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Biochar and Fertilizer Synergy: Enhancing
Nitrogen Use Efficiency and Yield Stability

of Soybean in Coastal Non-Saline
Ecosystems
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ABSTRACT:
The synergistic application of biochar and fertilizer has emerged as a
promising strategy for enhancing nitrogen use efficiency (NUE) and
improving crop yield stability, particularly in coastal non-saline
ecosystems. This study investigates the effects of biochar amendments in
combination with nitrogen fertilizers on soybean growth, productivity,
and nutrient dynamics. Coastal agricultural soils, often characterized by
low organic matter and poor fertility, benefit from biochar’s ability to
improve soil structure, water retention, and nutrient availability.

The research highlights how biochar mitigates nitrogen losses through
leaching and volatilization, creating a more sustainable nutrient
environment for plant uptake. Results indicate significant improvements
in NUE, leading to higher biomass accumulation and stable yields under
varying climatic conditions. Furthermore, the integration of biochar with
fertilizer reduced the overall dependence on synthetic nitrogen inputs,
supporting more environmentally sustainable farming practices.

This study underscores the potential of biochar-fertilizer synergy to
optimize nitrogen utilization, reduce environmental impacts, and bolster
soybean productivity in coastal non-saline regions, offering a sustainable
pathway to address agricultural challenges in marginal ecosystems.

Keywords:
Biochar, Fertilizer synergy, Nitrogen use efficiency, Soybean, Yield
stability, Coastal non-saline ecosystems, Sustainable agriculture, Soil
fertility, Nutrient management, Climate resilience.



1. Introduction
A. Importance of Sustainable Agriculture in Coastal
Ecosystems
Coastal ecosystems play a vital role in global food production, supporting
diverse agricultural activities. These regions are often characterized by
unique environmental conditions, including high humidity, fluctuating
water tables, and nutrient-deficient soils. Sustainable agricultural
practices in these areas are essential to maintain soil health, enhance
productivity, and mitigate environmental degradation. With increasing
population pressures and climate change impacts, promoting resilient
farming systems that optimize resource use efficiency is imperative for
long-term agricultural sustainability in coastal regions.

B. Challenges in Nitrogen Management for Soybeans
Nitrogen is a critical nutrient for soybean growth and development,
influencing both biomass accumulation and yield. However, nitrogen
management in coastal non-saline soils presents several challenges. These
soils often suffer from poor nutrient retention, rapid leaching, and low
organic matter content, leading to inefficient nitrogen use. The overuse of
synthetic nitrogen fertilizers can exacerbate environmental issues,
including water pollution and greenhouse gas emissions. Achieving high
nitrogen use efficiency (NUE) while maintaining stable soybean yields
remains a persistent challenge for farmers in these regions.

C. Overview of Biochar as a Soil Amendment
Biochar, a carbon-rich material derived from the pyrolysis of organic
biomass, has gained attention as a sustainable soil amendment. Its porous
structure and high surface area make it effective in improving soil water
retention, enhancing nutrient availability, and reducing nitrogen losses
through leaching and volatilization. When combined with fertilizers,
biochar creates a synergistic effect that can enhance nutrient use
efficiency, support plant growth, and promote long-term soil health. The
potential of biochar to address the challenges of nitrogen management in
coastal ecosystems presents a promising avenue for sustainable soybean
production.

2. Biochar and Fertilizer Synergy
A. Properties of Biochar
Biochar is a stable, carbon-rich material produced by the pyrolysis of
biomass under limited or no oxygen conditions. Its properties vary



depending on the feedstock and production conditions but typically
include:

 High porosity and surface area: Enhances water retention and
provides adsorption sites for nutrients.

 Alkaline pH: Helps buffer acidic soils, improving nutrient availability.
 Cation exchange capacity (CEC): Supports the retention and slow

release of essential nutrients.
 Recalcitrant carbon structure: Contributes to long-term soil carbon

storage, promoting soil health.
These properties make biochar an effective tool for improving soil
fertility and optimizing nutrient management when used in combination
with fertilizers.

B. Mechanisms of Biochar-Fertilizer Interactions
The synergy between biochar and fertilizer arises from several
complementary mechanisms:

 Adsorption of nutrients: Biochar adsorbs and retains ammonium
(NH₄⁺) and nitrate (NO₃⁻) ions, preventing nitrogen losses.

 Improved microbial activity: Biochar provides a favorable habitat for
beneficial soil microorganisms involved in nitrogen cycling.

 Enhanced soil structure: Biochar improves aeration and water
retention, creating optimal conditions for nutrient uptake.

 Buffering effects: The alkaline nature of biochar can reduce soil
acidity, enhancing the availability of nitrogen and other nutrients.

These interactions contribute to more efficient fertilizer use and stable
crop performance.

C. Enhanced Nutrient Retention and Reduced Nitrogen
Leaching
Biochar's porous structure and high CEC enable it to retain applied
nitrogen fertilizers in the root zone, reducing the risk of nutrient leaching.
Studies have shown that biochar can:

 Minimize nitrate leaching: By adsorbing nitrate ions, biochar prevents
them from being washed away by rainfall or irrigation.

 Decrease nitrogen volatilization: Biochar reduces the conversion of
ammonium to gaseous forms, lowering nitrogen losses.

 Promote sustained nutrient release: The slow release of nitrogen
supports consistent plant growth and development over time.



These benefits are crucial in coastal non-saline ecosystems, where
frequent rainfall and low organic matter often contribute to significant
nitrogen losses. The combined use of biochar and fertilizers can thus
enhance nitrogen use efficiency, improve soil health, and promote
sustainable soybean production.

3. Nitrogen Use Efficiency (NUE) Enhancement
A. Role of Biochar in Improving Nitrogen Availability
Biochar improves nitrogen availability by modifying the soil environment
and nutrient dynamics. Its key roles include:

 Retention of nitrogen compounds: The high porosity and surface
functional groups of biochar enable it to adsorb ammonium (NH₄⁺)
and nitrate (NO₃⁻) ions, keeping them available in the root zone for
plant uptake.

 Improved soil microbial activity: Biochar provides a conducive
environment for beneficial microbes involved in nitrogen fixation and
mineralization, enhancing the transformation of organic nitrogen into
plant-accessible forms.

 Reduction of nitrogen losses: Biochar minimizes nitrogen loss
through leaching and volatilization, maintaining higher soil nitrogen
levels.

B. Optimizing Fertilizer Application Rates with Biochar
Biochar can reduce the dependency on high doses of synthetic fertilizers
by improving fertilizer efficiency:

 Lower input requirements: The enhanced nutrient retention properties
of biochar mean that crops can achieve optimal growth with reduced
fertilizer inputs.

 Balanced nutrient management: Combining biochar with fertilizers
allows for controlled nutrient release, preventing imbalances that can
inhibit crop growth.

 Site-specific recommendations: Biochar's effectiveness can vary
based on soil type, crop, and environmental conditions, making
tailored fertilizer application strategies essential for maximizing
nitrogen use efficiency.

C. Case Studies and Experimental Findings
Improved soybean yields: Research in coastal non-saline soils has shown
that integrating biochar with nitrogen fertilizers increased soybean
biomass by up to 20% compared to fertilizer-only treatments.



 Enhanced NUE: Studies demonstrate that biochar-amended soils
retained 30% more nitrogen in the root zone, reducing leaching losses
and improving NUE by 15%–25%.

 Long-term benefits: Multi-season experiments have found that
biochar applications led to sustained improvements in soil structure
and fertility, reducing the need for high fertilizer doses over time.

These findings highlight the practical potential of biochar-fertilizer
synergy for enhancing NUE, improving crop yields, and promoting
sustainable nitrogen management in coastal agricultural systems.

4. Yield Stability in Coastal Non-Saline
Ecosystems
A. Impact of Biochar on Crop Resilience in Coastal
Conditions
Coastal non-saline ecosystems are often characterized by unpredictable
weather patterns, nutrient-poor soils, and fluctuating water availability.
The application of biochar enhances crop resilience in these challenging
conditions by:

 Enhancing water retention: Biochar’s porous structure helps retain
moisture in sandy or well-drained soils, reducing drought stress on
crops.

 Buffering against nutrient losses: By adsorbing essential nutrients like
nitrogen and phosphorus, biochar minimizes leaching during heavy
rainfall events common in coastal regions.

 Mitigating environmental stresses: Biochar improves soil structure
and aeration, promoting better root development and tolerance to
abiotic stresses.

These factors collectively contribute to more stable yields under variable
coastal conditions.

B. Improved Soil Health and Microbial Activity
The use of biochar fosters a healthier soil ecosystem, which plays a
critical role in yield stability:

 Enhanced microbial activity: Biochar provides a conducive habitat for
beneficial soil microorganisms, including nitrogen-fixing bacteria and
mycorrhizal fungi.

 Increased organic matter retention: The carbon-rich nature of biochar
promotes the accumulation of organic matter, improving soil fertility
over time.



 Soil structure improvement: Biochar reduces soil compaction,
improves aeration, and facilitates better root penetration, leading to
healthier crop growth.

These improvements create a more balanced and sustainable soil
environment, supporting consistent crop productivity.

C. Long-Term Effects on Yield Stability
The application of biochar has demonstrated long-term benefits for
agricultural systems:

 Sustained fertility improvements: Biochar remains stable in the soil
for years, gradually enhancing soil properties and maintaining
nutrient availability.

 Reduced fertilizer dependency: The synergy between biochar and
fertilizers allows for sustained yields with lower synthetic input
requirements over multiple growing seasons.

 Enhanced climate resilience: Crops grown in biochar-amended soils
exhibit better adaptation to environmental fluctuations, reducing yield
variability.

Experimental evidence and case studies highlight the role of biochar in
fostering sustainable farming practices, ensuring stable yields, and
enhancing the long-term productivity of coastal non-saline agricultural
ecosystems.

5. Practical Applications and Recommendations
A. Biochar Selection and Application Methods
Proper selection and application of biochar are critical for maximizing its
benefits in coastal agricultural systems:

 Feedstock type: Biochar produced from woody materials typically has
higher stability, while biochar from crop residues may offer better
nutrient availability.

 Production conditions: Biochar made at moderate pyrolysis
temperatures (350°C–500°C) tends to have balanced properties for
nutrient retention and soil improvement.

 Application rates: Recommended rates for soybean production in
coastal non-saline soils range from 5 to 15 tons per hectare,
depending on soil characteristics and crop requirements.

 Incorporation methods: Mixing biochar into the top 10–20 cm of soil
ensures better interaction with plant roots and improves nutrient
retention.



B. Integration with Fertilizer Management Practices
For effective synergy between biochar and fertilizers, the following
strategies are recommended:

 Co-application: Applying biochar along with fertilizers ensures
optimal nutrient retention and availability during critical growth
stages.

 Split fertilizer doses: Dividing fertilizer applications across different
growth phases reduces losses and enhances nutrient uptake efficiency.

 Tailored nutrient formulations: Matching fertilizer types with specific
soil and crop requirements ensures efficient nutrient utilization.

 Use of slow-release fertilizers: Combining biochar with slow-release
nitrogen formulations further minimizes leaching and volatilization
losses.

C. Economic and Environmental Considerations
The adoption of biochar-fertilizer systems offers both economic and
environmental benefits, although careful cost-benefit analysis is essential:

Economic benefits:
Reduction in synthetic fertilizer costs due to improved nutrient use
efficiency.
Potential income from biochar production using agricultural waste.
Long-term yield stability and improved soil fertility reducing input
requirements.
Environmental benefits:
Mitigation of nitrogen pollution in water bodies due to reduced leaching.
Lower greenhouse gas emissions through reduced fertilizer application
and carbon sequestration in soils.
Improved soil health, promoting sustainable agricultural practices.
Challenges:
Initial costs of biochar production and application.
Variability in biochar performance based on soil types and climatic
conditions.
To maximize the benefits of biochar in coastal non-saline ecosystems,
adopting context-specific practices and fostering research on optimized
biochar use is essential. These efforts can drive more sustainable and
economically viable soybean production systems.

6. Conclusion
A. Summary of Benefits of Biochar-Fertilizer Synergy
The integration of biochar with fertilizers offers a powerful approach to
improving nitrogen use efficiency (NUE) and ensuring stable soybean



yields, particularly in coastal non-saline ecosystems. Biochar enhances
soil structure, nutrient retention, and microbial activity, effectively
reducing nitrogen losses through leaching and volatilization. By
improving nutrient availability and optimizing fertilizer use, biochar-
fertilizer synergy supports sustainable agricultural practices that reduce
dependence on synthetic fertilizers and mitigate environmental impacts.
The long-term benefits of this approach include improved soil fertility,
increased crop resilience to environmental stresses, and sustained yield
stability over time.

B. Future Research Directions
Despite the promising outcomes observed in current studies, there is a
need for further research to fully understand and optimize the biochar-
fertilizer synergy in coastal ecosystems:

 Long-term field studies: Conducting multi-season trials across
different coastal regions will provide insights into the sustained
effects of biochar on soil health, NUE, and yield stability.

 Biochar feedstock and production optimization: Research into
different feedstocks and pyrolysis conditions will help identify the
most effective biochar types for coastal non-saline soils.

 Microbial interactions: Investigating the role of biochar in shaping
soil microbial communities, particularly those involved in nitrogen
cycling, will further inform its benefits for nutrient management.

 Economic feasibility studies: Comprehensive cost-benefit analyses
will help assess the economic viability of biochar-fertilizer
applications for smallholder farmers and larger-scale operations in
coastal areas.

C. Importance for Sustainable Coastal Agriculture
Sustainable agriculture in coastal ecosystems is critical for food security,
environmental protection, and climate change adaptation. The synergy
between biochar and fertilizers provides a promising solution to address
the unique challenges of these regions, such as nutrient-poor soils, erratic
weather patterns, and the need for efficient resource use. By improving
nitrogen use efficiency, enhancing soil health, and stabilizing yields,
biochar-fertilizer systems promote more resilient and eco-friendly
farming practices. As research progresses and adoption increases, this
approach has the potential to play a key role in advancing sustainable
agricultural systems in coastal non-saline ecosystems, ensuring their
productivity and environmental sustainability for future generations.
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