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1.	Introduction
Agriculture is facing a combination of interconnected 
challenges, including declining soil fertility, soil 
erosion, loss of soil organic matter, nutrient 
imbalance, water scarcity, biodiversity loss and 
increasing climatic variability. Conventional 
agricultural intensi�ication has contributed 
substantially to global food production, but in many 
production systems prolonged intensive tillage, 
monocropping, excessive reliance on external inputs 
and inadequate  residue management  have 
contributed to deterioration of soil physical, chemical 
and biological properties [1]. Soil degradation can 
reduce water in�iltration, increase erosion, restrict 
root development and decrease the ef�iciency with 
which crops utilize nutrients and water. These 
challenges have stimulated increasing interest in 
management approaches that can maintain 
agricultural productivity while restoring the 
e c o l o g i c a l  f u n c t i o n s  o f  a g r i c u l t u ra l  s o i l s . 
Regenerative agronomy has emerged as an 
increasingly important framework for addressing 
these challenges. 

Regenerative	agronomy	is	an	emerging	approach	to	crop	production	that	emphasizes	the	restoration	of	soil	health,	
improvement	of	biological	activity	and	development	of	resilient	agricultural	systems	while	maintaining	productive	
crop	 yields.	 Unlike	 conventional	 production	 systems	 that	 often	 focus	 primarily	 on	 maximizing	 short-term	
productivity,	regenerative	agronomy	integrates	principles	of	soil	conservation,	biodiversity	enhancement,	nutrient	
cycling,	reduced	soil	disturbance	and	ef�icient	resource	utilization.	Practices	such	as	reduced	tillage,	cover	cropping,	
crop	rotation,	residue	retention,	organic	amendments,	integrated	nutrient	management	and	diversi�ied	cropping	
systems	 can	 improve	 soil	 structure,	 microbial	 activity,	 water-holding	 capacity	 and	 nutrient	 availability.	 These	
practices	may	also	contribute	to	carbon	sequestration,	erosion	control	and	improved	resilience	to	drought	and	other	
environmental	stresses.	However,	outcomes	are	strongly	in�luenced	by	climate,	soil	type,	crop	species,	management	
history	and	local	farming	conditions.	This	review	summarizes	the	major	principles	and	practices	of	regenerative	
agronomy,	their	effects	on	soil	and	crop	health,	environmental	bene�its	and	important	challenges	associated	with	
wider	adoption.	Future	research	should	focus	on	region-speci�ic	management	strategies,	quantitative	assessment	of	
soil-health	indicators	and	integration	of	regenerative	practices	with	modern	technologies.
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Although the term does not have a single universally 
accepted de�inition, regenerative agronomy broadly 
refers to agricultural management practices designed 
to maintain or rebuild soil health, strengthen 
biological processes, improve nutrient and water 
cycling and increase the resilience of crop production 
systems [2]. Rather than focusing exclusively on 
maximizing short-term yield ,  regenerative 
approaches emphasize the long-term capacity of soil 
and agroecosystems to support productive crops 
while maintaining environmental functions.
Soil occupies a central position in regenerative 
agronomy because it represents the foundation of 
terrestrial crop production. A healthy agricultural soil 
is characterized not simply by its chemical fertility 
but by an appropriate balance among physical 
structure, chemical properties and biological activity. 
Soil organic matter contributes to aggregate stability, 
water retention, nutrient storage and microbial 
activity. Soil organisms, including bacteria, fungi, 
archaea, nematodes and earthworms, participate in 
decomposition, nutrient cycling and formation of soil 
structure. 
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Consequently, management practices that increase 
organic matter inputs and support biological activity 
can in�luence multiple components of soil health 
simultaneously. One of the important principles of 
regenerative agronomy is the maintenance of living 
and protected soil. Continuous soil cover through 
crop residues or cover crops can reduce direct 
exposure to rainfall and wind, thereby limiting 
erosion and surface crusting. Living roots provide 
carbon substrates to microorganisms through root 
exudates and contribute organic material to the soil. 
Reduced soil disturbance helps preserve soil 
aggregates and fungal networks and can reduce the 
physical disruption of soil habitats.
Crop diversi�ication is another important component. 
C o n t i n u o u s  m o n o c r o p p i n g  c a n  s i m p l i f y 
agroecosystem structure and increase vulnerability 
to pests, diseases and nutrient depletion. Crop 
rotations, intercropping and diversi�ied cropping 
systems introduce variation in rooting depth, 
nutrient demand and residue composition. Legume-
based rotations can additionally contribute biological 
nitrogen �ixation, while crops with extensive root 
systems may improve soil structure and carbon 
inputs [3]. Regenerative agronomy also emphasizes 
the ef�icient use and recycling of nutrients. Instead of 
relying exclusively on synthetic fertilizers, nutrient 
management can integrate crop residues, compost, 
manure, biological inputs and mineral fertilizers 
according to crop demand and soil conditions. Such 
integration can improve nutrient-use ef�iciency and 
reduce nutrient losses. Importantly, regenerative 
approaches do not necessarily imply complete 
elimination of synthetic fertilizers; rather, the 
emphasis is generally on using external inputs 
ef�iciently while strengthening internal nutrient-
cycling processes. Water management is similarly 
connected to soil regeneration. Soils with higher 
organic matter and stable aggregates can retain more 
water and provide improved in�iltration. This can 
reduce surface runoff and improve the availability of 
water to plant roots during periods of limited rainfall. 
Such characteristics are increasingly important 
under climate variability, where droughts and 
irregular precipitation can signi�icantly affect crop 
productivity. Regenerative agronomy also has 
implications beyond individual �ields. Improved soil 
structure can reduce sediment and nutrient transport 
into waterways, while increased vegetation diversity 
can provide habitat for pollinators, natural enemies 
and other bene�icial organisms. Increased soil 
organic carbon may contribute to climate-change 
mitigation, although the magnitude and permanence 
of carbon sequestration depend strongly on soil type, 
climate, management duration and environmental 
conditions [4]. Despite its potential, regenerative 
agronomy should not be considered a standardized 
package of practices that produces identical 
outcomes in all environments. Soil texture, climatic 
conditions, crop species, farm size, irrigation 
a v a i l a b i l i t y,  p r e v i o u s  m a n a g e m e n t  a n d 
socioeconomic circumstances can strongly in�luence 
results. Some practices may initially involve 
additional costs or management requirements, and 
yield responses may vary during the transition 
period. 

Therefore, scienti�ic assessment of regenerative 
agronomy requires long-term, location-speci�ic 
research. Measurements should include not only crop 
yield but also soil organic carbon, aggregate stability, 
nutrient-use ef�iciency, microbial activity, water 
in�iltration, erosion and economic performance. 
Integrating these indicators can provide a more 
c o m p r e h e n s i v e  a s s e s s m e n t  o f  w h e t h e r  a 
management system genuinely improves the long-
term functioning and resilience of agricultural soils.

2.	Principles	of	Regenerative	Agronomy
Regenerative agronomy is based on a set of 
interconnected principles rather than a single 
management technique. These principles aim to 
strengthen natural biological processes while 
maintaining adequate crop productivity. Their 
application can vary according to climatic conditions, 
soil characteristics, cropping systems and available 
resources.

2.1	Minimizing	Soil	Disturbance
Reducing unnecessary mechanical disturbance is a 
fundamental  principle of  regenerative soil 
management. Intensive tillage can break down soil 
aggregates, accelerate decomposition of organic 
matter and disturb fungal hyphae and soil fauna. 
Repeated cultivation may also increase the 
susceptibility of soil to erosion and reduce structural 
stability. Reduced tillage, minimum tillage and no-
tillage systems aim to maintain greater continuity of 
soil structure. Retention of crop residues on the 
surface provides additional protection against 
rainfall impact and wind erosion. However, the 
effectiveness of reduced tillage depends on 
appropriate weed, residue and nutrient management, 
and its outcomes may differ between soil and climatic 
conditions.

2.2	Maintaining	Continuous	Soil	Cover
Bare soil is particularly vulnerable to erosion, 
temperature �luctuations and moisture loss. 
Regenerative systems therefore emphasize 
maintaining soil cover through crop residues, cover 
crops and living vegetation. Surface residues reduce 
the energy of raindrop impact, moderate soil 
temperature and slow evaporation. Cover crops can 
also contribute substantial biomass to the soil. Their 
roots create biological channels and interact with 
microorganisms, while their residues provide carbon 
substrates for decomposition. Mixtures of grasses, 
legumes and broadleaf species can provide 
complementary ecological functions and increase the 
diversity of organic inputs.

2.3	Maintaining	Living	Roots
Living roots are important sources of carbon for soil 
microorganisms. Through root exudates, plants 
release sugars, amino acids, organic acids and other 
compounds that in�luence microbial communities 
around the rhizosphere. Continuous root activity can 
therefore support microbial processes and contribute 
to nutrient cycling. Maintaining living roots for longer 
periods can be achieved through cover crops, relay 
cropping, crop rotations and appropriate perennial 
components. 
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Root systems also contribute directly to soil 
aggregation and create channels that can facilitate 
water movement and subsequent root penetration.

2.4	Increasing	Crop	and	Biological	Diversity
Diversity is a major ecological principle of 
regenerative agronomy. Crop rotations reduce the 
continuous availability of a single host for specialized 
pests and pathogens and can improve nutrient 
cycling. Different crops also produce residues with 
different carbon-to-nitrogen ratios and chemical 
compositions, supporting a broader range of 
decomposer organisms. Intercropping can increase 
the diversity of plant functional traits within the same 
�ield. Complementary root systems may improve 
resource utilization, while differences in plant 
architecture can increase the ef�iciency of light 
interception. Greater plant diversity may additionally 
support bene�icial insects and other organisms 
involved in ecosystem functioning [5].

2.5	Improving	Soil	Organic	Matter
Soil organic matter is a central indicator of soil health 
because it in�luences physical structure, nutrient 
retention, water-holding capacity and biological 
activity. Organic matter can be increased through 
residue retention, cover cropping, compost 
application, manure incorporation and diversi�ied 
crop rotations. Organic matter decomposition 
releases nutrients while contributing to the 
formation of more stable soil carbon pools. However, 
increases in soil organic carbon are not unlimited and 
depend on climate, soil mineralogy, organic inputs 
and management duration [6]. Therefore, carbon 
changes should be evaluated through long-term 
measurements rather than short-term observations.

2.6	Promoting	Biological	Nutrient	Cycling
Regenerative agronomy emphasizes the biological 
processes through which nutrients are transformed 
and recycled. Microorganisms decompose organic 
residues and convert nutrients into forms that can 
become available to crops. Mycorrhizal fungi can 
facilitate phosphorus and micronutrient acquisition, 
while rhizosphere bacteria participate in nitrogen 
transformations and other nutrient cycles [7]. 
Legume integration is particularly important because 
symbiotic nitrogen �ixation can introduce biologically 
derived nitrogen into agricultural systems. When 
combined with appropriate crop rotations and 
residue management, this can improve nutrient 
cycling and reduce dependence on external nitrogen 
inputs.

2.7	Integrating	Livestock	and	Organic	Resources
Where appropriate, integration of livestock can 
contribute to nutrient cycling through the return of 
manure and organic residues to agricultural land. 
Grazing systems can also be incorporated into 
diversi�ied farm landscapes when stocking rates are 
carefully managed to avoid overgrazing and soil 
compaction [8]. Compost, farmyard manure and 
other organic amendments can supplement soil 
carbon and nutrients. 

Their quality, maturity and application rate must be 
carefully evaluated because poorly managed organic 
materials can introduce pathogens, excessive salts or 
nutrient imbalances.

2.8	Improving	Water	and	Nutrient-Use	Ef�iciency
A regenerative system should aim to retain and 
ef�iciently utilize water and nutrients within the farm 
ecosystem. Improved soil aggregation and organic 
matter can increase in�iltration and water retention, 
while appropriate nutrient management reduces 
losses through leaching, runoff and volatilization [9]. 
Site-speci�ic soil testing, precision nutrient 
a p p l ica t ion  a n d irr iga t ion  schedu l in g  ca n 
complement  regenerat ive  pract ices .  Thus , 
regenerative agronomy should not be viewed as an 
alternative to modern agricultural technology; rather, 
precision technologies can help improve the 
ef�iciency and effectiveness of regenerative 
management.

2.9	Strengthening	Agroecosystem	Resilience
The overall objective of these principles is to create 
agricultural systems capable of maintaining 
productivity under environmental and biological 
disturbances. A diverse and biologically active 
agroecosystem may be better able to recover from 
drought, heavy rainfall, pest outbreaks and other 
disturbances than a highly simpli�ied production 
system [10]. Regenerative agronomy therefore 
represents an integrated approach in which soil 
protection, biological activity, crop diversity, nutrient 
cycling and ef�icient resource use operate together. 
The success of this approach depends on selecting 
combinations of practices that are appropriate for 
local environmental, agronomic and socioeconomic 
conditions.

3.	Major	Regenerative	Agronomic	Practices
Reduced	Tillage	and	Soil	Conservation
Reduced tillage limits physical disturbance and helps 
maintain soil aggregates. It can improve water 
in�iltration, reduce erosion and provide more stable 
habitat for soil organisms. Conservation tillage can 
also reduce fuel consumption and machinery-related 
soil compaction.

Cover	Cropping
Cover crops are planted primarily to protect and 
improve the soil rather than for direct harvest. 
Cereals, legumes and mixtures of species can provide 
ground cover, increase biomass production and 
contribute organic residues. Leguminous cover crops 
may additionally �ix atmospheric nitrogen.

Crop	Rotation	and	Diversi�ication
Crop rotation is a fundamental strategy for 
maintaining soil fertility and reducing biological 
pressures. Rotating crops with different rooting 
patterns and nutrient requirements can improve 
resource utilization [11]. Diversi�ication can also 
disrupt pest and pathogen life cycles and reduce the 
risks associated with monoculture.
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5.	Regenerative	Agronomy	and	Crop	Health
Improved soil conditions can directly in�luence crop 
development. Better soil structure provides favorable 
conditions for root growth, while improved water-
holding capacity can reduce the effects of temporary 
drought. Balanced nutrient cycling supports plant 
growth without necessarily requiring excessive 
external inputs. Regenerative systems may also 
in�luence crop resistance to environmental stress. 
Plants growing in biologically active soils may bene�it 
from improved nutrient availability and stronger root 
systems. Interactions between plants and bene�icial 
microorganisms can stimulate defense mechanisms 
and improve tolerance to drought, salinity and certain 
pathogens. Crop diversi�ication provides additional 
bene�its by reducing the ecological vulnerability 
associated with monocultures [12]. 
Different crops occupy different ecological niches and 
use nutrients, water and light differently. 

This can improve overall resource-use ef�iciency and 
increase system stability.

6.	Environmental	Bene�its
Re g e n e ra t ive  a g ro n o my  c a n  c o n t r i b u te  to 
environmental sustainability through several 
pathways. Increased soil organic carbon represents 
an important mechanism for improving soil quality 
while potentially contributing to atmospheric carbon 
sequestration [13]. The magnitude and persistence of 
carbon storage, however, vary substantially among 
soils, climates and management systems [5]. 
Improved soil structure can increase water 
in�iltration and reduce runoff and erosion. Greater 
soil water-holding capacity can help crops withstand 
periods of low rainfall. Reduced nutrient losses can 
also lower the risk of eutrophication in surrounding 
water bodies. 

Table	1.	Major	regenerative	agronomic	practices	and	their	potential	effects

Organic	Amendments	and	Residue	Management
Compost, farmyard manure, crop residues and other organic materials increase carbon inputs and can improve 
soil aggregation, water retention and nutrient availability. Retention of crop residues on the soil surface also 
protects against erosion and provides substrates for decomposer organisms.

Integrated	Nutrient	Management
Regenerative systems seek to synchronize nutrient supply with crop demand. Combining organic sources, 
biological inputs and appropriate mineral fertilizers can improve nutrient-use ef�iciency while reducing nutrient 
losses. Soil testing and site-speci�ic nutrient management are important for avoiding both nutrient de�iciency and 
excessive application.

4.	Effects	on	Soil	Health
Soil health is a central indicator of regenerative agricultural performance. Soil physical health can improve 
through increased organic matter, aggregation and biological activity. Stable aggregates create interconnected 
pore spaces that facilitate water in�iltration and root growth. Regenerative practices can also improve soil 
chemical properties. Organic matter contributes to nutrient retention and cation exchange capacity, while 
decomposition releases nutrients in forms that can become available to crops. Improved nutrient cycling may 
reduce nutrient losses through leaching and runoff. The biological component of soil health is equally important. 
Earthworms, fungi, bacteria and other organisms contribute to decomposition and nutrient cycling. Increased 
microbial diversity and activity can improve the transformation of organic residues and support bene�icial 
plant–microbe interactions. Mycorrhizal fungi are particularly important because they form symbiotic 
associations with plant roots and can improve phosphorus and micronutrient acquisition. Reduced soil 
disturbance and diversi�ied cropping systems may support the persistence of these bene�icial organisms [4].

Table	2.	Key	soil	and	crop	health	indicators	in�luenced	by	regenerative	agronomy
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Biodiversity bene�its may arise from diversi�ied 
cropping, cover crops, agroforestry and reduced 
chemical disturbance. These systems can provide 
habitat and food resources for pollinators, natural 
enemies of pests and other bene�icial organisms.

7.	Challenges	and	Future	Opportunities
Despite its potential, regenerative agronomy faces 
several challenges. Farmers may experience 
increased labor requirements, transition costs, 
specialized knowledge needs and uncertain 
economic returns during the initial years of adoption. 
In some regions, suitable cover-crop seed, machinery 
and organic amendments may also be dif�icult to 
obtain. The effectiveness of regenerative practices is 
highly context-dependent. A practice that performs 
well in one climatic region may produce different 
results elsewhere. Long-term experiments are 
therefore required to determine how combinations of 
practices in�luence soil health, crop productivity and 
farm pro�itability over time. Future research should 
develop standardized indicators for measuring soil 
health and regeneration. Microbial biomarkers, soil 
organic carbon, aggregate stability, in�iltration rate, 
nutrient-use ef�iciency and crop resilience can be 
integrated into assessment frameworks. Digital 
agriculture may further strengthen regenerative 
management .  Remote sensing, soil  sensors, 
geographic information systems and arti�icial 
intelligence can support site-speci�ic monitoring and 
decision-making. Combining these technologies with 
regenerative principles may enable farmers to 
optimize inputs while maintaining soil ecological 
functions.

8.	Conclusion
Regenerative agronomy represents an important 
approach for developing productive and resilient 
agricultural systems by placing soil health and 
ecological regeneration at the center of crop 
management. Practices such as reduced tillage, cover 
cropping, crop rotation, residue retention, organic 
amendments and integrated nutrient management 
can improve soil structure, nutrient cycling, microbial 
activity and water regulation. These improvements 
may contribute to better crop performance, 
environmental sustainability and resilience to 
climatic stresses. Nevertheless, regenerative 
agriculture should not be regarded as a universal 
management package because outcomes depend 
strongly on local environmental and socioeconomic 
conditions. Future efforts should emphasize region-
speci�ic strategies, long-term �ield evaluation, 
economic assessment and integration with precision 
agriculture. A scienti�ically validated regenerative 
approach can contribute signi�icantly to sustainable 
intensi�ication while protecting the ecological 
foundation on which agricultural productivity 
depends.
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