., Eyre, M., Schmidt, C., Shotton, P.N., Vo-
lakakis, N., Cakmak, I., Ozturk, L., Leifert, C., and Wilcoc-
kson, S.J. (2013). The effect of organic and conventional
management on the yield and quality of wheat grown in a
long-term field trial. European Journal of Agronomy, 51,
71—80. DOI:10.1016/j.€ja.2013.06.003.

Bittebiere, A.-K., Vandenkoornhuyse, P., Maluenda, E., Gareil,
A., Dheilly, A., Coudouel, S., Bahin, M., and Mony, C.
(2020). Past spatial structure of plant communities deter-
mines arbuscular mycorrhizal fungal community assembly.
Journal of Ecology, 108(2), 546—560. DOI:10.1111/1365-
2745.13279.

Blouin, M., Hodson, M. E., Delgado, E.A., Baker, G., Brus-
saard, L., Butt, K.R., Dai, J., Dendooven, L., Peres, G.,
Tondoh, J.E., Cluzeau, D., and Brun, J.J. (2013). A review
of earthworm impact on soil function and ecosystem ser-
vices. European Journal of Soil Science, 64(2), 161 —182.
DOI:10.1111/ejss.12025.

Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade,
R., Ashmore, M., Bustamante, M., Cinderby, S., Davidson,
E., Dentener, F., Emmett, B., Erisman, J. W., Fenn, M., Gil-
liam, F., Nordin, A., Pardo, L., and De Vries, W. (2010).
Global assessment of nitrogen deposition effects on terres-
trial plant diversity: a synthesis. Ecological Applications,
20(1),30—59. DOI:10.1890/08-1140.1.

Boguzas, V., Skinulien¢, L., Butkeviciené, L. M., Steponavi-
¢iené, V., Petrauskas, E., and Marsalkiené, N. (2022). The
effect of monoculture, crop rotation combinations, and con-
tinuous bare fallow on soil CO, emissions, earthworms, and

176



Agriculture (Polnohospodarstvo), 70, 2024 (3): 164 — 181

productivity of winter rye after a 50-year period. Plants,
11(3),431. DOI:10.3390/plants11030431.

Botha, J.J., Anderson, J.J. and van Staden, P.P. (2015). Rainwa-
ter harvesting and conservation tillage increase maize yields
in South Africa. Water Resources and Rural Development,
6, 66—77. DOI:10.1016/j.wrr.2015.04.001.

Brito, 1., Goss, M.J., de Carvalho, M., Chatagnier, O., and van
Tuinen, D.D. (2012). Impact of tillage system on arbuscular
mycorrhiza fungal communities in the soil under Mediter-
ranean conditions. Soil and Tillage Research, 121, 63—67.
DOI:10.1016/j.stil1.2012.01.012.

Campbell, B.M., Thornton, P., Zougmor¢, R., van Asten, P., and
Lipper, L. (2014). Sustainable intensification: What is its
role in climate smart agriculture? Current Opinion in En-
vironmental Sustainability, 8, 39—43. DOI:10.1016/j.co-
sust.2014.07.002.

Campbell, B.M., Beare, D.J., Bennett, E.M., Hall-Spencer,
J.M., Ingram, J.S.1., Jaramillo, F., Ortiz, R., Ramankutty,
N., Sayer, J.A., and Shindell, D. (2017). Agriculture produ-
ction as a major driver of the Earth system exceeding pla-
netary boundaries. Ecology and Society, 22(4), 8—18. DOI:
10.5751/ES-09595-220408.

Cardinale, B.J., Matulich, K.L., Hooper, D.U., Byrnes, J.E.,
Duffy, E., Gamfeldt, L., Balvanera, P., O‘Connor, M.I.,
and Gonzalez, A. (2011). The functional role of producer
diversity in ecosystems. Americal Journal of Botany, 98(3),
572—-92. DOI:10.3732/ajb.1000364.

Carvell, C., Meek, W.R., Pywell, R. F., Goulson, D., and Nowa-
kowski, M. (2007). Comparing the efficacy of agri-environ-
ment schemes to enhance bumble bee abundance and di-
versity on arable field margins. Journal of Applied Ecology,
44,29-40. DOI:10.1111/j.1365-2664.2006.01249..x.

Carvell, C., Bourke, A.F.G., Osborne, J.L., and Heard, M.S.
(2015). Effects of an agri-environment scheme on bum-
blebee reproduction at local and landscape scales. Basic
and Applied Ecology, 16(6), 519—530. DOI:10.1016/].
baae.2015.05.006.

Cassman, K. G. and Grassini, P. (2020). A global perspective on
sustainable intensification research. Naturea Sustainability,
3,262-268. DOI:10.1038/s41893-020-0507-8.

Chauhan, P., Sharma, N., Tapwal, A., Kumar, A., Verma,
G.S., Meena, M., Seth, C.S., and Swapnil, P. (2023).
Soil microbiome: diversity, benefits and interactions
with plants. Sustainability, 15(19), 14643. DOI:10.3390/
sul51914643.

Chen, H., Marhan, S., Billen, N., and Stahr, K. (2009). Soil or-
ganic-carbon and total nitrogen stocks as affected by diffe-
rent land uses in Baden-Wiirttemberg (Southwest Germa-
ny). Journal of Plant Nutrition and Soil Science, 172(1),
32-42. DOI:10.1002/jpIn.200700116.

Choudhury, S.G., Yaduvanshi, N.P.S., Chaudhari, S.K., Shar-
ma, D.R., Sharma, D.K., Nayak, D.C., and Singh, S.K.
(2018). Effect of nutrient management on soil organic
carbon sequestration, fertility, and productivity under ri-
ce-wheat cropping system in semi-reclaimed sodic soils of
North India. Environmental Monitoring and Assessment,
190(3), 117. DOI:10.1007/s10661-018-6486-9.

Clark, K.M., Boardman, D. L., Staples, J. S., Easterby, S., Rein-
bott, T.M., Kremer, R.J., Kitchen, N.R., and Veum, K.S.
(2017). Crop yield and soil organic carbon in conventional
and no-till organic systems on a claypan soil. Agronomy
Journal, 109, 588—599. DOI:10.2134/agronj2016.06.0367.

Council Regulation (EEC) No 2078/92. https://eur-lex.europa.
eu/legal-content/EN/TXT/?uri=CELEX%3A31992R2078.

Cozim-Melges, F., Ripoll-Bosch, R., Veen, G.F., Oggia-
no, P., Bianchi, F., van der Putten, W., & van Zanten,
H. (2024). Farming practices to enhance biodiversity

177

across biomes: a systematic review. npj Biodiversity, 3(1),
1. DOI:10.1038/s44185-023-00034-2.

Curtin, D., Wang, H., Selles, F., McConkey, B.G., and Cam-
pbell, C.A. (2000). Tillage effects on carbon fluxes in con-
tinuous wheat and fallow-wheat rotations. Soil Science So-
ciety of America Journal, 64, 2080—2086. DOI:10.2136/
$552j2000.6462080x.

Dai, J., Hu, J., Zhu, A., Bai, J., Wang, J., and Lin, X. (2015). No
tillage enhances arbuscular mycorrhizal fungal population,
glomalin-related soil protein content, and organic carbon
accumulation in soil macroaggregates. Journal of Soils and
Sediments, 15, 1055—1062. DOI:10.1007/s11368-015-
1091-9.

Derpsch, R., Kassam, A., Reicosky, D., Friedrich, T., Calegari,
A., Basch, G., Gonzalez-Sanchez, E., and Dos Santos,
R.D. (2024). Nature’s laws of declining soil productivity
and conservation agriculture. Soil Security, 14, 100127,
DOI:10.1016/j.s0isec.2024.100127.

Dhakal, M., Zinati, G., Fulcher, M., Fornara, D., Martani, E.,
Contina, J. B., Hinson, P., Afshar, R., and Ghimire, R. (2024).
Chapter three — Challenges and emerging opportunities for
weed management in organic agriculture. In Sparks, D.L.
(Ed.) Advances in Agronomy, 1* ed. London: Academic
Press, pp. 125—172. DOI:10.1016/bs.agron.2023.11.002.

Do, H.-L. and Ho, T.Q. (2022) Climate change adaptation stra-
tegies and shrimp aquaculture: empirical evidence from
the Mekong Delta of Vietnam. Ecological Economics, 196,
107411. DOI:10.1016/j.ecolecon.2022.107411.

Domeignoz-Horta, L.A., Philippot, L., Peyrard, C., Bru, D.,
Breuil, M. C., Bizouard, F., Justes, E., Mary, B., Léonard,
J., and Spor, A. (2018). Peaks of in situ N, O emissions are
influenced by N, O-producing and reducing microbial com-
munities across arable soils. Global Change Biology, 24(1),
360—370. DOI:10.1111/gcb.13853.

Dominguez, A. and Bedano, J.C. (2016). Earthworm and en-
chytraeid co-occurrence pattern in organic and conven-
tional farming. Soil Science, 181, 148—156. DOI:10.1097/
SS.0000000000000146.

Duru, M., Therond, O., Martin, G., Martin-Clouaire, R., Magne,
M.-A., Justes, E., Journet, E.-P., Aubertot, J.-N., Savary, S.,
and Bergez, J. E. (2015). How to implement biodiversity-ba-
sed agriculture to enhance ecosystem services: a review.
Agronomy for Sustainable Development, 35, 1259—1281.
DOI:10.1007/s13593-015-0306-1.

Eckbert, J.O. and Rosenzweig, S.T. (2020). Regenerative ag-
riculture: A farmer-led initiative to build resiliency in food
systems. Cereal Foods World, 65(6), 1—3. DOI:10.1094/
CFW-65-6-0065.

European Commission. 2019. The common agricultural pol-
icy: Separating fact from fiction. Available at: https://ag-
riculture.ec.europa.eu/system/files/2019-05/cap-separat-
ing-facts-from-fiction_en_0.pdf [Accessed 15 Nov 2023].

European Commission. 2020a. The European Green Deal —
Striving to be the first climate-neutral continent. Available
at: https://commission.europa.eu/strategy-and-policy/prior-
ities-2019-2024/european-green-deal_en [Accessed 17 Nov
2023].

European Commission. 2020b. Farm to Fork Strategy — For
a fair, healthy and environmentally-friendly food sys-
tem. Available at: https://food.ec.europa.eu/system/
files/2020-05/f2f action-plan 2020 strategy-info_en.pdf
[Accessed 15 Nov 2023].

European Commission. 2021. EU Missions: Soil deal for Eu-
rope. ISBN 978-92-76-41176-5.

REGULATION (EU) 2018/848: Available at: https://eur-lex.eu-
ropa.eu/legal-content/EN/TXT/?uri=CELEX:32018R0848
[Accessed 15 Dec 2024].



Agriculture (Polnohospodarstvo), 70, 2024 (3): 164 — 181

FAO. 2013. Policy support guidelines for the promotion of sus-
tainable production intensification and ecosystem services.
Integrated Crop Management, 19. Available at: https:/
openknowledge.fao.org/server/api/core/bitstreams/b78d-
b80a-b52¢-4378-a202-01136d3e4a63/content  [Accessed
15 Dec 2024].

FAO. 2023. The state of food security and nutrition in the wor-
Id. Available at: https://openknowledge.fao.org/server/api/
core/bitstreams/1f66b67b-1e45-45d1-b003-86162fd35dab/
content [Accessed 04 Jan 2025].

Fay, P.A., Prober, S.M., Harpole, W.S., Knops, J. M., Bakker,
J.D., Borer, E.T., Lind, E.M., MacDougall, A.S., Seab-
loom, E.W., Wragg, P.D., Adler, P.B., Blumenthal, D.M.,
Buckley, Y.M., Chu, C., Cleland, E.E., Collins, S.L., Da-
vies, K.F., Du, G., Feng, X., Firn, J., Gruner, D.S., Hage-
nah, N., Hautier, Y., Heckman, R.W., Jin, V.L., Kirkman,
K.P., Klein, J., Ladwig, L.M., Li, Q., McCulley, R.L.,
Melbourne, B.A., Mitchell, C.E., Moore, J.L., Morgan,
J.W., Risch, A.C., Schiitz, M., Stevens, C.J., Wedin, D.A.,
Yang, L.H (2015). Grassland productivity limited by mul-
tiple nutrients. Nature Plants, 1, 15080. DOI:10.1038/
nplants.2015.80.

Fernandez-Ugalde, O., Vitro, 1., Bescansa, P., Imaz, M.J., En-
rique, A., Karlen, D.L., Fernandez Arconada, O., Bescan-
sa, P.,, Imaz, M., and Karlen, D.L. (2009). No-tillage im-
provement of soil physical quality in calcareous, degra-
dation-prone, semiarid soils. Soil and Tillage Research,
106(1),29—-35. DOI:10.1016/j.sti11.2009.09.012.

Finkel, O.M., Castrillo, G., Herrera Paredes, S., Salas Gonza-
lez, 1., and Dangl, J.L. (2017). Understanding and explo-
iting plant beneficial microbes. Current Opinion in Plant
Biology, 38, 155—163. DOI:10.1016/j.pbi.2017.04.018.

Finney, D.M. and Kaye, J.P. (2016). Functional diversity in
cover crop polycultures increases multifunctionality of an
agricultural system. Journal of Applied Ecology, 54(2),
509—-517. DOI:10.1111/1365-2664.12765.

Fitzpatrick, C.R., Copeland, J., Wang, P.W., Guttman, D.S.,
Kotanen, P.M., and Johnson, M.T.J. (2018). Assembly
and ecological function of the root microbiome across an-
giosperm plant species. Proceedings of the National Acad-
emy of Sciences, 115(6), E1157-E1165. DOI:10.1073/
pnas.1717617115.

Frey, S.D., Elliot, E.T. and Paustian, K. (1999). Bacterial and
fungal abundance and biomass in conventional and no-till-
age agroecosystems along two climatic gradients. Soil Biol-
ogy and Biochemistry, 31, 573 —585.

Galanakis, C.M. (2024). The future of food. Foods, 13, 506.
DOI:10.3390/foods13040506.

Garcia-Delgado, C., Barba, V., Marin-Benito, J. M., Igual, J. M.,
Sanchez-Martin, M.J., and Rodriguez-Cruz, M.S. (2019).
Influence of different agricultural management practices on
soil microbial community over dissipation time of two her-
bicides. Science of the Total Environment, 646, 1478 —1488.
DOI:10.1016/j.scitotenv.2018.07.395.

Garibaldi, L.A., Gemmill-Herren, B., D‘Annolfo, R., Graeub,
B.E., Cunningham, S.A., and Breeze, T.D. (2017). Farming
approaches for greater biodiversity, livelihoods, and food
security. Trends in Ecology & Evolution, 32(1), 68—80.
DOI:10.1016/j.tree.2016.10.001.

Giusti, F., Caprioli, G., Ricciutelli, M., Torregiani, E., Vittori,
S., and Sagratini, G. (2018). Analysis of 17 polypheno-
lic compounds in organic and conventional legumes by
high-performance liquid chromatography-diode array de-
tection (HPLC-DAD) and evaluation of their antioxidant
activity. International Journal of Food Sciences and Nutri-
tion, 69(5), 557—565. DOI1:10.1080/09637486.2017.13992
58.

Glassman, S.I., Weihem C., Lim, J., Albrightm, M.B.N., Lo-
oby, C.I., Martiny, A. C., Treseder, K. K., Allison, S.D., and
Martiny, J. B. H. (2018). Decomposition responses to clima-
te depend on microbial community composition. Proceed-
ings of the National Academy of Sciences (PNAS), 115(47),
11994—-11999. DOI:10.1073/pnas.1811269115.

Golubkina, N.A., Seredin, T.M., Antoshkina, M.S., Koshe-
leva, O.V., Teliban, G.C., and Caruso, G. (2018). Yield,
quality, antioxidants and elemental composition of new
leek cultivars under organic or conventional systems in a
greenhouse. Horticulturae, 4(4), 39. DOI1:10.3390/horticul-
turae4040039.

Goémez, J.A., Llewellyn, C., Basch, G., Sutton, P.B., Dyson,
J.S., and Jones, C.A. (2011). The effects of cover crops and
conventional tillage on soil and runoff loss in vineyards and
olive groves in several Mediterranean countries. Soil Use
and Management, 27(4), 502—514. DOI:10.1111/j.1475-
2743.2011.00367.x.

van Groenigen, J. W., Lubbers, I. M., Vos, H. M. J., Brown, G. G.,
de Deyn, G.B., and van Groenigen, K.J. (2014). Earthwor-
ms increase plant production: a meta-analysis. Scientific
Reports, 4, 6365. DOI1:10.1038/srep06365.

Hallmann, E. and Rembiatkowska, E. (2006). Antioxidant com-
pounds content in selected onion bulbs from organic and
conventional cultivation. Journal of Research and Applica-
tions in Agricultural Engineering, 51(2), 42—46.

Hazra, K.K., Nath, Ch.P., Singh, U., and Praharaj, Ch.S.
(2019). Diversification of maize-wheat cropping system
with legumes and integrated nutrient management increas-
es soil aggregation and carbon sequestration. Geoderma,
353(3), 308 —319. DOI:10.1016/j.geoderma.2019.06.039.

Herencia, J. F., Garcia Galavis, P.A., and Ruiz Dorado, J. A., and
Magqueda Porras, C. (2011). Comparison of nutritional qual-
ity of the crops grown in an organic and conventional fer-
tilized soil. Scientia Horticulturae, 129(4), 882—888. DOI:
10.1016/j.scienta.2011.04.008.

Ho, T.T. and Shimada, K. (2019). Technical efficiency of rice
farming in the Vietnamese Mekong delta: A stochastic fron-
tier approach. The Ritsumeikan Economic Review, 67(5—6),
656—670.

Hodson, M. E., Brailey-Jones, P., Burn, W., Harper, A. L., Hart-
ley, S.E., Helgason, T., and Walker, H.F. (2023). Enhan-
ced plant growth in the presence of earthworms correlates
with changes in soil microbiota but not nutrient availa-
bility. Geoderma, 433, 116426. DOI:10.1016/j.geoder-
ma.2023.116426.

Hu, L., Robert, C.A.M., Cadot, S., Zhang, X., Ye, M., Li, B.,
Manzo, D., Chervet, N., Steinger, T., van der Heijden.
M.G.A., Schlaeppi, K., and Erb, M. (2018). Root exudate
metabolites drive plant-soil feedbacks on growth and defen-
se by shaping the rhizosphere microbiota. Nature Commu-
nications, 9(1), 2738. DOI1:10.1038/s41467-018-05122-7.

Iheshiulo, E.M.-A., Hernandez-Ramirez, G., St. Luce, M., and
Larney, F.J. (2024). Crop rotations influence soil hydraulic
and physical quality under no-till on the Canadian prairies.
Agriculture, Ecosystems & Environment, 361(5), 108820.
DOI:10.1016/j.agee.2023.108820.

Izakovicova, Z., gpulerové, J., and Raniak, A. (2022). The
development of the Slovak agricultural landscape in a
changing world. Frontiers in Sustainable Food Systems, 6,
862451. DOI:10.3389/fs5ufs.2022.862451.

Jennings, V.L., Larson, C.K., and Larson, L.R. (2016). Eco-
system services and preventive medicine: A natural con-
nection. American Journal of Preventive Medicine, 50(5),
642—645. DOI:10.1016/j.amepre.2015.11.001.

Kabir, Z. (2005). Tillage or no-tillage: Impact on mycorrhi-
zae. Canadian Journal of Plant Science, 85,23—29. DOI:

178



Agriculture (Polnohospodarstvo), 70, 2024 (3): 164 — 181

10.4141/P03-160.

Kaczan, D., Arslan, A. and Lipper, R. (2013). Climate-smart ag-
riculture? A review of current practice of agroforestry and
conservation agriculture in Malawi and Zambia. AgEcon
Search — Research in Agricultural & Applied Economics.
DOI:10.22004/ag.econ.288985. Available at: https://age-
consearch.umn.edu/record/288985?v=pdf [Accessed 26
Sep 2023].

Kaisermann, A., de Vries, F.T., Griffiths, R.1., and Bardgett,
R.D. (2017). Legacy effects of drought on plant-soil fe-
edbacks and plant-plant interactions. New Phytologist,
215(4), 1413—1424. DOI:10.1111/nph.14661.

Karpaouzoglou, T. and Barron, J. (2014). A global and region-
al perspective of rainwater harvesting in sub-Saharan Af-
rica’s rainfed farming systems. Physics and Chemistry of
the Earth, Parts A/B/C, 72-75, 43—53. DOI:10.1016/j.
pce.2014.09.009.

Ke, P-J., Zee, P.C. and Fukami, T. (2021). Dynamic plant-
soil microbe interactions: the neglected effect of soil con-
ditioning time. New Phytologist, 231(4), 1546—1558.
DOI:10.1111/nph.17420.

Keeney, D. (1990). Sustainable agriculture: Definition and con-
cepts. Journal of Production Agriculture, 3(3), 281 —285.
DOI:10.2134/jpa1990.0281.

Khan, N., Ray, R.L., Sargani, G.R., Ihtisham, M., Khayyam,
M., and Ismail, S. (2021). Current progress and future
prospects of agriculture technology: Gateway to sustaina-
ble agriculture. Sustainability, 13(9), 4883. DOI1:10.3390/
sul3094883.

Khangura, R., Ferris, D., Wagg, C., and Bowyer, J. (2023). Re-
generative agriculture —A literature review on the practices
and mechanisms used to improve soil health. Sustainability,
15,2338. DOI:10.3390/su15032338.

Khatri-Chhetri, A., Pant, A., Aggarwal, P.K., Vasireddy, V. V.,
and Yadav, A. (2019). Stakeholders prioritization of cli-
mate-smart agriculture interventions: Evaluation of a fra-
mework. Agricultural Systems, 174,23 —31.D0OI1:10.1016/j.
agsy.2019.03.002.

Khatri, P., Kumar, P., Shakya, K.S., Kirlas, M.C., and Tiwa-
ri, K.K. (2024). Understanding the intertwined nature of
rising multiple risks in modern agriculture and food sys-
tem. Environment, Development and Sustainability, 26,
24107-24150. DOI:10.1007/s10668-023-03638-7.

Krejéitova, L., Capouchova, 1., Petr, J., Bicanova, E., and Kva-
pil, R. (2006). Protein composition and quality of winter
wheat from organic and conventional farming. Zemdirbys-
te/Agriculture, 93(4), 285—296.

Lacanne, E.C. and Lundgren, G.J. (2018). Regenerative agri-
culture: merging farming and natural resource conservation
profitably. PeerJ, 6, e4428. DOI:10.7717/peerj.4428.

Lairon, D. (2010). Nutritional quality and safety of organic
food. A review. Agronomy for Sustainable Development,
30(1),33—41. DOI:10.1051/agro/2009019.

Lal, R. (2013). Enhancing ecosystem services with no-till. Re-
newable Agriculture and Food Systems, 28(2), 102—114.
DOI:10.1017/S1742170512000452.

Legzdina, L., Nakurte, 1., Kirhnere, 1., Namniece, J., Krige-
re, L., Saleniece, K., Beinarovica, 1., and Muceniece, R.
(2014). Up to 92 % increase of cancer-preventing lunasin in
organic spring barley. Agronomy for Sustainable Develop-
ment, 34(4), 783—791. DOI:10.1007/s13593-013-0203-4.

Li, J., Ma, W. and Zhu, H. (2024). A systematic literature review
of factors influencing the adoption of climate-smart agri-
cultural practices. Mitigation and Adaptation Strategies for
Global Change, 29, 2. DOI:10.1007/s11027-023-10098-x.

Lipper, L., McCarthy, N., Zilberman, D., Asfaw, S., and Branca,
G. (2017). Climate smart agriculture — Building resilience

179

to climate change. FAO. ISBN 978-3-319-61194-5. Avail-
able at: https://catalogue.unced.int/911 a-i7931e.pdf [Ac-
cessed 28 Nov 2023].

Long, B.T., Blok, V. and Connix, I. (2016). Barriers to the
adoption and diffusion of technological innovations for
climate-smart agriculture in Europe: evidence from the
Netherlands, France, Switzerland and Italy. Journal of
Cleaner Production, 112(1), 9—21. DOI:10.1016/j.jcle-
pro.2015.06.044.

Lu, Q.-Q., Song, Y.-F., Pan, K.-Q., Li, Y., Tang, M.-X., Zhong,
G.-H., Liu, J. (2022). Improved crop protection and biodi-
versity of the agroecosystem by reduced tillage in rice paddy
field in southern China. Journal of Integrative Agriculture,
21(8), 2345-2356. DOI:10.1016/S2095-3119(21)63802-9.

Ma, S. and Zhuge, M. (2024). Ecological agriculture traits:
Constructing an integrated agricultural system for sustaina-
ble development. Geographical Research Bulletin, 3,2—5.
DOI:10.50908/grb.3.0_2.

Macik, M., Gryta, A., Sas-Paszt, L., and Frac, M. (2023). New
insight into the soil bacterial and fungal microbiome after
phosphorus biofertilizer application as an important driv-
er of regenerative agriculture including biodiversity loss
reversal and soil health restoration. Applied Soil Ecology,
189, 104941. DOI:10.1016/j.aps0il.2023.104941.

Maider, P., Hahn, D., Dubois, D., Gunst, L., Alf6ldi, T., Ber-
gmann, H., Oechme, M., Amado, R., Schneider, H., Graf,
U., Velimirov, A., FlieBbach, A., and Niggli, U. (2007).
Wheat quality in organic and conventional farming: results
of a 21-year field experiment. Journal of the Science of
Food and Agriculture, 87(10), 1826—1835. DOI:10.1002/
jsfa.2866.

Mahaut, L., Gaba, S. and Fried, G. (2019). A functional diversi-
ty approach of crop sequences reveals that weed diversity
and abundance show different responses to environmental
variability. Journal of Applied Ecology, 56, 1400—1409.
DOI:10.1111/1365-2664.13389.

Manning, P., Loos, J., Barnes, A.D., Batary, P., Bianchi,
F.J.J.A., Buchmann, N., De Deyn, G.B., Ebeling, A., Ei-
senhauer, N., Fischer, M., Friind, J., Grass, 1., Isselstein,
J., Jochum, M., Klein, A.M., Klingenberg, E.O.F., Lan-
dis, D.A., Leps, J., Lindborg, R., Meyer, S.T., Temperton,
V.M., Westphal, C., and Tscharntke, T. (2019). Chapter ten
— Transferring biodiversity-ecosystem function research to
the management of ‘real-world’ ecosystems. In Advances in
Ecological Research, 1* ed. London: Academic Press, pp.
323-356. DOI:10.1016/bs.aecr.2019.06.009.

Mariotte, P., Mehrabi, Z., Bezemer, T.M., De Deyn, G.B.,
Kulmatiski, A., Drigo, B., Veen, G.F.C., van der Heij-
den, M.G.A., and Kardol, P. (2018). Plant-soil feedback:
Bridging natural and agricultural sciences. Trends in
Ecology & Evolution, 33(2), 129—142. DOI:10.1016/j.
tree.2017.11.005.

Martinez, D.A., Gathorne-Hardy, A. and Smith, B.M. (2024).
Impacts of polycultural cropping on crop yields and biod-
iversity: A systematic map protocol. Ecological Solutions
and Evidence, 5, ¢12349. DOT: 10.1002/2688-8319.12349.

Mazzoncini, M., Antichi, D., Silvestri, N., Ciantelli, G., and
Sgherri, C. (2015). Organically vs conventionally grown
winter wheat: effects on grain yield, technological quality,
and on phenolic composition and antioxidant properties
of bran and refined flour. Food Chemistry, 175, 445—451.
DOI:10.1016/j.foodchem.2014.11.138.

Menkovska, M., Damjanovski, D., Levkov, V., Gjorgovska, N.,
Knezevic, D., Nikolova, N., and Stanoev, V. (2017). Con-
tent of B-glucan in cereals grown by organic and conven-
tional farming. Banat'’s Journal of Biotechnology, 8(16),
39-47. DOI:10.7904/2068-4738-VIII(16)-39.



Agriculture (Polnohospodarstvo), 70, 2024 (3): 164 — 181

Meyfroidt, P. (2018). Trade-offs between environment and live-
lihoods: bridging the global land use and food security dis-
cussions. Global Food Security, 16,9—16. DOI:10.1016/j.
2fs.2017.08.001.

Mondal, S., Chakraborty, D., Paul, K.R., Mondal, A., and
Ladha, J.K. (2023). No-till is more of sustaining the soil
than a climate change mitigation option. Agriculture, Eco-
systems & Environment, 352, 108498. DOI:10.1016/].
agee.2023.108498.

Mushie, S.H. (2022). Novel approaches and practices to sus-
tainable agriculture. Journal of Agriculture and Food Re-
search, 10, 100446. DOI1:10.1016/j.jafr.2022.100446.

Mulla, S.1., Ameen, F., Talwar, M.P., Musstjab, S.A., Eqani,
A.S., Bharagava, R.N., Saxena, G., Tallur, P.N., and Nin-
nekar, H.Z. (2020). Organophosphate pesticides: Impact on
environment, toxicity, and their degradation. In Saxena, G.,
Bharagava, R. (Eds.) Bioremediation of Industrial Waste
for Environmental Safety, 1% ed. Singapore: Springer, pp.
265-290. DOI:10.1007/978-981-13-1891-7 13.

Mupambwa, H.A., Hausiku, M.K., Nciizah, A.D., and Dube,
E. (2019). The unique Namib desert-coastal region and
its opportunities for climate smart agriculture: A re-
view. Cogent Food & Agriculture, 5(1), 1645258. DOI:
10.1080/23311932.2019.1645258.

MZP SR. 2019. Zelensie Slovensko — Stratégia environmentél-
nej politiky Slovenskej republiky. Available at: https://
www.minzp.sk/files/iep/03_vlastny material envirostrate-
gia2030_def.pdf [Accessed 15 Nov 2023].

Navarro-Noya, Y.E., Gomez-Acata, S., Montoya-Ciriaco, N.,
Rojas-Valdez, A., Sudrez-Arriaga, M. C., Valenzuela-Enci-
nas, C., Jiménez-Bueno, N., Verhulst, N., Govaerts, B., and
Dendooven, L. (2013). Relative impacts of tillage, residue
management and crop-rotation on soil bacterial communi-
ties in a semi-arid agroecosystem. Soil Biology and Bio-
chemistry, 65, 86—95. DOI:10.1016/j.s0ilbio.2013.05.009.

NEMETHOVA, J., Dubcova, A., Nagyova, L., and Kramare-
kova, H. (2017). Ecological farming in Slovakia and its re-
gional disparities. European Countryside, 9(4), 746 —768.
DOI:10.1515/euco-2017-0042.

OSN. 2015. Convention on climate change: climate agreement
of Paris. Available at: https://unfcce.int/sites/default/files/
english_paris_agreement.pdf [Accessed 25 Nov 2023].

Ou, Y., Penton, C.R., Geisen, S., Shen, Z., Sun, Y., Lv, N.,
Wang, B., Ruan, Y., Xiong, W., Li, R., Shen, Q. (2019).
Deciphering underlying drivers of disease suppressiveness
against pathogenic Fusarium oxysporum. Frontiers in Mi-
crobiology, 10, 2535. DOI1:10.3389/fmicb.2019.02535.

Patle, G.T., Kumar, M., and Khanna, M. (2020). Climate-smart
water technologies for sustainable agriculture: a review.
Journal of Water & Climate Change, 11(4), 1455—1466.
DOI:10.2166/wcc.2019.257.

Pellegrini, P. and Fernandez, R.J. (2018). Crop intensification,
land use, and on-farm energy-use efficiency during the

worldwide spread of the green revolution. Proceedings of

the National Academy of Sciences, 115(10), 2335—2340.
DOI:10.1073/pnas.1717072115.

Philippot, L., Raaijmakers, J. M., Lemanceau, P., and van der
Putten, W.H. (2013). Going back to the roots: the microbial
ecology of the rhizosphere. Nature Reviews Microbiology,
11(11), 789—99. DOI:10.1038/nrmicro3109.

Poore, J. and Nemecek, T. (2018). Reducing food’s environ-
mental impacts through producers and consumers. Science,
360(6392), 987—992. DOI:10.1126/science.aaq0216.

Porter, S.S. and Sachs, J. L. (2020). Agriculture and the disrup-
tion of plant-microbial symbiosis. Trends in Ecology & Evo-
lution, 35(5), 426—439. DOI1:10.1016/j.tree.2020.01.006.

Pretty, J., Toulmin, C. and Williams, S. (2011). Sustainable

Intensification in African Agriculture. International Jour-
nal of Agricultural Sustainability, 9, 5—24. DOI:10.3763/
ijas.2010.0583.

Prommer, J., Walker, T.W.N., Wanek, W., Braun, J., Zezula,
D., Hu, Y., Hothansl, F., and Richter, A. (2020). Increased
microbial growth, biomass, and turnover drive soil orga-
nic carbon accumulation at higher plant diversity. Global
Change Biology, 26(2), 669—681. DOI:10.1111/gcb.14777.

Pywell, R.F., Meek, W.R., Loxton, R.G., Nowakowski, M.,
Carvell, C., and Woodcock, B.A. (2011). Ecological resto-
ration on farmland can drive beneficial functional responses
in plant and invertebrate communities. Agriculture, Ecosys-
tems & Environment, 140(1-2), 62—67. DOI:10.1016/j.
agee.2010.11.012.

Pywell, R.F., Heard, M. S., Bradbury, R. B., Hinsley, S., Nowa-
kowski, M., Walker, K.J., and Bullock, J. M. (2012). Wild-
life-friendly farming benefits rare birds, bees and plants.
Biology Letters, 8, 772—775. DOI:10.1098/rsbl.2012.0367.

Rasmussen, L. V., Coolsact, B., Martin, A., Mertz, O., Pascual,
U., Corbera, E., Dawson, N., Fisher, J.A., Franks, P., and
Ryan, C.M. (2018). Social-ecological outcomes of agri-
cultural intensification. Nature Sustainability, 1, 275-282.
DOI:10.1038/s41893-018-0070-8.

Ren, F., Reilly, K., Kerry, J. P, Gaffney, M., Hossain, M., and
Rai, D.K. (2017). Higher antioxidant activity, total fla-
vonols, and specific quercetin glucosides in two different
onion (Allium cepa L.) varieties grown under organic pro-
duction: results from a 6-year field study. Journal of Ag-
ricultural and Food Chemistry, 65(25), 5122—5132. DOI:
10.1021/acs.jafc.7b01352.

Robertson, G.P. (2015). A sustainable agriculture? Daedalus,
144(4), 76—89. DOI:10.1162/DAED_a_00355.

Rodale, R. (1983). Breaking new ground: The search for a sus-
tainable agriculture. Futurist, 17(1), 15—20.

Sarker, M.N.I.,, Wu, M., Alam, G.M.M., and Islam, M.S.
(2019). Role of climate smart agriculture in promoting
sustainable agriculture: A systematic literature review.
International Journal of Agricultural Resources, Gov-
ernance and Ecology, 15(4), 323—337. DOI:10.1504/
IJARGE.2019.104199.

Schreefel, L., Schulte, R.P.O., De Boer, 1.J. M., Pas Schrijver,
A., and Van Zanten, H.H. E. (2020). Regenerative agricul-
ture — the soil is the base. Global Food Security, 26, 100404.
DOI:10.1016/j.gf5.2020.100404.

Seitz, S., Goebes, P., Puerta, V.L., Pereira, E.I.P., Wittwer, R.,
Six, J., van der Heijden, M. G.A., and Scholten, T. (2019).
Conservation tillage and organic farming reduce soil ero-
sion. Agronomy for Sustainable Development, 39(4), 1—10.
DOI:10.1007/s13593-018-0545-z.

Seufert, V., Ramankutty, N. and Mayerhofer, T. (2017). What is
this thing called organic? — How organic farming is codified
in regulations. Food Policy, 68, 10—20. DOI:10.1016/j.
foodpol.2016.12.009.

Siebrecht, N. (2020). Sustainable agriculture and its implemen-
tation gap — overcoming obstacles to implementation. Sus-
tainability, 12, 3853. DOI:10.3390/su12093853.

Singh, I., Hussain, M., Manjunath, G., Chandra, N., and Ra-
vikanth, G. (2023). Regenerative agriculture augments
bacterial community structure for a healthier soil and ag-
riculture. Frontiers in Agronomy, 5, 134514. DOI1:10.3389/
fagro.2023.1134514.

Slov-Lex. (2023). 58 THE LAW of February 2, 2023, which
amends Act no. 282/2020 Coll. on organic agricultural pro-
duction as amended by Act no. 350/2020 Coll. Available
at:  https://www.slov-lex.sk/ezbierky/pravne-predpisy/SK/
77/2023/58/ [Accessed 04 Jan 2025].

Sterna, V., Zute, S., Jansone, 1., Ence, E., and Strausa, E. (2020).

180



Agriculture (Polnohospodarstvo), 70, 2024 (3): 164 — 181

Evaluation of various legume species and varieties grown
in Latvia as a raw material of plant-based protein products.
Agronomy Research, 18(4), 2602—2612. DOI:10.15159/
ar.20.215.

Strategic Dialogue On The Future Of Eu Agriculture. (2024).
Available at: https://ec.europa.eu/commission/presscorner/
detail/en/ip_24 4528 [Accessed 25 Oct 2024].

Struik, P.C. and Kuyper, T.W. (2017). Sustainable intensifi-
cation in agriculture: the richer shade of green. A review.
Agronomy for Sustainable Development, 37(5), 1—15.
DOI:10.1007/s13593-017-0445-7.

Smilauer, P., Kosnar, J., Kotilinek, M., and Smilauerova, M.
(2020). Contrasting effects of host identity, plant communi-
ty, and local species pool on the composition and coloniza-
tion levels of arbuscular mycorrhizal fungal community in
a temperate grassland. New Phytologist, 225(1), 461—473.
DOI:10.1111/nph.16112.

Tadesse, M., Simane, B., Abera, W., Tamene, L., Ambaw, G.,
Recha, J. W., Mekonnen, K., Demeke, G., Nigussie, A., and
Solomon, D. (2021). The effect of climate-smart agricultu-
re on soil fertility, crop yield, and soil carbon in Southern
Ethiopia. Sustainability, 13(8), 4515. DOI:10.3390/
sul3084515.

Tamburini, G., Bommarco, R., Wanger, T.C., Kremen, C., van
der Heijden, M. G.A., Liebman, M., and Hallin, S. (2020).
Agricultural diversification promotes multiple ecosystem
services without compromising yield. Science Advances,
6(45), eabal715. DOI:10.1126/sciadv.abal715.

Teklu, A.M, Simane, B. and Bezabih, M. (2024). Climate smart
agriculture innovations on food and nutrition security in
Ethiopia. Frontiers in Sustainable Food Systems, 7. DOI:
10.3389/fsufs.2023.1079426.

Turmel, M.-S., Speratti, A., Baudron, F., Verhulst, N., and Go-
vaerts, B. (2015). Crop residue management and soil health:
a systems analysis. Agricultural Systems, 134(C), 6—16.
DOI:10.1016/j.agsy.2014.05.0009.

UKSUP. 2023. Total area of agricultural land registered in
organic agricultural production as of 31.10.2023 (in ha).
Available  at:  https://www.uksup.sk/registrovana-vy-
mera-polnohospodarskej-pody [Accessed 30 Sep 2024].

UKSUP. 2024. Total area of agricultural land registered in orga-
nic agricultural production as of 30.11.2024 (in ha). Avail-
able at: Registrovana vymera pol'nohospodarskej pody v
EPV | UKSUP [Accessed 04 Jan 2025].

UN Climate Change Conference (2015). Available at: https://
unfccce.int/process-and-meetings/the-paris-agreement [Ac-
cessed 15 Oct 2024].

Van Der Plas, F. (2019). Biodiversity and ecosystem function-
ing in naturally assembled communities. Biological reviews
of the Cambridge Philosophical Society, 94, 1220—1245.
DOI:10.1111/brv.12499.

van der Pol, L. K., Robertson, A., Schipanski, M., Calderon, F.J.,
Wallenstein, M. D., and Cotrufo, M.F. (2022). Addressing
the soil carbon dilemma: Legumes in intensified rotations
regenerate soil carbon while maintaining yields in semi-arid
dryland wheat farms. Agriculture, Ecosystems & Environ-
ment, 330, 107906. DOI:10.1016/j.agee.2022.107906.

Vishnoi S. and Goel, R.K. (2024). Climate smart agriculture
for sustainable productivity and healthy landscapes. Envi-
ronmental Science & Policy, 151, 103600. DOI:10.1016/.
envsci.2023.103600.

Wagg, C., Bender, S.F., Widmer, F., and van der Heijden, M. G.
(2014). Soil biodiversity and soil community composi-
tion determine ecosystem multifunctionality. Proceedings
of the National Academy of Sciences (PNAS), 111(14),
5266—5270. DOI:10.1073/pnas.1320054111.

WALTER, S., Zehring, J., Mink, K., Quendt, U., Zocher, K., and

181

Rohna, S. (2021). Protein content of peas (Pisum sativum)
and beans (Vicia faba) — Influence of cultivation conditions.
Journal of Food Composition and Analysis, 105, 104257.
DOI:10.1016/j.jfca.2021.104257.

Wan, X. (2017). Lunasin: A promising polypeptide for the pre-
vention and treatment of cancer. Oncology Letters, 13(6),
3997-4001. DOI:10.3892/01.2017.6017.

Wang Y., Zhao X., Guo Z., Jia Z., Wang S., and Ding K. (2018).
Response of soil microbes to a reduction in phosphorus fer-
tilizer in rice-wheat rotation paddy soils with varying soil
P levels. Soil and Tillage Research, 181, 127—135. DOI:
10.1016/j.sti11.2018.04.005.

Willett, W., Rockstrom, J., Loken, B., Springmann, M., Lang,
T., Vermeulen, S., Garnett, T., Tilman, D., DeClerck, F.,
Wood, A., Jonell, M., Clark, M., Gordon, L.J., Fanzo, J.,
Hawkes, C., Zurayk, R., Rivera, J.A., De Vries, W., Ma-
jele Sibanda, L., Afshin, A., Chaudhary, A., Herrero, M.,
Agustina, R., Branca, F., Lartey, A., Fan, S., Crona, B., Fox,
E., Bignet, V., Troell, M., Lindahl, T., Singh, S., Cornell,
S.E., Srinath Reddy, K., Narain, S., Nishtar, S., and Murray,
C.J.L. (2019). Food in the Anthropocene: the EAT-Lancet
Commission on healthy diets from sustainable food sys-
tems. The Lancet Commissions, 393(10170), 447—492.
DOI:10.1016/S0140-6736(18)31788-4.

Winfree, R., Aguilar, R., Vazquez, D.P., LeBuhn, G., and Ai-
zen, M.A. (2009). A meta-analysis of bees‘ responses to
anthropogenic disturbance. Ecology, 90(8), 2068 —2076.
DOI:10.1890/08-1245.1.

Wolff, N.H., Masuda, Y.J., Meijaard, E., Wells, J.A., and
Game, E.T. (2018). Impacts of tropical deforestation on lo-
cal temperature and human wellbeing perceptions. Global
Environmental Change, 52(8), 181—189. DOI:10.1016/;.
gloenvcha.2018.07.004.

Yu, D. and Wang, Y. (2024). Ecological agriculture farming
models and associated technologies: Current status and pro-
spects. Advances in Resources Research, 4(3), 402—429.
DOI:10.50908/arr.4.3_402.

Yue, K., Fornara, D.A., Hedénec, P., Wu, Q., Peng, Y., Peng,
X., Ni, X., Wu, F., and Penuelas, J. (2023). No tillage de-
creases GHG emissions with no crop yield trade off at the
global scale. Soil and Tillage Research, 228, 105643. DOI:
10.1016/j.5ti11.2023.105643.

Zhao, J., Liu, D. and Huang, R. (2023). A review of cli-
mate-smart agriculture: Recent advancements, chal-
lenges, and future directions. Sustainability, 15, 3404.
DOI:10.3390/su15043404.

Zhu, Y., Chen, H., Fan, J., Wang, Y., Li, Y., Chen, J., Fan, J.,
Yang, S., Hu, L., Leung, H., Mew, T.W.,, Teng, P.S., Wang,
Z., and Mundt, C.C. (2000). Genetic diversity and dise-
ase control in rice. Nature, 406(6797), 718—22. DOI:
10.1038/35021046.

Zizinga, A., Mwanjalolo, J.-G. M., Tietjen, B., Bedadi, B., Gabi-
11, G., and Luswata, K. Ch. (2022). Impacts of climate smart
agriculture practices on soil water conservation and maize
productivity in rainfed cropping systems of Uganda. Fron-
tiers in Sustainable Food Systems, 6, 1—12. DOI:10.3389/
fsufs.2022.889830.

Zugasti-Lopez 1., Cavero J., Claveria I., Alvaro-Fuentes 7.,
and Isla, R. (2024). Alternatives to maize monocropping
in Mediterranean irrigated conditions to reduce greenhouse
gas emissions, Science of the Total Environment, 912,
169030. DOI1:10.1016/j.scitotenv.2023.169030.

Received: January 04, 2025
Accepted: June 4, 2025



