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1. Introduction

Climate change is one of the most pressing global issues of today (Santos et al. 2020). Significant
variations in the average values of meteorological parameters, such as precipitation and temperature,
were estimated over a lengthy time (Malhi ef a/.,2021). Human actions, including the use of fossil fuels
and land use changes, are responsible for most of the observed warming (0.1°C per decade) over the
past 50 years (Karimi et al., 2018). The possible implications for urban areas are receiving increased
attention. Over the next 30 years, cities are predicted to house more than 60% of the world's population,
up from over 50% currently (Wilby, 2006). The agriculture sector's dependency on climate change is
a key problem for economic growth, as most of the country's population lives in rural regions and
works in agricultural and non-agricultural fields. Farmers are continuously looking for strategies to
adapt to changing weather and climate circumstances Figure 1 (Serdeczny et al. 2017). However,
environmental and global climate change have broadened the scale required for farmers to design and
execute resilience methods (Chandio et al. 2020). India is among the most affected nations in terms of
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climate change and natural hazards due to its scarce arable land, large population, reliance on monsoon-
dependent agriculture, and limited technological and financial development for climate change
adaptation (Malhi ez al. 2021). By 2050, global food consumption is expected to increase by 70-85%
as the world's population exceeds 9 billion (Gallina ef al. 2016). According to the Food and Agriculture
Organisation's 2016 estimates, if present Greenhouse gas emissions and climate change continue, the
main cereal crop output would drop by 20-45% in maize, 5-50% in wheat, and 20-30% in rice by 2100
Figure 2 (Arora 2019). Climate change is anticipated to significantly impact Indian agriculture by
reducing yields of wheat, soybean, mustard, groundnut, and potato by 3-7% for every one-degree
increase in temperature Figure 3 (Dhanya and Ramachandran 2016). "Next generation Green
Revolution" is needed to ensure future food security (Bachev 2018). Radical new thoughts and

practices are required to achieve more sustainable agricultural development (Dhankher and Foyer
2018).

Land use change
7%

Figure 1: Contribution of agri-food systems and non-food sectors to global greenhouse gas emissions
(Holka et al., 2022)
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Figure 2: Interrelationship between climate change and agriculture (Tripathi and Mishra 2017).
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Projected Changes over the Indian Region
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Figure 3: Changes in the Indian region (Krishnan et al.)
2. Backdrops of Inorganic Fertilizers

Pesticides and inorganic fertilizers serve a crucial role in agricultural growth, reducing product losses
and improving yield and food quality. During World War II (1939-1945), pesticide research
accelerated due to the need to boost food production and combat insect-borne illnesses. (Karimi et al.
2018). The growing use of inorganic fertilizer contributed to the 1960s Green Revolution, which
improved food output and reduced hunger worldwide. Meeting food security, tackling climate change,
and preventing environmental and natural resource degradation are among the primary challenges the
agriculture sector faces in achieving the Sustainable Development Goals (SDGs) and the Paris
Agreement to limit global temperature rise to 2°C (Prakash Aryal et al, 2021). And fertilizer
aggregation, soil erosion, soil and water contamination, genetic erosion, nutrient leaching, and
agrobiodiversity loss are all negative environmental consequences of intensive chemical fertilizer
usage. (Ostadi et al. 2020). Efficient fertilization methods are crucial for meeting global demand, as
excessive use of inorganic fertilizers poses environmental problems. Agricultural output has increased,
but it is also a major contributor to environmental degradation (Rahman and Zhang 2018). Research
indicates that relying solely on inorganic or organic fertilizers does not guarantee long-term production.
(Islam et al. 2017). Organic manure alone may not fulfil plant requirements due to its poor nutritional
content, are human carcinogens. (Shamsuddoha and Haque 2017). The EPA's Office of Pesticide
Programs reports that most pesticides include chemicals linked to cancer risk. Overuse of inorganic
fertilizers can lead to nutritional imbalances, limiting the absorption of key nutrients and causing soil
acidity, resulting in lower crop yields. (Sharma 2017). They are costly, and the fertilisers include
harmful substances that might harm the skin and respiratory system. The Overuse of fertilisers harms
plants and lowers soil fertility. (Islam er al. 2017). The fertilisers leach into rivers, leading to
eutrophication. Long-term usage lowers microbial activity and alters soil pH. (ALnaass et al., 2021).
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The extensive lysimeter setup and treatment selection resulted in a unique and useful outcome. (Zhao
et al. 2016). This study examines the influence of animal manures and inorganic fertilisers on nitrate
leaching and yield in a long-term crop rotation. (Basso and Ritchie 2005). While the green revolution
increased food production significantly, it did not prioritise sustainability. Using chemical fertilizers
for agricultural development might lead to poor soil quality, water contamination, and an unsustainable
financial load. (Mazid and Khan 2014).

3. Organic Fertilizers: Enhancing Soil Health and Promoting Sustainable Food Systems.

Controlling the use of chemical fertilizers involves both technological and policy measures. Technical
methods such as soil testing, controlled-release fertilizers, crop rotation, organic fertilizers, and
recycled agriculture can help minimize chemical fertilizer consumption. (Wang et al. 2018). Organic
farming has gained popularity over the last two decades, owing to its high-quality products, high cost,
and limited market availability of inorganic fertilizers, particularly in developing nations such as Asia,
Africa Figure 4 (Lorenz and Lal 2016). Certified organic grains are more valuable than inorganic
products. (Hammad et al. 2020). Fertilizers, which contain live or latent cells of efficient nitrogen-
fixing, phosphate-solubilising, or cellulolytic micro-organisms, are applied to seed, soil, or composting
areas to increase the number of these micro-organisms and accelerate microbial processes that enhance
nutrient availability for plants. (Rajvir and Sudhir Kumar 2013; Sabbabhi et al., 2022).

Worldwide Organic producers by Region
2017.
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Figure 4: Global Organic Consumers by Region 2017 (Mukherjee, Konar, and Ghosh 2022).

Application of organic fertilizers such as animal dung, sawdust, and others, or a combination of organic
and inorganic fertilisers, might be an alternate option for reducing inorganic fertilizer use Figure 5
(Martinez-Alcéntara ef al. 2016). Organic fertilizers, as opposed to inorganic fertilizers, preserve soil
quality, enhance soil organic matter, and improve soil physical and chemical qualities via the
breakdown of its constituents. (Kakar er al. 2020). Organic fertilizers deliver some advantages to
improve agricultural activity and enhance soil quality by improving their microbiological,
physicochemical, and biochemical qualities. (Muktamar et al. 2017). They restore soil fertility by
restoring organic matter loss over short and extended periods. (Thomas et al. 2019). They improve soil
nutrients, promoting healthy growth with little nutrient-dense fertilisers. (Randive et al., 2021) Achieve
sustainable agricultural production while minimizing environmental impact and crop yields. (Shaji et
al., 2021). Organic agriculture faces significant hurdles in transitioning from a solely agricultural
perspective to an agri-food system perspective, (Meemken and Qaim 2018). Which includes Producing
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enough healthy, safe, and affordable food for 9-11 billion people and reducing pollutants and
greenhouse gas emissions associated with food production, processing, trade, and consumption &
creating sustainable food chains using renewable energy and recycled nutrients and it is addressing
climate change and reducing greenhouse gas emissions and Preserving soils, water, air, biodiversity,
and landscapes and it Consider current and evolving ethics, dietary habits, lifestyles, and customer
demands. (Rahmann ef a/. 2017) Farming will generate a healthy natural environment and ecology for

both the present and future generations. (Mazid and Khan 2014).

INORGANIC ORGANIC
FERTILIZER + FERTILIZER
in the form of
compost
SOIL

Less expensive way of improving soil fertility

HIGH PRODUCTIVITY

Figure 5: The impact of blending organic and inorganic fertilizer on soil fertility and productivity
(Roba 2018).
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Figure 6: Shows how organic farming was rapidly growing worldwide (Rahmann et al. 2017).

4. Green Manure: A Sustainable Strategy for Soil Health and Climate Resilience.

Agriculture has seen changes in farm size, marketing techniques, and biological and economic
variety throughout the last century. Figure 6 increasing reliance on nonrenewable resources and
susceptibility to urbanization, climate change, and unpredictable global markets (Ben-Laouane et al.
2020). As a result, producers, consumers, government agencies, and academics are increasingly
interested in economically viable alternatives that rely on ecological and biological processes, on-farm
resources, and diversity (Cherr, Scholberg, and McSorley 2006) The green manure treatment exhibited
a considerable favorable influence on the biomass of microbial organisms, carbon levels, and enzyme

Kishore Bella et al., J. Mater. Environ. Sci., 2026, 17(1), pp. 32-46 36



activity in the soil (Peigné et al. 2016; Haoufazane et al., 2025). Manure can reduce the environmental
dangers associated with NO3 leaching. Dhaincha (Sesbania aculeata) and sun hemp (Crotalaria
Jjuncea) are well-known in South Asia for their capacity to form nodules, fix nitrogen, and generate
relatively significant amounts of organic matter (Islam ez al. 2019). The use of green manure and cover
crops would require little or no monetary expenditure. Farmers should be able to generate their seeds
year after year, and crops should be resistant to diseases and insects (Karyoti et al. 2018; Laita et al.,
2024). Ideally, Green manure and cover crops can save farmers money (Cao et al., n.d.2017). Fertilizers
are used extensively to improve agricultural output and quality. Using excessive mineral fertilizer can
result in significant nutrient losses from the soil, negatively impacting the quality of surface and
groundwater. Green manure adds a significant quantity of nitrogen to the soil, but it releases nutrients
at a slower pace. Additionally, N-fixing bacteria release N over time. These mechanisms provide a
consistent supply of nitrogen for successive harvests Figure 7 (Mwangi et al., 2024). Green manure
crops boost soil nutrients by improving nutrient absorption efficiency, microbial biomass, water
retention capacity, and organic matter. Additionally, it reduces soil erosion and nitrogen levels (Tao et
al. 2017). Using high-quality green manure crops, such as legumes, with low lignin content and a low
carbon-to-nitrogen ratio, improves nutrient efficiency by releasing nutrients faster to the plant (Gill et
al,2020). Annual legume green manures in the Black soil zone can generate up to 5000 kg ha-1 dry
matter. In drier places like the Brown soil zone, yearly green manure biomass output might approach
2500 kg ha-1 (Martens and Entz 2011). The crop rotation will also play a major role in the growth of
plants using green manure as fertilizers to address climate issues. We should develop crop rotation
technologies, create policies tailored to local conditions, refine subsidies, train farmers, and strengthen
crop rotation supervision. Crop rotation has the potential to enhance cropping system resilience to
climate (Amit Kumar 2015).
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Figure 7: A conceptual model of how long-term green manure affects paddy crop processes in ecosystems
(Zhang et al. 2017).

Some strengths of growing green manure are that Farmers prefer green manure to compost or fertilizers
due to their perceived benefits. Green manure offers several benefits, including increased soil fertility,
improved soil structure, food for earthworms, no risk to soil health, increased biodiversity of beneficial
bacteria, and low cost (Dhadse and Mater 2024). The Weakness is that green manure is required in
large quantities. Nutrients are only available after decomposition, which can take up to 2-3 months.
There are some opportunities for growing green manure (Piotrowska-Dtugosz and Wilczewski 2020).
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Green leaves and manure are inexpensive, organic, and widely available. Some green manure species
could reduce soil-borne fungal diseases (Calgada et al.,2019). Green manure can help restore salty soil.
One challenge of growing green manure is that Termites have become an issue in alluvial soils. Lack
of study on green manure crops, and Limited supply of high-quality green manure seeds (Couédel et
al., 2018).

5. Azolla: A Multifunctional Biofertilizer for Sustainable Agriculture and Climate Mitigation

The name Azolla, which refers to the incapacity of plants to endure in arid environments, is derived
from two Greek words: Azo (to burn) and Allyo (to kill). Azolla is a small-leafed floating plant and
aquatic fern. It belongs to the genus Azolla and family Azollaceae. Rhizosperma and Euazolla are the
two subgenera of Azolla. Rhizosperma has just two species, A. pinnata and A. nilotica, whereas
Euazolla contains five species: A. caroliniana Willd., A. mexicana Presl., A. microphylla Kaulf., A.
rubra, and A. filiculoides. (Sapna and Mater 2022) The importance of Azolla as organic manure in rice
was first demonstrated in North Vietnam in 1957 and subsequently introduced in the USA, Indonesia,
Japan, Philippines, China, and India (Thapa and Poudel 2021). With concern for environmental
sustainability, the aquatic fern Azolla is a well-established biotechnology product with the potential for
global use(Korsa et al., 2024a). It has a variety of applications and has recently acquired popularity as
a biofertilizer (Yadav et al. 2014). This study aims to investigate the possible use of Azolla as a fertilizer
for soil-grown vegetable crops (Jama et al. 2023). Using Azolla compost for agricultural purposes is
seen as good environmental practice due to its beneficial effect on reducing methane emissions and
global warming (Gowda 2023). The application of Azolla as a biofertilizer provides natural source
nutrients and has tremendous potential to improve soil health and boost yield sustainability. Azolla, a
free-floating, widely distributed aquatic fern, offers significant potential as a Nitrogen source in rice
production. Phytoplankton like Azo/la might be useful to meet the need to some extent because it takes
very little time for its growth and multiplication, and it is easily compostable too. Azolla takes 2 to 3
days to double its mass through multiplication and growth (Kumar and Shahi 2016). Amendments used
in agriculture have a significant positive influence on agricultural productivity (Ahmed Noman and
Tarig Humna 2021). Approximately 65-80% of Azolla sp. N was generated 30 days (about 4 and a half
weeks) before rice transplantation, with 20-35% produced 15-20 days (about 3 weeks) after (Seleiman
et al. 2022).

Table 1: Taxonomical Classification of Azolla (Lastrucci et al. 2019).

S/N Kingdom Plantae
1 Clade Tracheophytes
2 Division Polypodiophyta
3 Class Polypodiopsida
4 Order Salviniales
5 Family Salviniaceae
6 Genus Azolla
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Figure 8 : Azolla pinnata (Said et al. 2023).

Due to the presence of the heterocyst's cyanobacterium Anabaena azollae, which is restricted to the
dorsal leaf cavity of the fern, Azolla canto fixes nitrogen from the atmosphere biologically (Korsa et
al., 2024b). The dorsal leaf lobe's enfolding of the adaxial epidermis creates this hollow. Figure 8
Massive amounts of Azolla plants captured large amounts of ambient CO2 and transformed it straight
into Azolla biomass (Izdzuan et al. 2021). The absorbed carbon is kept when azolla biomass is added
to soils or sediment, avoiding its release as a greenhouse gas back into the environment. By storing
carbon, CO2 emissions can be reduced, and the impacts of climate change can be lessened (Pampana
et al. n.d). Azolla is a tiny water fern that can thrive without combined nitrogen because of nitrogen
fixation by symbiotic cyanobacteria (Karichu et al. 2022). It has been utilized as green manure for
numerous crops (Chanapanchai et al. 2025). Azolla has special applications for use, such as green
feedstock and as composting manure, because of its nitrogen concentration, which can boost crop
growth.
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Figure 9: Agricultural use of the socioeconomic and ecological services provided by Azolla
(Kollah, Patra, and Mohanty 2016).

Azolla pinnata has several advantages, including biofertilizer, human food, animal and fish feed, and
medical additives (Marzouk et al. 2023). The use of animal dung as a fertilizer for Azolla pinnata
reduces production costs, although the type and rate of manure application are unknown (Utomo ef al.
2019). The managed microbial aerobic breakdown and stabilization of organic substrates under
circumstances that allow thermophilic microorganisms to generate high temperatures, resulting in a
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stable product devoid of pathogens, viable weed seeds, and suitable crops (Jumadi et al. 2014). Azolla
has been extensively researched as a green manure or bio-fertilizer for crops, but its potential for
providing amino acids and protein in cattle feed has received little attention from researchers (Marzouk
et al. 2024). Azolla is used as organic manure in certain areas of Assam, India. However, nothing is
known about the benefits of Azolla compost. Composted Azolla is a sustainable organic source that
can help reduce GHG emissions from rice fields Figure 9 although it is currently only used in a few
regions of northeast India (Marzouk et al. 2023)It is important to precisely assess the influence of
Azolla-compost on the CH4-induced global warming potential of rice (Shahid ez al. 2021). The Azolla-
Anabaena symbiosis effectively recycles non-nitrogen-bearing nutrients through rivers into soil.
(Mosha 2018). In this recycling system, as well, atmospheric nitrogen accounts for a significant portion
of the total nitrogen given to the soil. (Kumar 2018). This suggests that other nutrients are recycled
when nitrogen is augmented. (da Silva et al. 2022). It was discovered that Azolla improved nutrient
cycling, increased microbial biomass, and improved organic carbon. (Adnyana, Bimantara, and Roni
2025). It appears that adding Azolla requires more labour, and it is unlikely that Azolla biomass can be
maintained, given the ongoing decline in soil quality and the present demand for N fertilizers. (Katole,
Lende, and Patil. 2020). Since the adoption of Azolla presents a significant possibility for rice
production, strategic activities should concentrate on, among other things. (Kollah ef al. 2016). Data
points to the possibility that Azolla species were crucial to the global cooling that occurred during the
middle Eocene, also known as the" Azolla Event " (Marzouk et al. 2023). The results of this earlier
study support continuing investigations into whether Alloa’s exceptional capacity to absorb carbon
may be used to reduce greenhouse gas emissions and the effects of global warming (Chaudhary et al.
2025). Additionally, it was suggested that the Azolla species may be used on Mars in conjunction with
rice, beans, and soybeans as a component of a vegetarian diet. This super plant has virtually limitless
applications. (Gunawardana2019).

Conclusion

In summary, there is no denying the potential of Azolla to promote resilience to climate change in
agricultural operations, especially when applied as fertilizer. It is clear from a thorough examination
that Azolla provides farming practices with a variety of advantages, from improved soil fertility to
decreased greenhouse gas emissions. The possibility of supporting environmentally friendly farming
practices is highlighted by its capacity to fix nitrogen, inhibit weed growth, and offer an
environmentally friendly replacement for synthetic fertilizers. Moreover, the incorporation of Azolla
into agricultural methods is consistent with more general objectives of sustainability, helping to
alleviate the consequences of global warming and lessen environmental deterioration. Its contribution
to biodiversity and better soil health highlights how important it is to the shift to more resilient
agricultural systems. Notwithstanding the significant advantages of Azolla, it is imperative to recognise
the possible obstacles and constraints linked to its execution, including the efficient use of water assets
and the mitigation of potential invasiveness in certain ecosystems. Overall, studies on Azolla and its
use as fertilizer show that it has an opportunity to transform agricultural methods and increase their
resistance to the environment. To realize Azolla's greatest potential in organic farming and build a more
resilient food production system for coming generations, further research is necessary, as is legislative
backing and realistic execution techniques.
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