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Abstract

The deterioration of soil quality has been a severe problem in recent years. The employment of Green Revolution techniques has raised
production to an excessive degree by using a vast quantity of nitrogen (N) fertiliser. However, these techniques have led to soil quality degradation
and land deterioration which harms human health and environment. Much of these losses to the environment are nitrate leaching to groundwater
and greenhouse gas emissions. As agrochemicals accumulate in the soil, soil quality deteriorates, resulting in lower soil fertility. Green manure
refers to crops that are cultivated and incorporated into the soil to improve soil fertility, enhance soil structure, increase water-holding capacity
and enrich nutrient content. It can help restore soil fertility, minimise soil erosion and improve soil physico-chemical characteristics. Also, it has the
potential to partially substitute the inorganic N fertilisers under specific conditions, thereby reducing the chemical input in agriculture. They are
also improving the soil’s physical and biological properties. As a result, it also aids in plant protection. Green manuring function in sustainable soil
health is examined through several research papers and research initiatives.
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Introduction

Multiple forms of natural resource degradation threaten the
sustained productivity of limited land resources. Soil is the
fundamental natural resource for crop production. However, its
quality is declining due to the uncontrolled use of agro chemicals
to meet the demands of a growing global population, leading to
reduced soil fertility and crop yields. Nevertheless, the use of
chemicals to improve soil fertility to support effective crop
production faces challenges such as the high costs of fertilisers as
well as the availability of fertilisers (1). In soil, organic content
declines because of continuous cultivation, causing the
detachment of nutrients from the plant’s rhizosphere. Green
manuring is one of the techniques, which involves the use of
fertility-building crops, which are used to improve the fertility of
soil to boost the development of the subsequent crop by
replenishing humus, an essential component for maintaining soil
quality by increasing the supply of nitrogen as well as promoting
the development of microorganisms (2). Green manure plants are
non-polluting, less toxic and biodegradable, which means that
they do not leave any residue in the soil, water, or air, nor in the
food products that are stored. Hence, green manuring is

considered an essential component of sustainable agricultural
systems. Green manuring acts as an organic nutrient source, which
provides the nutrients needed by the plants and improves the
biological activity of the soil (3). It also helps in the formation of soil
aggregates and organo-mineral complexes (4). Rice-growing areas
such as Andhra Pradesh, Uttar Pradesh, Karnataka, Punjab and
Orissa account for 41 %, 16 %, 11 %, 6 % and 5 % of the total area
under green manuring, respectively (5). The productivity of the
traditional rice-wheat cropping system in the Indo-Gangetic Plains
has declined due to continuous nutrient mining and limited root-
zone nutrient replenishment. In these situations, green manuring,
which helps soil in the improvement of the health by improving the
organic content as well as the nitrogen content, can be a way to
solve the problems in fertility of the soil due to various cropping
system (6). Unlike synthetic nitrogen (N) fertilisers, leguminous
green manure crops offer a promising renewable source of
biochemically fixed N as well as the capacity to fix and add large
amounts of C to cropping systems. Therefore, green manuring is a
highly beneficial practice to enhance soil health. Additionally, it
improves soil texture by adding humus or organic matter, which is
needed to improve soil productivity (7). Organic matter obtained
from green manuring binds loose particles in sandy soils.
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Consequently, it improves the soil’s ability to hold water.
Additionally, it improves conditions to increase the count of soil
beneficial microorganisms.

The crops used in green manuring divided into two types
depending on the nitrogen fixation ability such as leguminous
green manure and non-leguminous green manure.

The former group fixes atmospheric nitrogen and
incorporates it into the soil (e.g, sunnhemp, dhaincha, green
gram, cowpea, black gram, bean, sweet clover, alfalfa, pea and
soybean). The latter group lacks nitrogen-fixing ability and
primarily functions as cover crops (such as berseem, buckwheat,
chicory, mustard, turnips, ryegrass, oats, barley and rye).

The purpose of the present review is to conduct a critical
examination of the impact of green manure on soil health and crop
productivity. This review highlights the ways through which green
manure crops improve soil fertility in terms of organic matter
incorporation, biological nitrogen fixation and physical
characteristics of the soil. The scope of the review also includes an
assessment of different types of green manure crops and their
relevance in various cropping systems.

Need of green manuring

Due to the need for higher agricultural productivity, farmers are
opting for intensive and diversified crops, which have contributed
greatly towards soil fertility loss. Soil fertility decreases when there
is continuous farming but without sufficient provision of nutrients
to soils, causing the depletion of soil fertility. Such a phenomenon
affects the chemical composition, organic matter, poor soil
structure and nutritional composition of soil (6). Besides the
increased cost and unavailability of inorganic fertilisers, especially
in developing countries, they can be subjected to adulteration.
There is also an increased demand for high-yielding varieties or
hybrid crop species, which require higher amounts of nutrients

2

than other crops. Sole dependence on chemical fertilisers become
increasingly difficult, economically unfeasible and environmentally
unsound (6). Furthermore, modern agriculture has become highly
mechanised, resulting in the reduction of draft animals on farms.
Traditionally, farmyard manure was one of the primary sources of
organic materials. Shortage of organic amendments to farms has
further exacerbated the reduction of soil fertility and microbial
population in soil. In this regard, green manuring becomes an
important practice in maintaining soil productivity (6).

Physical properties of soil

Soil physical properties are essential for agricultural production
and sustainable soil utilisation and potential indicators for
summing up soil quality and productivity. Green manuring and
regenerative organic amendments have a deep positive impact on
soil physical properties, primarily because of the increased organic
input and the biological restructuring of soil aggregates. There is
ample evidence to show that the incorporation of green manure
crops like Sesbania rostrata Bremek. & Oberm, Crotalaria junceal.,
cowpea and mungbean has been effective in improving soil
aggregation, decreasing bulk density and increasing porosity
(6-10). The root systems of legume green manure crops are also
instrumental in the disruption of compacted layers and the
formation of biopores, thus increasing water infiltration and
aeration (11, 12).

Addition of S. rostrata and C. juncea increases the rate of
infiltration, prevents run-off and erosion, as well as the removal of
surface compaction and hard pan (13). On an average, the green
manuring practice reduces the bulk density of soil by 5 %,
increases porosity by 8 %, as well as macro and mesopores by
28 % (14). The beneficial effects of green manuring on soil
properties are illustrated in Fig. 1 (6). Green manuring with
Sesbania improves soil structural properties through the
production of cementing agents by microbial activity. It also
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Fig. 1. Effect of leguminous green manuring on soil properties (6).
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promotes the aggregation of primary soil particles and micro-
aggregates into macro-aggregates through root enmeshment.
This effect is attributed to its deep root system, which enhances
macrospore formation (15).

Green manuring also improves the structure of the soil,
allowing more air to meet the soil, thus improving drainage. Green
manuring also helps the sandy soil retain more water, as it does not
drain as quickly as before (16). Green manuring reduces soil erosion,
both wind and water, as it acts as a cover crop (3). The exudate
secreted by the roots of the green manure crop supplies the
microorganisms with food, causing them to produce gums that act
as an adhesive, sticking the soil together (17). As a result, it reduces
the number of cultivations required and improves soiltilth (17).

The green manure biomass is also helpful in the formation
of stable macro aggregates as it binds the soil particles through the
action of polysaccharides and humic substances released during
the decomposition process (18, 19). The improvement in soil
structure also makes the soil less prone to crusting and
compaction, particularly in intensively cropped or rice-based
systems (20, 21). In degraded areas, green manures can be
considered as a remedial measure that improves soil friability and
tilth (22, 23).

The use of cover crops as green manures can greatly
reduce runoff and soil erosion due to their ability to protect the
soil and improve aggregate stability (24, 25). Adding green
manure residues to the soil also improves saturated hydraulic
conductivity (26, 27). In general, green manuring practices
promote long-term sustainability through improvements in soil
physical properties (28, 29).

Recent breakthroughs further reinforce the importance of
micronutrient-enriched organic amendments and nature farming
systems in enhancing the physical properties of soil. Micronutrient-
enriched organics (30), enhance the formation of stable aggregates
through humic-micronutrient interactions, leading to improved
structural stability and infiltration. Natural farming practices

involving fermented liquid manures and biomass mulches also
help in minimising soil compaction and improving soil friability
(31). In hill and mountain agroecosystems, green manuring and
agroecological restoration practices improve soil root depth and
erosion risk reduction (32). In addition, eco-friendly fertilisers
produced from microbial inoculants improve pore
interconnectivity and soil permeability (33), while organic farming
systems in temperate and subtropical climates show substantial
improvements in water retention capacity due to continuous
organicamendment (34).

Zero-landfill approaches involving recycled agricultural
residues help in improving soil structure and minimising surface
sealing (35). Indigenous agroforestry-green manure systems in the
Sikkim Himalayas further illustrate improvements in aggregate
formation and soil stability due to continuous organic biomass
addition (36). Collectively, these studies emphasise the role of
organic and regenerative practices in improving soil physical
properties across diverse agroecosystems.

Chemical properties of soil

Green manuring increases the fertility of the soil through enhanced
nutrient pools, solubility and soil chemical reactions. Legume
green manure crops can fix atmospheric nitrogen, thus making it
available in higher quantities in the soil, but they also can mobilise
phosphorus, potassium, calcium, magnesium and micronutrients
(9, 37, 38). Green manure addition can act as a soil-acidifying agent
by increasing soil organic carbon and microbial activity, which may
gradually reduce soil pH. It favours the crop’s nutrient availability.
Green manure crops have a narrow CN ratio, favoured by
immobilising a higher percentage of applied fertiliser nitrogen and
then slowly releasing the same over a period. Nitrogen enrichment
in soil by fixation and mineralisation is illustrated in Fig. 2 (39, 40).
Sunnhemp appears to be a more efficient green manure crop than
other legume crops regarding chemical property improvement
and improving soil properties.

In addition to that, carbonic acid, which is a product of the
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Fig. 2. Nitrogen enrichment in soil by fixation and mineralisation (39, 40).
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decomposition of carbon dioxide, which produces the binding
material in the soil. However, the effect of other legume species on
the soil’s chemical properties as green manure may vary. It is
attributed to the chemical composition of each legume species
(41). The soil binding material results from organic matter
decomposition, which produces carbon dioxide that dissolved and
formed carbonic acid. The acid consequently reduces the soil’s pH,
hence increasing calcium carbonate minerals solubility (42). Green
manure, especially legume, has N and a low C:N ratio, hence
minimising the problem of the immobilised available inorganic N
on the steps of decomposition. In addition to that, the biomass
produced with the addition of green manure against soil
acidification, acts as a buffering agent (3).

This decomposition of green manure residues ends in the
formation of organic acids, which in tum helps in the solubilisation of
unavailable nutrients such as phosphorus (P), zinc (Zn) and iron (Fe)
(10, 43). Organic acids also help in lowering the pH of the soil as well
as reducing the sodicity of sodic soils (6, 44). Various studies have
proven that green manures increase the soil cation exchange
capacity along with improving base saturation as well as the
exchangeable calcium (Ca) and magnesium (Mg) content of the soil
because of high organic content of green manures (11, 45).

In rice-based systems, the green manures and fertiliser
together improves nutrient tumover and maintains soil chemical
equilibrium (46, 47). Long-term studies also verify the improvement
in buffering capacity and nutrient leaching losses in green manure-
treated soils (48). Therefore, green manuring is a reliable method for
improving and maintaining soil fertility in crop rotation systems
(29,49).

Micronutrient-fortified organics are also being increasingly
acknowledged for their role in improving soil chemical properties.
According to previous study, bioactive organics fortified with Fe, Zn,
manganese (Mn) and boron (B) work significantly in improving the
solubility and chelation of nutrients, thereby improving
micronutrient availability (30). Natural and organic farming practices
have been found to have lower soil acidity and higher cation
exchange capacity because of the continuous accumulation of
organic colloids (31, 34). Nature-based restoration in hill ecosystems
indicate higher base saturation and improved buffering capacity in
degraded acidic soils after the integration of green manure (32).

Eco-friendly microbial fertilisers further accelerate the rates of
nutrient transformation and carbonic acid formation, thereby
improving Ca and Mg mobilisation (33). Conventional agroforestry-
based systems in Himalayan soils also indicate higher mineral
weathering and nutrient release with the integration of green manure
crops and leaf litter (36). Organic nutrient enrichment methods also
indicate higher phosphorus availability and micronutrient
solubilisation through organic acid exudation (50). These findings
collectively reinforce and expand current understanding of green
manure-mediated improvementsin soil chemical fertility.

Biological properties of soil

Biological improvement is one of the most significant and well-
documented effects of green manuring. Adding fresh organic
matter promotes microbial development, enhances enzyme
activity, accelerates nutrient turnover and improves soil
biodiversity (9, 18). Green manuring promotes microbial activity by
supplying fresh organic carbon that serves as an energy source for
soil microflora and supports new microbial biomass

formation (51, 52).

From a microbial perspective, incorporating legume-based
green manures offers two key advantages: (i) first, these manures
supply microbes with nutrient-dense organic matter, enabling them
to break down complex plant residues into forms readily accessible
to crops (i) second, it enriches the diversity of microbes within the
soil environment (53). Legume green manures, being high in N and
available carbon (C), support the rapid growth of microbes, thereby
increasing microbial biomass (both carbon and nitrogen) and
enhance enzyme activities like urease, dehydrogenase, phosphatase
and B-glucosidase (19, 22). Green manuring with residues of
Trifolium pratense L. improved the microbial biomass of soil and
dehydrogenase, urease, p-glucosidase, phosphatase and
arylsulfatase performancein soil (54).

As green manure decomposes, it triggers a series of
biochemical reactions that help break down diverse organic
compounds (55). Green manures enhance microbial populations
and soil enzyme activities through root exudation and improved
nutrient transformation processes (56). By supplying carbortrich
organic nutrients, green manures support microbial multiplication
and diversify microbial communities, leading to the conversion of
locked nutrientsin plant residues into forms crops can absorb.

Adding green manure substantially elevates the populations
of beneficial soil microbes such as fungi, bacteria and actinomycetes
(16), which are responsible for the nutrient cycling processes in soil
(57, 58). The enhanced biological nitrogen fixation, both symbiotic
and associative, leads to an increase in microbial interactions
(37, 59). In addition, green manures reduce soil-borne pathogens
due to the increased competition and antagonistic effects of
beneficial microbes (60, 61).

The addition of green manures to soil increases the
complexity of soil food webs by promoting earthworm populations,
which in tumn increase nutrient mineralisation and soil structure
(45, 62). Therefore, integrating green manures into cropping systems
strengthens the biological health of soils, enhancing both
sustainability and productivity.

Recent investigations highlight that micronutrient-fortified
organic inputs significantly stimulate beneficial microbial
communities by supplying bioavailable trace elements essential for
enzymatic processes (63). Natural farming systems enhance soil
biological health by reducing chemical residues that suppress soil
microbiota, leading to increased microbial biomass and enzymatic
activities (31, 34). In nature-based restoration frameworks, green
manure species enhance soil biodiversity by supporting diverse
functional microbial groups, improving biological nitrogen fixation
and decomposition pathways (32).

Microbial-based eco-fertilisers enhance population growth-
promoting rhizobacteria and mycorrhizal fungi of plant (33).
Agroforestry-green manure systems in traditional Himalayan
farming create microhabitats rich in fungal hyphae and
actinomycetes due to rich litter deposition (36). Studies in African
smallholder systems emphasise that legumebased biological
nitrogen fixation remains the backbone of sustainable soil
bioprocesses (64). Regenerative and permaculture-based systems
greatly enrich microbial network complexity, enhancing soil
ecological functioning (65). These findings collectively demonstrate
that modern organic and regenerative practices further enhance the
biological benefits associated with green manuring.
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Nitrogen contribution

Nitrogen is vital for plant development, yet it remains one of the
most challenging nutrients to regulate effectively within cropping
systems. Leguminous green manure crop generally increases the N
level by atmospheric nitrogen fixation. Fertiliser use efficiency is
improved by incorporating green manure crops. Nitrogen fixing
leguminous crops are preferred as green manure. They reduce
external inputs for crops and enhance the soil internal resources
availability for the successful cultivation of major crops (66). In
addition, it is reported that optimum spacing of 60 x 45 cm in
dhaincha improved the plant height, more branches and nodules
per plant for nitrogen fixation (67).

Incorporating dhaincha (Sesbania aculeata L) as green
manure can supply between 60 and 90 kg ha? nitrogen to the soil.
Leguminous species are highly effective green manures because
they convert atmospheric nitrogen into forms that enrich the soil’s
nitrogen reserves (68). The incorporation of green manure triggers
shifts among soil N forms such as microbial biomass dissolved
organic N and mineral N resulting in alterations in soil N pools. It is
widely acknowledged that maintaining crop cover over the winter is
one of the most effective ways of preventing nitrate leaching (4).
Nitrogen losses from soil can be minimised by growing cover crop as
green manure and it replenish the soil with new nitrogen when
incorporate into the soil (69). Enhancement in N use efficiency relies
on how well a crop’s nitrogen requirements are met by multiple
nitrogen sources over the entire growth period (70). Nitrogen release
from green manure is gradual and continuous rather than
immediate. Since nitrogen is released gradually, losses through
leaching, denitrification and ammonia volatilisation are reduced.
Soil applied with green manure has no NHs volatilisation losses.
Deep rooted green manure crops like lucerne, chicory and red clover
draw the nutrients from the lower soil layers and make use of it after

decomposition (3). Sunnhemp is widely favoured by farmers
because it grows rapidly and fixes atmospheric nitrogen efficiently
(53). Green manure crops both fix atmospheric nitrogen and help
conserve nitrogen already present in the soil. They provide a large
amount of nitrogen for companion as well as subsequent crops (71).

Carryover of nitrogen to succeeding crops

Incorporation of leguminous green manures, which add nitrogen
from biological nitrogen fixation, is a long-established agronomic
practice that frequently promotes significant increases in crop
growth and yield. As indicated in Fig. 3, green manure crops involved
in mineralisation process thus supply nutrients to crops (72, 73). The
carryover effect depends on how much biologically fixed nitrogen
the legume contributes to the soil system. Itis also influenced by the
remaining nitrogen available for the next crop and how effectively
that crop uses it. Green manure incorporation adds substantial
nitrogen to soil; however, nutrient release is gradual and biologically
fixed nitrogen becomes available to plants over an extended period.
Together, these processes ensure a continuous nitrogen supply for
subsequent crops (74). The recovery of N provided by green manure
by crops is below 30 %, leaving significant amounts of residual
nitrogen in the soil (75). Green manure crops can capture and utilise
leftover nutrients remaining in the soil from the previous crop cycle
(42). Green manuring of dhaincha supplies 10 to 15 t ha of fresh
biomass and 40 to 50 kg ha™of nitrogen to succeeding crops (76).

Nevertheless, carry-over effects vary across different
agroecosystems due to soil variation, climate, cropping sequences
and management practices that influence the availability and
uptake of nitrogen. Mineralisation and immobilisation processes
may cause nitrogen unavailability for subsequent crops where the
proportion of C:N in the soil becomes extremely high, hence
creating sub-optimal conditions for nitrogen availability.
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A knowledge gap lies between the process of nitrogen
mineralisation of green manure residues and their need by the
subsequent crops. Appropriate methods of residue management
through improved timing of incorporation and selection of green
manure are essential in ensuring effective recycling of nitrogen.
Future studies need to be focused on the use of advanced
technologies such as isotope tracing for measuring nitrogen
dynamics and evaluating long-term impacts on soil nitrogen
balance under diverse cropping systems.

Availability of other nutrients

Soil fertility, a critical determinant of crop productivity, can be
enhanced through green manure incorporation, which releases
macro- and micronutrients during decomposition. The breakdown
of green manure and the nutrient release largely depend on physical
factors of soil (like moisture, temperature and texture), its chemical
(such as C:N ratio, pH and nutrients status) and microbial activity.
Applying green manure can enhance phosphorus availability for the
following crop through multiple soil-improving processes (77). Green
manuring in sodic soil, improves organic carbon of soil, available
nitrogen, phosphorus and potassium (78).

During decomposition, green manure releases organic acids
that help dissolve native phosphorus in the soil and keep it available
for longer time. Furthermore, dhaincha extracts phosphorus from
subsurface soil layers in a cost-effective manner, making it available
to subsequent crops (39). Green manuring has been shown to
improve phosphorus release from rock phosphate in paddy fields
(79). Incorporating green manure and green gram residue into the
soil improved N, P and potassium (K) absorption by rice and wheat
crops (80).

As they decompose, green manure crops release nutrients
and help recycle key elements like nitrogen, phosphorus and
potassium within the integrated system of plant nutrients. According
to previous studies, after decomposition of green manure the
organic P and K might easily be accessible by succeeding crops in
available form (81). Green manure incorporation decreases the soil
pH and phosphate fixation with Fe and A, increasing availability of P.
Green gram and velvet bean increased available P in soil by 0.03 and
0.37 mgkg?, respectively. Increases in Mn and Fe concentration were
observed under conditions of submergence (82). Green manure
crops such as S. aculeata, Mimosa invisa Mart. ex Colla and
Vigna radiata (L.). Wilczek contributed significant source of absolute
N, P, K, S and various micronutrients to next crops grown (5).
Incorporation of green manure under submerged condition
increases the concentration of Fe and Mn (41). Utilisation of P and K
to the extent of 10 to 12 % was reported under field conditions
because of the application of green manures (3).

Incorporation of green manure enriches the availability of
macro and micronutrients, except for nitrogen. Acids in organic form
produced at decomposition improve the solubility of phosphorus,
zinc and iron (9, 44). Deep-rooted cover crops bring nutrients from
lower soil depths, increasing the nutrient concentration in surface
soil (11, 49).

Increased microbial activity increases the mineralisation of
K, Ca, Mg, S and micronutrients due to enzyme-mediated reactions
(19, 57). Legume green manure incorporation increases available P
due to phosphatase enzyme action, while increasing exchangeable
K dueto organic complexation (38, 83).

In integrated approaches involving green manure, mulching
and organic fertiliser application, the efficiency of nutrient cycling is

significantly improved (58, 84). Green manures, therefore, improve
the multi-nutrient supply needed for sustainable balanced nutrition
and highyield.

Micronutrient-fortified organics significantly improve the
bicavailability of Fe, Zn, Mn, Cu and B by facilitating chelation and
solubilisation during decomposition (30). Organic farming practices
increase the cycling of multi-nutrients because of the varied organic
materials and lower chemical antagonism (31, 34). Nature-based
restoration methods demonstrate substantial mobilisation of P, Ca,
Mg and micronutrients in hill soils where organic materials are
added to accelerate mineral weathering (32).

Eco-microbial fertilisers help in solubilising P and K by
secreting organic acids and phosphatases (33). Zero-waste organic
practices using recycled residues increase the long-term nutrient
pool (35). Legume-based agroforestry practices improve nutrient
extraction from deeper soil horizons (85).

Soil organic matter and water holding capacity of soil

Contemporary agricultural systems incorporate crop rotation and the
green manures use serves as an effective approach for attaining
sustainable and efficient crop production. Soil organic matter is widely
acknowledged as a critical component that underpins true soil fertility.
While green manure typically enriches organic matter and microbial
biomass, the improvement varies with management practices,
environmental conditions and the amount of biomass incorporated.

The soil moisture retention capacity and consistency are all
influenced by green manure incorporation. Soil structural
modifications brought about by green manure also impact porosity,
aeration, infiltration rate and hydraulic conductivity (85). Variations
in pore size distribution have been observed in soils treated with
different green manures. In this scenario using Sesbania as a green
manure steadily expanded the macro- and mesopores while leaving
micropores unaltered, increasing plant available water holding
capacity. Fields amended with Sesbania recorded upto a 17 %rise in
available soil moisture (86). Dhaincha> cluster bean > rice bean was
the most effective in improving the water holding capacity of green
manure incorporation and dhaincha outperformed with more
macro and larger mesopores than the untreated soil, next by cluster
bean and rice bean (14). In sandy soils, the additional organic matter
from green manure improves aggregate stability and porosity,
enabling the soil to retain moisture for longer periods (5).

Soil organic matter (SOM) is the core of the ecological
significance of green manuring. Regular addition of fresh organic
matter enhances the labile and stable pools of SOM, thereby
improving carbon sequestration and soil resilience (9, 19). Enhanced
water-holding capacity is achieved through enhanced SOM and
improved soil aggregation (6, 22). Green manure-treated soils have
improved moisture retention, lower evaporation rates and higher
infiltration rates (12, 26). The SOM also improves hydraulic conductivity
and protects soils against drought and irregular rainfall events (27, 28).

Micronutrient-supplemented organics can further improve
the quality of SOM by increasing the humic and fulvic acid
components, thus improving water retention capacity and
structural properties (58). Natural farming practices show a rapid
accumulation of SOM due to regular mulching and addition of
biomass (31, 34). In hill and mountainous regjons, green manuring
along with agroforestry practices can increase soil carbon and
improve water dynamics, which are essential for rainfed agriculture
(32,36).
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Eco-fertilisers can alter the decomposition rates of organic
matter, thus increasing the accumulation of SOM (33). Nutrient
cycling methods with zero landfilling practices can improve SOM in
degraded areas by recycling agricultural waste (35). These additional
results clearly show that modemn regenerative practices can
significantly enhance the SOM and water retention capacity of green
manures.

Reclamation of salt affected soil

High salt levels in the soil hinder plant development by creating
osmotic stress around the root zone. Applying green manure
considerably enhances nitrogen, organic carbon and total
carbohydrate content in saline soils. Green manuring is widely used
in sodic soils to restore soil health and boost fertility. These practices
help reduce the elevated soil pH by introducing organic acids that
promote the replacement of sodium ions with beneficial ions like
calcium (87). Sodic soils typically contain little organic matter
because sodium carbonate and bicarbonate dissolve humus,
especially fulvic and humic fractions. Therefore, incorporating green
manure into sodic soils increases organic matter levels, which in turn
improves structure and physical conditions of the soil. Moreover,
green manures facilitate the substitution of sodium ions at exchange
sites with calcium ions (88). Sesbania aculeata, containing about
34 % Calcium on dry-weight basis, is effective in displacing sodium
from sodic soils (89). As green manure decomposes, it releases CO;
and increase soluble calcium in the soil solution, which replaces
sodium at exchange sites, ultimately aiding sodic soil reclamation
(90).

Green manures are very efficient in the reclamation of sodic
and saline soils through the modification of soil chemistry and
improvement of physical and biological properties. Legumes like
S. aculeata and S. rostrata can produce a substantial amount of
biomass with high organic acid content, which can lower soil pH and
alkalinity (6, 9). Organic acids like humic, fulvic and acetic acids can
solubilise CaCOs, releasing Ca** ions that can displace Na*ions from
the exchange sites (44). Green manuring can increase salt leaching
by improving soil physical properties like structure, permeability and
infiltration rate (12, 22). Green manure crops that are salt-tolerant,
such as dhaincha (Sesbania spp.) and Tephrosia spp., are very
efficient in the reclamation of highly degraded soils (49). Long-term
use can result in the improvement of soil structure, reduction of ESP
and improvement of nutrient availability.

Table 1. Nitrogen addition by different green manure crops

Recent studies show that organic amendments rich in
micronutrients can greatly accelerate the process of sodic soil
reclamation by increasing Ca-Na exchange and pH reduction (30).
Ecological farming practices help in desodification by encouraging
steady organic acid production (31). Hill region ecological restoration
studies have shown improvement in both acidic and salt-affected
soils through green manure biomass addition, which helps in
improving Ca mobilisation (32). Eco-friendly microbial fertilisers help
in improving ionic balance and detoxifying sodium-affected soils
(33). These findings further support the role of green manures in
sodic soil reclamation.

Nitrogen addition by different green manure crops

Nitrogen addition by different green manure crops is presented in
Table 1.

Limitations of green manuring

e  Cultivation of green manure crops needs both time and space,
thereby reducing the available area and period for planting
main crops (91, 93).

e The efficiency of green manuring depends on the yields of
biomass and the decomposition time that in turn are
influenced by the environment, moisture content and crops
grown (72, 74).

e Nitrogen mineralisation may occur at inappropriate times in
relation to nutrient needs of the growing plants, thereby
reducing utilisation efficiency (72, 74).

e Under certain environmental conditions (high C:N ratio of
residues, lack of nutrients), immobilisation of mineralised
nitrogen by microorganisms will make the mineralisation of the
element ineffective for crops (39, 40).

e  Residual nitrogen is likely to be lost in cases where there are
excess rains and irrigation due to leaching and volatilisation
(70).

e Reclaiming poor soils such as sodic soils via green manures
may require more time compared to methods such as
application of gypsum (42, 44).

e Labor input, lack of seeds and management demands could
restrictits use by the farmers (85).

Crop Incorporation rate (t ha) N addition (kg ha) Reference
0.9-2.9 (DWB) 23-82 (91)
9.0 (DWB) 20.1 (92)
Sunnhemp 20-30 (FWB) 84-129 (53)
13.6 (FWB) 302 (66)
11.2 (DWB) 195.1 (93)
8.7 (DWB) 217 (94)
Red clover 15 (FWB) 40.8 (95)
4.52 (DWB) 40 (96)
) 24.5-34.8 (FWB) 90.3 (97)
Dhaincha 23.2 (FWB) 77.1-105 (53)
3.02 (DWB) 83.1 (98)
Cluster bean 18-30 (FWB) 61-85 (53)
Berseem 16-18 (FWB) 60 (53)
Cowpea 4.0 (DWB) 168 (66)
1.65 (DWB) 46.2 (99)
Common vetch 2.42 (DWB) 51.2 (100)
0.4 (DWB) 10.2 (99)
Faba bean 2.87 (DWB) 63.3 (100)
Lablab 3.25 (DWB) 111.05 (100)

FWB: fresh weight basis; DWB: dry weight basis.
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Conclusion

Incorporating green manures into soil is regarded as a sound
agronomic practice across farming systems due to the various
benefits they provide. This approach enhances the sustainability of
cropping systems by minimising erosion and improving soil
structure and physical quality. Green manuring boosts soil organic
matter and fertility, strengthens nutrient- holding capacity and
lowers the soil’s contribution to greenhouse gas emissions. As an
economical and efficient method, green manuring helps cut down
on chemical fertiliser expenses while maintaining soil productivity
and strengthening long-term sustainability. Adding green manure
crops to the soil helps reduce nitrogen losses and improve
nitrogen use efficiency. Most green manure species are legumes
that fix atmospheric nitrogen through Rhizobium activity.
Therefore, green manuring represents an environmentally friendly
and economically viable alternative under increasing fertiliser
costs. It has proven to be an effective technology while ensuring
soil productivity without causing environmental degradation.
However, the effectiveness of green manuring depends on
parameters like biomass production, rate of decomposition and
synchronisation of nutrient release with crop demand. Variations
in such parameters can make it less effective, indicating that green
manuring is not always universally beneficial but can be context
specific. From the application point of view, green manuring could
be considered as a part of sustainable agriculture. Future research
should focus on species selection, nutrient release synchronisation
and long-term effects on diverse agroecosystems. As a result,
green manuring remains a promising strategy for enhancing soil
health, ensuring environmental sustainability and supporting
resilient agricultural systems.

Acknowledgements

The authors gratefully acknowledge Tamil Nadu Agricultural
University, Coimbatore, India, for providing the necessary facilities
to carry out this research.

Authors' contributions

SR and TR collected the literature. SR and TR reviewed the
literature and prepared the first draft of the manuscript. SR, TR, RJ,
RN, NS and TS edited the manuscript. SR and TR performed the
second revision of the manuscript. SR, TR, RJ, RN, NS and TS
carried out the final revision of the manuscript. All authors have
read and approved the final manuscript.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of interests
to declare.

Ethicalissues: None

References

1. Quinlan RJ, Quinlan MB, Dira S, Caudell M, Sooge A, Assoma AA.
Vulnerability and resilience of Sidama enset and maize farms in
Southwestern Ethiopia. J Ethnobiol. 2015;35(2):314-36. https://
doi.org/10.2993/0278-0771-35.2.314

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Adekiya AO, Agbede TM, Aboyeji CM, Dunsin O, Ugbe JO. Green
manures and NPK fertilizer effects on soil properties, growth, yield,
mineral and vitamin C composition of okra (Abelmoschus esculentus
(L)). J Saudi Soc Agric Sci. 2019;18(2):218-23. https://
doi.org/10.1016/j.jssas.2016.07.002

Bista B, Dahal S. Cementing the organic farming by green manures.
Int J Appl Sci Biotechnol. 2018;6(2):87-96. https://doi.org/10.3126/
ijasbt.v6i2.21586

Yang ZP, Xu MG, Zheng SX, Nie J, Gao JS, Liao YL, et al. Effects of
long-term winter planted green manure on physical properties of
reddish paddy soil under a double-rice cropping system. J Integr
Agric. 2012;11(4):655-64. https://doi.org/10.1016/52095-3119(12)
60094-7

Dubey L, Dubey M, Jain P. Role of green manuring in organic
farming. Plant Arch. 2015;15(1):23-26. https://doi.org/10.5958/0976-
058X.2015.00005.2

Tanveer A, Ali HH, lkram NA. Green manuring for soil health and
sustainable production of agronomic crops. In: Agronomic crops.
Singapore: Springer; 2019. p. 429-44. https://doi.org/10.1007/978-
981-13-6341-8_22

Mondal R, Goswami S. Sesbania - An important aspect of INM for
sustainable productivity of rice: A review. Int J Chem Stud. 2019;7
(6):2832-37. https://doi.org/10.22271/chemi.2019.v7.i6n.8024

Badanur VP, Poleshi CM, Naik BK. Effect of organic matter on crop
yield and physical and chemical properties of a vertisol. J Indian Soc
Soil Sci. 1990;38(3):426-29.

Prajapati SK, Dayal P, Kumar V, Gairola A. Green manuring: A
sustainable path to improve soil health and fertility. Int J. 2023;1:24-
33.

Patra A, Singh RP, Kundu MS, Kumar G, Malkani P, Singh BK, et al.
Green manuring: A sustainable approach for soil health
improvement. Agric Food E-Newsl. 2023;5(4):198-201.

Shahane AA, Shivay YS. Soil health and its improvement through
novel agronomic and innovative approaches. Front Agron.
2021;3:680456. https://doi.org/10.3389/fagro.2021.680456

Marimuthu S, Gunasekaran M, Raju M, Surendran U. Green
manuring-system of rice intensification-rice fallow pulses cropping
system for enhancing crop productivity and soil health: A
sustainable farming solution. Paddy Water Environ. 2024;22(4):629-
45, https://doi.org/10.1007/510333-024-00989-3

Schumann RA, Meyer JH, Van Antwerpen R. A review of green
manuring practices in sugarcane production. In: Proc South Afr
Sugar Technol Assoc. 2000;74:93-100.

Sultani MI, Gill MA, Anwar MM, Athar M. Evaluation of soil physical
properties as influenced by various green manuring legumes and
phosphorus fertilization under rainfed conditions. Int J Environ Sci
Technol. 2007;4(1):109-18. https://doi.org/10.1007/BF03325913

Chimouriya S, Lamichhane J, Prasad D. Green manure for restoring
and improving the soil nutrients quality. Int J Res. 2018;5(20):1064-
74. https://doi.org/10.21276/ijr

Fanish S. Effect of green manuring on plant health. World J Agric
Res. 2018;14(1):1-12. https://doi.org/10.13189/wjar.2018.140101

Nayak JJ, Vaidya AK. Green manure in crop production and soil
health. Int J Innov Res Sci Eng Technol. 2018;7(6):7378-81. https://
doi.org/10.15680/1JIRSET.2018.0706153

Iderawumi AM, Kamal TO. Green manure for agricultural
sustainability and improvement of soil fertility. Farming Manag.
2022;7(1):1-8. https://doi.org/10.31830/2456-8724.2022.FM-101

Biswas S, Singh S, Bera A. Regenerative nutrient management
practices for enhancing plant nutrition and soil health. In:
Regenerative agriculture for sustainable food systems. Singapore:
Springer  Nature Singapore; 2024. p. 303-39. https://
doi.org/10.1007/978-981-97-6691-8_10

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.2993/0278-0771-35.2.314
https://doi.org/10.2993/0278-0771-35.2.314
https://doi.org/10.1016/j.jssas.2016.07.002
https://doi.org/10.1016/j.jssas.2016.07.002
https://doi.org/10.3126/ijasbt.v6i2.21586%20
https://doi.org/10.3126/ijasbt.v6i2.21586%20
https://doi.org/10.1016/S2095-3119(12)60094-7
https://doi.org/10.1016/S2095-3119(12)60094-7
https://doi.org/10.5958/0976-058X.2015.00005.2
https://doi.org/10.5958/0976-058X.2015.00005.2
https://doi.org/10.1007/978-981-13-6341-8_22
https://doi.org/10.1007/978-981-13-6341-8_22
https://doi.org/10.22271/chemi.2019.v7.i6n.8024
https://doi.org/10.3389/fagro.2021.680456
https://doi.org/10.1007/s10333-024-00989-3
https://doi.org/10.1007/BF03325913
file:///D:/Empirion%20Publishers%20Private%20Limited/APRIL%202026/24/14220/%20https:/doi.org/10.21276/ijr%20
https://doi.org/10.13189/wjar.2018.140101
https://doi.org/10.15680/IJIRSET.2018.0706153
https://doi.org/10.15680/IJIRSET.2018.0706153
https://doi.org/10.31830/2456-8724.2022.FM-101
https://doi.org/10.1007/978-981-97-6691-8_10
https://doi.org/10.1007/978-981-97-6691-8_10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Choudhury M, Roy P, Gogoi D, Agarwal S, Anu DA. Rejuvenating soil
health. Voice Environ Newsl. 2024. https://doi.org/10.2139/
ssrn.5020508

Morar G, Jigau R, Smuleac A, Pascalau R. Soil health and
regeneration: Building resilient agricultural systems. Res J Agric Sci.
2024;56(4):192-202.

Baruah R. Restoring soil health of degraded lands through eco-
friendly nutrient management practices in regenerative agriculture.
In: Regenerative agriculture for sustainable food systems.
Singapore: Springer Nature Singapore; 2024. p. 237-69. https://
doi.org/10.1007/978-981-97-6691-8_8

Katherasala S. Approaches to sustainable agriculture: A
retrospective analysis for soil health improvement. SAARC J Agric.
2024;22(2):1-3. https://doi.org/10.3329/sja.v22i2.71458

Sundram S, Angel LP, Sirajuddin SA. Integrated balanced fertilizer
management in soil health rejuvenation for sustainable oil palm
cultivation: A review. J Oil Palm Res. 2019;31(3):348-63. https://
doi.org/10.21894/jopr.2019.0045

Musa 10, Samuel JO, Adams M, Abdulsalam M, Nathaniel V, Maude
AM, et al. Soil erosion, mineral depletion and regeneration. In:
Prospects for soil regeneration and its impact on environmental
protection. Cham: Springer Nature Switzerland; 2024. p. 159-72.
https://doi.org/10.1007/978-3-031-53270-2_7

Gulaiya S, Kumar M, Kumar R, Kumar R, Singh N, Yadav K, et al.
Regenerative agriculture: Integrating soil health, carbon
management and socio-ecological outcomes. Int J Environ Clim
Change. 2024;14(9):92-105.  https://doi.org/10.9734/ijecc/2024/
v14i94395

Xing Y, Zhang X, Wang X. Enhancing soil health and crop yields
through water-fertiliser coupling technology. Front Sustain Food
Syst. 2024;8:1494819. https://doi.org/10.3389/fsufs.2024.1494819

Kapembwa C, Shitumbanuma V, Yengwe J, Schoustra S, De Deyn
GB. Concepts and practices for managing soil health. In:
Sustainable soil systems in global South. Singapore: Springer
Nature Singapore; 2024. p. 343-70. https://doi.org/10.1007/978-981-
97-5276-8_12

Sahu G, Mohanty S, Das S. Conservation agriculture: A way to
improve soil health. 2020;8(4):355-68. https://
doi.org/10.18006/2020.8(4).355.368

Madhupriyaa D, Baskar M, Mohanapragash AG, Renuga V,
Sriramachandrasekran MV, Salma Santhosh S. Reviving soils with
bioactive green gold: Micronutrient-enriched organics for
sustainable agriculture. Commun Soil Sci Plant Anal. 2026;57(2):135
-204. https://doi.org/10.1080/00103624.2025.2570486

Mane PP, Chorey AB, Paslawar AN, Dodewar PG, Bayskar AS, Jadhav
AK. Natural farming in India: Evidence, challenges and pathways for
sustainable agriculture. J Sci Res Rep. 2026;32(2):182-97. https://
doi.org/10.9734/jsrr/2026/v32i23961

Sarangthem |, Haldhar SM, Mishra LK. Ecosystem restoration and
nature-based solutions for sustainable agricultural production in
the North-Eastern Hill Region. In: Revitalizing hill and mountain
agroecosystems landscapes. Boca Raton: CRC Press; 2026. p. 129-
52. https://doi.org/10.1201/9781003688907-9

Abd El-Rahim WM. Eco-friendly fertilizers for sustainable agriculture:
A path toward greener farming. In: Harnessing microbial resources
for sustainable agriculture. Singapore: Springer Nature Singapore;
2026. p. 35-56. https://doi.org/10.1007/978-981-95-4817-0_3

Ramzan |, Mir YH, Aziz MA, Gani G, Nargis S, Abrar B, et al. Natural
and organic farming: Sustainable approaches toward
environmental sustainability. In: Climate-resilient agriculture for
sustainable crop production. Boca Raton: Apple Academic Press;
2026. p. 31-62. https://doi.org/10.1201/9781998511150-2

Talukder MB, Akhter MS, Kabir F. Eco-friendly farming: Zero landfill
strategies for sustainable agriculture in Bangladesh. In: Zero landfill:

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47,

48.

49.

50.

51

Ensuring a greener environment through sustainable soil and
agricultural management. Cham: Springer Nature Switzerland;
2026. p. 397-422. https://doi.org/10.1007/978-3-032-10614-8_15

Sharma G. Harnessing indigenous knowledge for soil fertility:
Traditional agroforestry-based farming in the Sikkim Himalaya.
Indian J Tradit Knowl. 2026;25(1):74-85.

Meena RS, Das A, Yadav GS, Lal R, editors. Legumes for soil health
and sustainable management. Singapore: Springer; 2018. p. 541.
https://doi.org/10.1007/978-981-13-0253-4

Gatsios A, Ntatsi G, Celi L, Said-Pullicino D, Tampakaki A, Savvas D.
Legume-based mobile green manure can increase soil nitrogen
availability and yield of organic greenhouse tomatoes. Plants.
2021;10(11):2419. https://doi.org/10.3390/plants10112419

Ramesh T, Chinnusamy C, Jayanthi C. Green manuring in sugarcane
-A review. Agric Rev. 2003;24(2):130-35. https://
doi.org/10.1080/09708163.2003.10608453

Kumar S, Sukul P. Green manuring and its role in soil health
management. In: Soil health. Cham: Springer; 2020. p. 219-41.
https://doi.org/10.1007/978-3-030-19171-9-10

Adediran JA, Akande MO, Oluwatoyinbo FI. Effect of mucuna
intercropped with maize on soil fertility and yield of maize. Ghana J
Agric Sci. 2004;37(1):15-22. https://doi.org/10.4314/gjas.v37i1.2075

Shirale AO, Meena BP, Biswas AK, Gurav PP, Kamble AL. Green
manuring: A panacea for the reclamation of saline and sodic soils.
Harit Dhara. 2018;1:19-21.

Mehata DK, Kattel I, Sapkota P, Ghimire NP, Mehta RK. Biofertilizers:
A sustainable strategy for organic farming that would increase crop
production and soil health. Plant Physiol Soil Chem. 2023;3(2):49-
53. https://doi.org/10.26480/ppsc.02.2023.49.53

Rashmi I, Kumawat A, Munawery A, Karthika KS, Sharma GK, Kala S,
et al. Soil amendments: An ecofriendly approach for soil health
improvement and sustainable oilseed production. In: Oilseed crops-
uses, biology and production. London: IntechOpen; 2022. https://
doi.org/10.5772/intechopen.106606

Thomas GV, Krishnakumar V. Plantation crops and soil health
management: An overview. In: Soil health management for
plantation crops: Recent advances and new paradigms. Singapore:
Springer  Nature  Singapore; 2024. p. 1-36. https://
doi.org/10.1007/978-981-97-0092-9_1

Chander S, et al. Sustainability assessment of rice-wheat system
through organic fertilizers and green manuring in sub-tropical
humid climate. Int J Plant Prod. 2023;17(2):219-34. https://
doi.org/10.1007/s42106-023-00232-9

Sankati J, Mishra AK, Banerjee P, Pidikiti P. Improved nutrient
management and fertilizer optimization in rice-based cropping
systems. In: Key drivers and indicators of soil health management:
Transitioning from conventional to regenerative agriculture.
Singapore: Springer Nature Singapore; 2024. p. 115-36. https://
doi.org/10.1007/978-981-97-7564-4_7

Panday D, Bhusal N, Das S, Ghalehgolabbehbahani A. Rooted in
nature: The rise, challenges and potential of organic farming and
fertilizers in agroecosystems. Sustainability. 2024;16(4):1530.
https://doi.org/10.3390/su16041530

Kumar HR, Singh SK. Simple techniques for improving sustainability
in agriculture: Practical solutions for farmers. IJIRT. 2024;10(12).

Zafar A, Arshad A, Javed W, Awais M, Nargis J, El Sabagh A. Nutrients
grow through organic soil enrichment: Revitalizing soil health
through organic nutrient enrichment. In: Improving crop quality
and enhancing sustainability in agriculture. Boca Raton: CRC Press;
2025. p. 374-98. https://doi.org/10.1201/9781003498698-22

Schutter M, Dick R. Shifts in substrate utilization potential and
structure of soil microbial communities in response to carbon
substrates. Soil Biol Biochem. 2001;33(11):1481-91. https://
doi.org/10.1016/S0038-0717(01)00058-4

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.2139/ssrn.5020508
https://doi.org/10.2139/ssrn.5020508
https://doi.org/10.1007/978-981-97-6691-8_8
https://doi.org/10.1007/978-981-97-6691-8_8
https://doi.org/10.3329/sja.v22i2.71458
https://doi.org/10.21894/jopr.2019.0045
https://doi.org/10.21894/jopr.2019.0045
https://doi.org/10.1007/978-3-031-53270-2_7
https://doi.org/10.9734/ijecc/2024/v14i94395
https://doi.org/10.9734/ijecc/2024/v14i94395
https://doi.org/10.3389/fsufs.2024.1494819
https://doi.org/10.1007/978-981-97-5276-8_12
https://doi.org/10.1007/978-981-97-5276-8_12
https://doi.org/10.18006/2020.8(4).355.368
https://doi.org/10.18006/2020.8(4).355.368
https://doi.org/10.1080/00103624.2025.2570486
https://doi.org/10.9734/jsrr/2026/v32i23961
https://doi.org/10.9734/jsrr/2026/v32i23961
https://doi.org/10.1201/9781003688907-9
https://doi.org/10.1007/978-981-95-4817-0_3
https://doi.org/10.1201/9781998511150-2
https://doi.org/10.1007/978-3-032-10614-8_15
https://doi.org/10.1007/978-981-13-0253-4
https://doi.org/10.3390/plants10112419
https://doi.org/10.1080/09708163.2003.10608453
https://doi.org/10.1080/09708163.2003.10608453
https://doi.org/10.1007/978-3-030-19171-9-10
https://doi.org/10.4314/gjas.v37i1.2075
https://doi.org/10.26480/ppsc.02.2023.49.53
https://doi.org/10.5772/intechopen.106606
https://doi.org/10.5772/intechopen.106606
https://doi.org/10.1007/978-981-97-0092-9_1
https://doi.org/10.1007/978-981-97-0092-9_1
https://doi.org/10.1007/s42106-023-00232-9
https://doi.org/10.1007/s42106-023-00232-9
https://doi.org/10.1007/978-981-97-7564-4_7
https://doi.org/10.1007/978-981-97-7564-4_7
https://doi.org/10.3390/su16041530
https://doi.org/10.1201/9781003498698-22
https://doi.org/10.1016/S0038-0717(01)00058-4
https://doi.org/10.1016/S0038-0717(01)00058-4

RATHIKA ET AL

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Eriksen J. Gross sulphur mineralization-immobilisation turnover in
soil amended with plant residues. Soil Biol Biochem. 2005;37
(12):2216-24. https://doi.org/10.1016/j.s0ilbio.2005.03.008

Meena R. Green manuring: An approach to improve soil fertility and
crop production. Miinchen: GRIN Verlag; 2019. p. 1-7. https://
doi.org/10.13140/RG.2.2.13168.96001

Tejada M, Gonzalez JL, Garcia-Martinez AM, Parrado J. Application
of a green manure and green manure composted with beet vinasse
on soil restoration: Effects on soil properties. Bioresour Technol.
2007;99(11):4949-57. https://doi.org/10.1016/j.biortech.2007.01.022

Parajuli KJ. Economic impact analysis of mixed-species green
manure on organic tomato: Evidence from the northeastern United
States [dissertation]. Blacksburg: Virginia Tech; 2011.

Okur N, Kayikcioglu HH, Ates F, Yagmur B. A comparison of soil
quality and yield parameters under organic and conventional
vineyard systems in Mediterranean conditions (West Turkey). Biol
Agric Hortic. 2016;32(2):73-84. https://
doi.org/10.1080/01448765.2015.1035282

Shakywal VK, Pradhan S, Marasini S, Kumar R. Role of organic
manure for improving soil health. In: Sustainable management of
soil health. 2023. p. 53.

Singh S, Devi NB, Divya D, Kumar A, Singh S, Tyagi G, et al. Soil
fertility management: Role of organic amendments and bio-
fertilizers: A review. Int J Res Agron. 2024;7(12):766-72. https://
doi.org/10.33545/2618060X.2024.v7.i12].2253

Lyu H, Li Y, Wang Y, Wang P, Shang Y, Yang X, et al. Drive soil
nitrogen transformation and improve crop nitrogen absorption and
utilization: A review of green manure applications. Front Plant Sci.
2024;14:1305600. https://doi.org/10.3389/fpls.2023.1305600

Gatla S, Kaur A, Sandhu K, Girisha R, Kamboj R. Impact of green
manures in mitigating heavy metal toxicity: A review. Int J Environ
Clim Change. 2024;14(6):304-21. https://doi.org/10.9734/ijecc/2024/
v14i64230

Devi MH, Mohanty SR, Kollah B. Organic farming: Approach and
strategies for sustainable agriculture. In: Greenhouse gas regulating
microorganisms in soil ecosystems: Perspectives for climate smart
agriculture. Cham: Springer International Publishing; 2024. p. 299-
315. https://doi.org/10.1007/978-3-031-70569-4_18

Singh A, Karmegam N, Singh GS, Bhadauria T, Chang SW, Awasthi
MK, et al. Earthworms and vermicompost: An eco-friendly approach
for repaying nature’s debt. Environ Geochem Health. 2020;42
(6):1617-42. https://doi.org/10.1007/5s10653-019-00510-4

Mishra P, Mishra J, Arora NK. Biofortification revisited: Addressing
the role of beneficial soil microbes for enhancing trace elements
concentration in staple crops. Microbiological Research.
2023;275:127442. https://doi.org/10.1016/j.micres.2023.127442

Masere TP, Mhindu RL, Chitata T, Parwada C, Mandumbu R.
Rethinking biological nitrogen fixation (BNF) and soil fertility for
sustainable and equitable practices in smallholder farming
systems. In: Biofertilizers for sustainable agriculture in Africa.
Singapore: Springer Nature Singapore; 2026. p. 183-203. https://
doi.org/10.1007/978-981-95-6009-7_8

Onyenwe CL. Exploring the role of regenerative and permaculture-
informed agriculture in promoting sustainable food systems:
Evidence from North America [dissertation]. St. John’s: Memorial
University of Newfoundland.

Ramos MGA, Villatoro MAA, Urquiaga S, Alves BJ, Boddey RM.
Quantification of the contribution of biological nitrogen fixation to
tropical green manure crops and the residual benefit to a subsequent
maize crop using 15N-isotope techniques. J Biotechnol. 2001;91(2-
3):105-15. https://doi.org/10.1016/S0168-1656(01)00301-3

Rathika S, Ramesh T, Jeyaprakash P, Vanniarajan C. Enhancing
seed yield of daincha (Sesbania aculeata L.) new variety TRY1
through optimum spacing and nutrient management. Legume Res.
2025;48(5):842. https://doi.org/10.18805/LR-5328

68.

69.

70.

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

81

82.

83.

84.

10

Pandey DK, Pandey R, Mishra RP, Kumar S, Kumar N. Collection of
dhaincha (Sesbania spp.) variability in Uttar Pradesh. In:
Biodiversity and agriculture (souvenir). Lucknow: Uttar Pradesh
Biodiversity Board; 2008. p. 48-51.

Shah S, Hookway S, Pullen H, Clarke T, Wilkinson S, Reeve V, et al.
The role of cover crops in reducing nitrate leaching and increasing
soil organic matter. Asp Appl Biol. 2017;134:243-51.

Qingfeng M, Shanchao Y, Peng H, Zhenling C, Xinping C. Improving
yield and nitrogen use efficiency simultaneously for maize and
wheat in China: A review. Pedosphere. 2016;26(2):137-47. https://
doi.org/10.1016/S1002-0160(15)60083-7

Martin AG, Sahoo C. Cover crops and green manure crops. In:
Sustainable Crop. ND Global Publication; 2024.p.150-66.

Khind CS. Nutrient transformations in soils amended with green
manures. In: Advances in soil science. New York: Springer; 1992. p.
237-309. https://doi.org/10.1007/978-1-4612-2930-8_5

Bhuiyan NI, Zaman SK. In: Rahman M, Podde AK, Van Hove C,
Begum ZNT, Heulin T, Hartmann A, editors. Biological nitrogen
fixation associated with rice production. Dordrecht: Kluwer
Academic Publishers; 1996. p. 51-64.

Boddey RM, Sa JCDM, Alves BJ, Urquiaga S. The contribution of
biological nitrogen fixation for sustainable agricultural systems in
the tropics. Soil Biol Biochem. 1997;29(5-6):787-99. https://
doi.org/10.1016/S0038-0717(97)00023-1

Ambrosano EJ, Trivelin PCO, Cantarella H, Ambrosano GM,
Schammass EA, Muraoka T, et al. 15N-labeled nitrogen from green
manure and ammonium sulfate utilization by the sugarcane ratoon.
Sci  Agric.  2011;68(3):361-68.  https://doi.org/10.1590/S0103-
90162011000300009

Ramesh T, Rathika S. Optimization of nitrogen dose for green
manure incorporated rice under sodic soil. Madras Agric J. 2017;104
(7-9):221-25. https://doi.org/10.29321/MAJ.2017.000166

Vanlauwe B, Nwoke OC, Diels J, Sanginga N, Carsky RJ, Deckers J, et
al. Utilization of rock phosphate by crops on a representative
toposequence in the Northern Guinea savanna zone of Nigeria:
Response by Mucuna pruriens, Lablab purpureus and maize. Soil
Biol Biochem. 2000;32(14):2063-77. https://doi.org/10.1016/S0038-
0717(00)00152-X

Chaphale SD, Ingale SN, Bhoyar SM. Effectivity of long term
application of green manuring with fertilizers on soil properties and
yield of paddy. Ann Plant Sci. 2000;14(1):46-49.

Cavigelli MA, Thien SJ. Phosphorus bioavailability following
incorporation of green manure crops. Soil Sci Soc Am J. 2003;67
(4):1186-94. https://doi.org/10.2136/sssaj2003.11

Kumar V, Prasad RK. Integrated effect of mineral fertilizers and
green manure on crop yield and nutrient availability under rice-
wheat cropping system in calciorthents. J Indian Soc Soil Sci.
2008;56(2):209-14. https://doi.org/10.5958/0974-0228.2008.00040.2

Eichler-Lobermann B, Gaj R, Schnug E. Improvement of soil
phosphorus availability by green fertilization with catch crops.
Commun Soil Sci Plant Anal. 2009;40(1-6):70-81. https://
doi.org/10.1080/00103620902760196

Dey D, Nath D. Assessment of changes in soil properties, nutrient
availability and yield of paddy as influenced by cultivation of green
manuring crop. An Asian J Soil Sci. 2015;10(1):158-61. https://
doi.org/10.5958/0976-058X.2015.00027.9

Rani K, Sharma P, Kumar S, Wati L, Kumar R, Gurjar DS, et al.
Legumes for sustainable soil and crop management. In: Sustainable
management of soil and environment. Singapore: Springer; 2019. p.
193-215. https://doi.org/10.1007/978-981-13-8832-3_6

Ngosong C, Okolle JN, Tening AS. Mulching: A sustainable option to
improve soil health. In: Soil fertility management for sustainable
development. Singapore: Springer; 2019. p. 231-49. https://
doi.org/10.1007/978-981-13-5904-0_11

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.13140/RG.2.2.13168.96001
https://doi.org/10.13140/RG.2.2.13168.96001
https://doi.org/10.1016/j.biortech.2007.01.022
https://doi.org/10.1080/01448765.2015.1035282
https://doi.org/10.1080/01448765.2015.1035282
https://doi.org/10.33545/2618060X.2024.v7.i12j.2253
https://doi.org/10.33545/2618060X.2024.v7.i12j.2253
https://doi.org/10.3389/fpls.2023.1305600
https://doi.org/10.9734/ijecc/2024/v14i64230
https://doi.org/10.9734/ijecc/2024/v14i64230
https://doi.org/10.1007/978-3-031-70569-4_18
https://doi.org/10.1007/s10653-019-00510-4
https://doi.org/10.1016/j.micres.2023.127442
https://doi.org/10.1007/978-981-95-6009-7_8
https://doi.org/10.1007/978-981-95-6009-7_8
https://doi.org/10.1016/S0168-1656(01)00301-3
https://doi.org/10.18805/LR-5328
https://doi.org/10.1016/S1002-0160(15)60083-7
https://doi.org/10.1016/S1002-0160(15)60083-7
https://doi.org/10.1007/978-1-4612-2930-8_5
https://doi.org/10.1016/S0038-0717(97)00023-1
https://doi.org/10.1016/S0038-0717(97)00023-1
https://doi.org/10.1590/S0103-90162011000300009
https://doi.org/10.1590/S0103-90162011000300009
https://doi.org/10.29321/MAJ.2017.000166
https://doi.org/10.1016/S0038-0717(00)00152-X
https://doi.org/10.1016/S0038-0717(00)00152-X
https://doi.org/10.2136/sssaj2003.11
https://doi.org/10.5958/0974-0228.2008.00040.2
https://doi.org/10.1080/00103620902760196
https://doi.org/10.1080/00103620902760196
https://doi.org/10.5958/0976-058X.2015.00027.9
https://doi.org/10.5958/0976-058X.2015.00027.9
https://doi.org/10.1007/978-981-13-8832-3_6
https://doi.org/10.1007/978-981-13-5904-0_11
https://doi.org/10.1007/978-981-13-5904-0_11

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Kumar R, Mahajan G, Srivastava S, Sinha A. Green manuring: A boon
for sustainable agriculture and pest management-a review. Agric
Rev. 2014;35(3):196-206. https://doi.org/10.5958/0976-
058X.2014.00022.6

Aon MA, Sarena DE, Burgos JL, Cortassa S. Micro biological,
chemical and physical properties of soils subjected to conventional
or no-till management: An assessment of their quality status. Soil
Tillage Res. 2001;60(3-4):173-86. https://doi.org/10.1016/S0167-
1987(01)00154-2

Zubair M, Anwar F, Ashraf M, Ashraf A, Chatha SAS. Effect of green
and farmyard manure on carbohydrates dynamics of salt-affected
soil. J Soil Sci Plant Nutr. 2012;12(3):497-510. https://
doi.org/10.4067/S0718-95162012000300008

Khan AR, Ghorai AK, Singh SR. Improvement of crop and soil
sustainability through green manuring in a rainfed lowland rice
ecosystem. Agrochimica. 2000;44(1-2):21-29.

Chandrasekaran B, Annadurai K, Somasundaram E. A textbook of
agronomy. New Delhi: New Age Int (P) Ltd; 2010.

Maitra S, Zaman A, Mandal TK, Palai JB. Green manures in
agriculture: A review. J Pharmacogn Phytochem. 2018;7(5):1319-27.

Jeranyama P, Hesterman OB, Waddington SR, Harwood RR. Relay-
intercropping of sunnhemp and cowpea into a smallholder maize
system in Zimbabwe. Agron J. 2000;92(2):239-44. https://
doi.org/10.2134/agronj2000.922239x

Carvalho NS, Oliveira ANBB, Cala AMMN, Neto VPC, De Sousa RS,
Dos Santos VM, et al. Short-term effect of different green manures
on soil chemical and biological properties. Afr J Agric Res. 2015;10
(43):4076-81. https://doi.org/10.5897/AJAR2015.10296

Odhiambo JJ, Ogola JB, Madzivhandila T. Effect of green manure
legume-maize rotation on maize grain yield and weed infestation
levels. Afr J Agric Res. 2010;5(8):618-25. https://doi.org/10.5897/
AJAR10.087

Elfstrand S, Hedlund K, Martensson A. Soil enzyme activities,
microbial community composition and function after 47 years of
continuous green manuring. Appl Soil Ecol. 2007;35(3):610-21.
https://doi.org/10.1016/j.aps0il.2006.08.001

Tejada M, Gonzalez JL, Garcia-Martinez AM, Parrado J. Effects of
different green manures on soil biological properties and maize
yield. Bioresour  Technol.  2008;99(6):1758-67. https://
doi.org/10.1016/j.biortech.2007.04.046

11

96. Premi OP, Kandpal BK, Rathore SS, Shekhawat K, Chauhan JS.
Green manuring, mustard residue recycling and fertilizer
application affects productivity and sustainability of Indian mustard
(Brassica juncea L.) in Indian semi-arid tropics. Ind Crops Prod.
2013;41:423-29. https://doi.org/10.1016/j.indcrop.2012.04.017

97. Salahin N, Alam MK, Islam MM, Naher L, Majid NM. Effects of green
manure crops and tillage practice on maize and rice yields and soil
properties. Aust J Crop Sci. 2013;7(12):1901-11.

98. Sharma AR, Ghosh A. Effect of green manuring with Sesbania
aculeata and nitrogen fertilization on the performance of direct-
seeded flood-prone lowland rice. Nutr Cycl Agroecosyst. 2000;57
(2):141-53. https://doi.org/10.1023/A:1009837001151

99. Abera G, Gerkabo H. Effects of green manure leguminous crops and
their termination time on yield of maize and soil chemical
properties. Arch Agron Soil Sci. 2021;67(3):397-409. https://
doi.org/10.1080/03650340.2020.1834413

Sincik M, Turan ZM, Goksoy AT. Responses of potato (Solanum
tuberosum L.) to green manure cover crops and nitrogen
fertilization rates. Am J Potato Res. 2008;85(2):150-58. https://
doi.org/10.1007/s12230-008-9011-9

100.

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.5958/0976-058X.2014.00022.6
https://doi.org/10.5958/0976-058X.2014.00022.6
https://doi.org/10.1016/S0167-1987(01)00154-2
https://doi.org/10.1016/S0167-1987(01)00154-2
https://doi.org/10.4067/S0718-95162012000300008
https://doi.org/10.4067/S0718-95162012000300008
https://doi.org/10.2134/agronj2000.922239x
https://doi.org/10.2134/agronj2000.922239x
https://doi.org/10.5897/AJAR2015.10296
https://doi.org/10.5897/AJAR10.087
https://doi.org/10.5897/AJAR10.087
https://doi.org/10.1016/j.apsoil.2006.08.001
https://doi.org/10.1016/j.biortech.2007.04.046
https://doi.org/10.1016/j.biortech.2007.04.046
https://doi.org/10.1016/j.indcrop.2012.04.017
https://doi.org/10.1023/A:1009837001151
https://doi.org/10.1080/03650340.2020.1834413
https://doi.org/10.1080/03650340.2020.1834413
https://doi.org/10.1007/s12230-008-9011-9
https://doi.org/10.1007/s12230-008-9011-9
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

