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ABSTRACT 

Soil fertility underpins agricultural sustainability, governed largely by microbial activity and balanced 
carbon-to-nitrogen (C/N) dynamics. This review integrates traditional organic practices with modern 
innovations to enhance soil microbial ecosystems, optimize nutrient cycling, and build resilient soils. 
Maintaining an optimal soil pH (6.0–7.5) fosters microbial diversity and enzymatic functionality, 
critical for organic matter decomposition and nutrient availability. Managing the C/N ratio through 
composting, biochar application, and green manure incorporation ensures efficient decomposition 
processes and sustained nitrogen mineralization. Emerging technologies-including precision 
composting, real-time C/N monitoring sensors, microbial inoculants, and AI-assisted soil analysis-
enable site-specific management of microbial functions and nutrient flows. In parallel, viable 
cultivation methods like rotation of cereals with legumes, no-till farming, intercropping, integrated 
nutrient management (INM) further enrich microbial communities, reduce soil degradation, and 
promote long-term productivity. This review highlights the synergistic potential of combining 
ecological principles with technological advancements to create a holistic soil fertility management 
framework, aiming to support climate-resilient and sustainable farming systems. 
Keywords : Soil fertility, Microbial activity, Carbon-to-nitrogen ratio (C/N), Soil pH, Nutrient cycling, 
Sustainable agriculture, Precision composting, Microbial inoculants, Soil health, Crop rotation, 
Integrated nutrient management, Smart farming, Resilient soils. 

  

 
 

Introduction 
Soil fertility forms the bedrock of sustainable 

agriculture, directly influencing crop productivity, 
ecosystem health, and food security (Lal, 2015). At the 
heart of fertile soils lies a dynamic interplay between 
microbial communities and nutrient availability 
particularly the balance of carbon and nitrogen (C/N) 
within the soil matrix. Micro-organisms drive essential 
soil functions, from organic matter decomposition to 
nitrogen mineralization, all of which are tightly linked 
to the soil's physicochemical environment, especially 
its pH and C/N ratio (van der Heijden et al., 2008; 
Fierer, 2017). Traditional organic approaches such as 
composting, biochar application, and green manure 
incorporation etc. are observed to enhance the 
microbial diversity along with nutrient cycling 
(Lehmann et al., 2011; Diacono & Montemurro, 2010). 
To improve soil fertility for sustainable 

agriculture, integrate organic practices like 
composting, biochar, and green manure with modern 
technologies such as precision composting and AI-
assisted analysis. Maintain soil pH between 6.0 and 7.5 
to support beneficial microbes and ensure optimal 
carbon-to-nitrogen ratio (C/N), which required for 
decomposition of organic matter and nutrient cycling 
(Rousk et al., 2009). However, these methods, while 
ecologically sound, often lack precision and 
adaptability to site-specific conditions. The advent of 
modern innovations, including precision composting, 
microbial inoculants, C/N monitoring sensors, and AI-
assisted soil analysis, presents new opportunities to 
refine and optimize these age-old practices. Soil tillage, 
variety of crops, transportation of fertilizer, and water 
management etc. are agronomic factors that is helpful 
in changing the microclimate of agriculture and 
influence the microbial activity (Saha et al., 2020). The 



 

 

1609 Kiran Yadav et al. 

sustainable practices like crop rotation, no-tillage 
farming, and intercropping are also crucial for 
enriching microbial communities, preventing soil 
degradation, and boosting long-term productivity 
(Tilman et al., 2002). This review explores how 
integrating ecological principles with emerging 
technologies can revolutionize soil fertility 
management. By emphasizing optimal pH 
maintenance, C/N ratio regulation, and the promotion 
of diverse microbial ecosystems, we outline a 
comprehensive framework for building resilient, 
climate-smart soils. Furthermore, we highlight the role 
of sustainable agronomic methods such as rotation of 
crops, inter-cropping, no-tillage, and integrated 
nutrient management (INM) in supporting the 
sustainability of agriculture for long-term and maintain 
the soil health also (Vanlauwe et al., 2010).  
Factors for Soil Fertility- 
 Microbial Activity: Soil microbes have a vital 

role in breaking down of organic matter and 
availability of macro nutrients in the form plants 
can absorb (van der Heijden et al., 2008). This 
activity supports soil structure by improving 
nutrient mineralization and enhances overall soil 
fertility through nutrient cycling and root–microbe 
interactions. The effectiveness of microbial activity 
depends on soil properties viz., pH, moisture, 
organic matter levels, and the carbon-to-nitrogen 
(C/N) ratio (Fierer, 2017).  

 
Fig. 1 : Effect of microbes on soil health 

 Soil pH: A pH between 6.0 and 7.5 is optimal for 
microbial diversity and the enzymatic functions 
necessary for nutrient release. An optimal soil pH 
range of 6.0 to 7.5 is critical for supporting 
maximum microbial diversity and enzymatic 
activity, which are essential for effective nutrient 

cycling in soils. Within this range, Microbial 
communities thrive and maintain functional 
diversity, optimizing soil health. Enzyme activities 
related to decomposition and nutrient 
mineralization are enhanced, facilitating the 
breakdown of organic matter and release of plant-
available nutrients. Nutrient availability, especially 
of nitrogen, phosphorus, and essential 
micronutrients, is improved, promoting better plant 
nutrition. Toxicities and nutrient lock-ups, such as 
those caused by aluminium and iron, are 
minimized, reducing harmful effects on microbial 
and plant health (Rousk et al., 2009). Scientific 
studies confirm that bacterial diversity generally 
peaks near neutral pH (~7), gradually decreasing 
under more acidic or alkaline conditions. This 
diversity pattern supports greater metabolic rates 
and biochemical activities crucial for nutrient 
transformation and soil fertility. Additionally, soil 
pH influences microbial community composition 
and the abundance of genes involved in nutrient 
cycling processes like nitrogen transformation. 
Consequently, maintaining soil pH within this 
optimal range is beneficial for biological health of 
soil and sustainable fertility in agricultural 
systems. These insights underscore the importance 
of managing soil pH carefully through 
amendments and practices that maintain or restore 
this neutral range to support vibrant microbial 
ecosystems and effective nutrient cycling.  

 C/N Ratio: A balanced carbon-to-nitrogen (C/N) 
ratio is essential for efficient decomposition of 
organic matter and sustained nutrient 
mineralization, particularly nitrogen. The optimal 
C/N ratio typically ranges from 24:1 to 30:1, which 
supports active microbial growth without causing 
nitrogen immobilization. Within this range, 
microbes have sufficient carbon for energy and 
nitrogen for building microbial cells, promoting 
continuous nutrient cycling and healthy microbial 
metabolism. High C/N ratios, often found in 
residues like straw or dry leaves, can lead to 
nitrogen immobilization as microbes scavenge soil 
nitrogen to balance their needs, reducing nitrogen 
availability for plants temporarily. Conversely, low 
C/N ratios, common in green manure or kitchen 
waste, decompose rapidly but may lead to nitrogen 
loss through volatilization or leaching (Recous et 
al., 1995). Maintaining the proper C/N balance 
ensures stable organic matter formation and 
efficient nutrient release (Lehmann et al., 2011). 
Agricultural practices such as composting, biochar 
application, and incorporating green manures help 
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adjust the soil C/N ratio, supporting sustainable 
soil fertility management and enhancing microbial 
activity for better soil health and crop productivity. 
This understanding aligns with scientific evidence 
showing that residues with a C/N ratio near 24:1 
decompose fully, stimulating nutrient 
mineralization without excessive nitrogen 
immobilization or loss. 

 Traditional Organic Practices: Traditional 
organic practices have long been instrumental in 
sustaining soil fertility by enhancing microbial 
activity, improving soil structure, and enriching 
nutrient content. The key practices include:   

 Composting: It is the process of transformation of 
organic materials such as crop residues, kitchen 
scraps, and manure into a nutrient-rich soil 
amendment. Composting enhances the organic 
matter and microbial biomass which is helpful in 
improving soil aeration and structure, enhances 
nutrient availability particularly nitrogen and 
phosphorus and helps balance the soil's carbon-to-
nitrogen (C/N) ratio (Bernal et al., 2009). 

 
Fig. 2 : Benefits of compost application 

 Biochar Application: It plays an important role in 
maintaining soil structure, water holding capacity 
and microbes’ activity. Biochar, created from 
biomass pyrolysis, maintain soil health by 
improving physical properties of soil, which aids 
root penetration. It also increases water retention 
especially in sandy soils provides a habitat for 
beneficial microbes thus boosting microbial 
diversity, buffers soil pH, and reduces nutrient 
leaching, supporting long-term fertility (Lehmann 
& Joseph, 2009). 

 Green Manure: Incorporating cover crops into the 
soil adds organic matter and nutrients. Green 

Manure: This involves growing and incorporating 
cover crops like legumes and mustard into the soil 
before they mature. Green manure adds fresh 
organic matter and readily available nutrients, 
improves soil tilth and stability, enhances 
biological nitrogen fixation (especially with 
legumes), and stimulates microbial activity during 
decomposition (Drinkwater et al., 1998). 
These practices collectively promote soil 

biological health and fertility through natural nutrient 
cycling and soil ecosystem balance. They are 
foundational components of sustainable agriculture that 
improve soil productivity and resilience over time. 

Modern Innovations & Technologies: Modern 
innovations and technologies are revolutionizing soil 
fertility management by complementing traditional 
organic practices with precision, efficiency, and data-
driven adaptability.  
 Precision Composting: Optimizes the composting 

process for specific soil needs. This approach 
customizes compost formulation and application 
based on specific soil and crop needs. By 
monitoring temperature, moisture, and microbial 
activity during composting, it ensures optimal C/N 
ratios, enhances nutrient stability and 
bioavailability, reduces nutrient losses, and 
improves application efficiency (Zhang et al., 
2020). This leads to better resource use and more 
effective soil amendment. 

 
Fig. 3 : Effect of precision composting on soil fertility 

 Real-time C/N Monitoring Sensors: Allow for 
precise management of nutrient flows based on soil 



 

 

1611 Kiran Yadav et al. 

conditions. These sensors continuously track soil 
carbon and nitrogen levels, which provides the 
real-time insights of organic matter decomposition 
and nitrogen availability. They help in method and 
timing of application of organic inputs as well as 
fertilizer, supporting SSNM (site-specific nutrient 
management) and preventing immobilization or 
loss of nutrients (Schindelbeck et al., 2008). 

 Microbial Inoculants: Introduction of beneficial 
microorganisms such as nitrogen fixers and 
phosphate solubilizers enhances nutrient 
mineralization, promotes rhizosphere health, and 
improves plant stress tolerance. These inoculants 
help sustain long-term soil biological fertility by 
reinforcing beneficial root–microbe interactions 
(Compant et al., 2005). 

 AI-Assisted Soil Analysis: Provides 
site-specific insights for managing microbial 
functions and nutrient cycles. Artificial 
intelligence processes large datasets from soil 
tests, satellite imagery, and sensors to deliver 
precise recommendations on nutrient 
deficiencies, fertilizer type and dosage, 
microbial population trends, and overall soil 
health. This technology enables farmers to 
make informed, sustainable land management 
decisions and respond adaptively to changing 
soil conditions (Zhang et al., 2021). 

 
Fig. 4 : Use of AI in soil management 

Together, these advanced technologies enable 
more precise resource use, improve nutrient cycling, 
and foster resilient, climate-smart agricultural systems. 
They help reduce input waste, lower costs, and 
enhance crop productivity while sustaining soil 
biological health in an environmentally friendly 
manner. Integrating modern innovations with 
ecological principles is essential for advancing 
sustainable agriculture. These benefits are 
demonstrated through precision agriculture tools like 
GPS-guided machinery, smart sensors, automated 
monitoring, and AI-powered decision support systems 

that optimize nutrient and water use, reduce 
environmental impacts, and improve yield and 
profitability  

Sustainable Agricultural Practices: Sustainable 
agricultural practices are vital for enhancing soil 
health, maintaining microbial diversity, and 
ensuring long-term productivity. These practices 
synergize well with traditional and modern soil 
management strategies:   
 Crop Rotation: Varies crop types planted in a 

field to improve soil health and nutrient balance. 
Systematically alternating different crops over 
seasons or years disrupts pest and disease cycles 
common in monoculture. Including legumes 
enhances nitrogen cycling, improves soil structure, 
and enriches organic matter while supporting 
diverse microbial populations through varied root 
exudates (Tilman et al., 2002). 

 No-Tillage Farming: Minimizing soil 
disturbance preserves natural structure of soil and 
microorganism’s habitats. Benefits include 
reduced soil erosion and moisture loss, 
enhanced carbon sequestration, stable microbial 
and fungal communities, and lower fuel and labour 
requirements (Six et al., 2004). 

 Intercropping: Planting multiple crops together 
to benefit from diverse microbial interactions and 
resource use. Growing multiple crops in 
proximity encourages diverse microbial 
interactions, improves resource use 
efficiency (light, water, nutrients), reduces weed 
pressure and pest incidence naturally, 
and enhances system productivity and resilience 
(Brooker et al., 2015). 

 Integrated Nutrient Management (INM): It is a 
holistic method which combines organic and 
inorganic sources to maximize the nutrient supply 
for plants while minimizing negative 
environmental impacts. Combining organic inputs 
like compost, green manure, and biofertilizers 
with inorganic fertilizers optimizes nutrient use 
efficiency, maintains fertility long-term, balances 
short-term crop needs with soil health, and fosters 
microbial activity by preserving organic matter and 
nutrient diversity (Vanlauwe et al., 2010). 
Together, these sustainable practices promote 
soil regeneration, microbial enrichment, and 
system resilience, aligning with global goals for 
climate-smart and ecologically sound agriculture. 
Scientific evidence highlights that such 
measures improve soil organic matter, nutrient 
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cycling, water retention, and biodiversity, 
contributing to sustainable food production and 
environmental stewardship.  

Holistic Management Framework: By 
combining these ecological principles and 
technological advancements, a comprehensive 
system for soil fertility can be developed. This 
integrated framework supports the creation of 
climate-resilient and sustainable agricultural 
systems that promote soil fertility and productivity 
for long term without deteriorating the soil, hence 
improve the soil health also. A holistic soil fertility 
management framework integrates ecological 
principles with modern technological innovations 
to achieve both environmental sustainability and 
agricultural productivity. This comprehensive 
approach effectively bridges traditional practices 
like composting and crop rotation with cutting-
edge tools such as AI-assisted soil analysis and 
precision composting. 

Aspects of this framework include: 
 Promoting balanced nutrient cycling with careful 

management of the C/N ratio alongside enhanced 
microbial activity, ensuring nutrient availability 
and soil biological health. 

 Supporting site-specific decision-making by 
tailoring practices based on local soil conditions 
and cropping systems, improving efficiency and 
sustainability. 

 Encouraging adoption of sustainable agronomic 
practices such as crop rotation, no-till farming, and 
integrated nutrient management to protect and 
regenerate soil health. 
Such an integrated strategy lays the foundation for 

climate-resilient and sustainable farming systems by 
linking long-term soil fertility with productivity and 
ecosystem stability. This holistic management mirrors 
the principles of Integrated Soil Fertility Management 
(ISFM), which combines organic inputs, improved 
germplasm, and appropriate fertilizer use, adapted to 
local contexts to maximize nutrient use efficiency and 
crop yields while minimizing environmental 
degradation (Vanlauwe et al., 2010). 

In summary, this framework balances tradition 
and innovation, ecological stewardship and technology, 
to ensure farming systems are productive, resilient, and 
sustainable over the long term. 
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