
Volume-2, ISSUE-1, NOV 2025 
 

 
15 

ISSN: 3107-3638 (Online) 

4.Soil Phosphorus Fixation and Its Management for Improved 

Nutrient Availability and Crop Yields 
 

Dr Maragani Vamshi1, M.Vikram Sai2 

1Assistant Professor, Department of Forest Resource Management,  

Forest college and research Institute, Mulugu, Siddipet, Telangana. 

2Assistant Professor, Department of Agronomy, Malla Reddy University, Hyderabad.

Abstract 

Phosphorus (P) is a critical macronutrient 

driving early root development, flowering, 

and energy transfer in plant systems. 

Despite its necessity, phosphorus 

management remains a significant 

challenge due to phosphorus fixation—a 

series of chemical reactions that render 

soluble phosphate fertilisers unavailable to 

crops. In acidic soils, fixation is dominated 

by aluminium and iron oxides, while in 

alkaline and calcareous soils, calcium 

precipitates prevail. Consequently, soils 

frequently test high in total phosphorus yet 

fail to supply adequate plant-available 

nutrients, leading to reduced fertiliser use 

efficiency (FUE) and suboptimal yields. 

This article provides a comprehensive 

review of the edaphic mechanisms 

governing P fixation and outlines integrated 

management strategies. Emphasis is placed 

on precision placement techniques, soil pH 

and organic matter optimisation, and the 

deployment of biological amendments and 

advanced fertiliser technologies to unlock 

"legacy phosphorus" and ensure sustainable 

agricultural productivity. 
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1. Introduction: The Phosphorus 

Paradox 

Phosphorus (P) serves as the biological 

"energy currency," facilitating energy 

transfer via adenosine triphosphate (ATP), 

and it forms the backbone of DNA and 

RNA. For crops, adequate P supply is non-

negotiable for vigorous root establishment, 

stalk strength, and timely maturation. 

However, agronomists and producers 

frequently encounter a confounding 

scenario known as the "Phosphorus 

Paradox": soils may possess substantial 

reserves of total phosphorus, yet crops 

exhibit classic deficiency symptoms such as 

stunting and anthocyanin accumulation 

(purpling). 

The root of this inefficiency lies in the soil’s 

chemical environment. Unlike nitrogen, 

which is highly mobile and prone to 
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leaching, phosphorus is characterised by 

low mobility and high reactivity. Upon 

application, soluble phosphate ions 

undergo rapid adsorption or precipitation 

reactions with soil minerals, a process 

collectively termed Phosphorus Fixation. 

Research indicates that in many mineral 

soils, crops utilise only 10% to 20% of the 

applied phosphorus fertiliser in the year of 

application. The remaining 80% to 90% 

accumulates as "legacy P"—a banked 

resource that is chemically locked away. 

Unlocking this resource is critical not only 

for farm profitability but also for 

minimising the environmental footprint 

associated with excessive fertiliser 

application. 

2. Chemical Mechanisms of Fixation 

To effectively manage phosphorus, one 

must understand the specific chemical 

pathways that govern its availability. These 

pathways are strictly dictated by soil pH 

and mineralogy. 

 

2.1. Acidic Soils (pH < 6.0): The Iron and 

Aluminum Sink 

In acidic environments, the solubility of 

iron ($Fe^{3+}$) and aluminium 

($Al^{3+}$) increases significantly. These 

cations, along with their hydrous oxides 

(e.g., gibbsite and goethite), possess a 

strong affinity for the negatively charged 

orthophosphate ions ($H_2PO_4^-$). 

• Adsorption (Ligand Exchange): 

Phosphate ions displace hydroxyl or 

water molecules on the surface of 

clay minerals and iron/aluminium 

oxides. This forms a stable, inner-

sphere complex that is resistant to 

desorption. 

• Precipitation: In highly acidic 

conditions, soluble phosphate reacts 

directly with dissolved iron and 

aluminium to precipitate as distinct 

solid phases, such as variscite 

($AlPO_4 \cdot 2H_2O$) and 

strengite ($FePO_4 \cdot 2H_2O$). 

These crystalline compounds have 

extremely low solubility products, 

meaning they release P back into the 

soil solution at negligible rates. 

2.2. Alkaline and Calcareous Soils (pH > 

7.5): The Calcium Trap 

In high-pH soils, calcium becomes the 

dominant cation. The fixation pathway 

shifts from adsorption to sequential 

precipitation. 
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• Sequential Precipitation: When 

phosphate fertiliser is applied, it 

initially forms dicalcium phosphate, 

which is moderately available to 

plants. However, over time, this 

metastable compound transforms 

into tricalcium phosphate and 

eventually into hydroxyapatite-like 

minerals. These stable forms mimic 

raw rock phosphate and are largely 

unavailable to crops. 

• Surface Adsorption on 

Carbonates: In calcareous soils, 

calcium carbonate ($CaCO_3$) 

particles provide vast surface areas 

where phosphate ions can be 

adsorbed, further reducing the 

concentration of P in the soil 

solution. 

2.3. The "Goldilocks Zone" of 

Availability 

Maximum phosphorus availability 

generally occurs within a neutral pH range 

of 6.0 to 7.0. Deviating from this range 

engages the chemical fixation 

mechanisms—either the Fe/Al "vice" in 

acidity or the Ca "lock" in alkalinity. 

3. Diagnostic Approaches 

Identifying phosphorus fixation requires 

differentiating between what is present in 

the soil and what is accessible to the plant. 

3.1. Interpreting Soil Analysis 

Standard soil tests do not measure total 

elemental phosphorus; rather, they use 

specific extraction solutions to estimate the 

"plant-available" fraction. 

• Bray-P1: Optimised for acidic to 

neutral soils; utilises dilute acid and 

fluoride to solubilise Al-bound P. 

• Olsen-P: The standard for 

calcareous soils; utilises a sodium 

bicarbonate solution to extract P 

without dissolving calcium 

carbonates. 

• Mehlich-3: A robust, multi-element 

extractant suitable for a wide range 

of soil types (acidic to neutral). 

The Fixation Indicator: A widening gap 

between the quantity of P fertiliser applied 

over time, and the slow response of soil test 

P levels often indicates a soil with a high 

Phosphorus Buffering Capacity (PBC)—

essentially, a high capacity to fix added P. 

3.2. Symptomatology 

Visual diagnosis validates soil data. Since P 

is mobile within plant tissues, it is 

translocated from older to newer growth 

under stress. 

• Anthocyanin Accumulation: A 

purpling of older leaves/stems, 

particularly in maize and brassicas, 

caused by sugar accumulation 

resulting from stalled carbohydrate 

metabolism. 
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• Delayed Phenology: P-deficient 

crops often exhibit delayed 

flowering and maturity, increasing 

the risk of exposure to late-season 

environmental stresses. 

4. Agronomic Management Strategies 

Mitigating fixation requires a shift from 

"feeding the soil" to "feeding the plant." 

4.1. Precision Placement: The Banding 

Advantage 

The broadcast application exposes fertiliser 

granules to maximum soil contact, 

accelerating fixation. Conversely, banding 

creates a concentrated zone of fertility. 

• Saturation of Fixation Sites: By 

concentrating fertiliser in a band 

(e.g., 5 cm below and to the side of 

the seed), the adsorption sites on 

soil minerals within that specific 

zone become saturated. Excess 

phosphorus remains in the soil 

solution, where it is available for 

uptake. 

• Root Interception: Banding places 

nutrients directly in the path of 

developing roots, reducing the 

energy cost of nutrient foraging. 

4.2. pH Optimization 

Correcting soil reaction is the most 

fundamental method to alter chemical 

equilibria. 

• Liming: In acid soils, applying lime 

neutralises acidity and precipitates 

active aluminium, thereby reducing 

the formation of insoluble Al-

phosphates. 

• Rhizosphere Acidification: In 

alkaline soils, using ammonium-

based fertilisers can lower the pH 

within the root zone (rhizosphere) 

during nitrification, temporarily 

increasing the solubility of calcium-

phosphates. 

5. The Role of Organic Matter and 

Biology 

Integrating biological principles into 

chemical management offers a synergistic 

pathway to P availability. 

5.1. Organic Matter and Anion 

Competition 

Soil Organic Matter (SOM) combats 

fixation through multiple mechanisms: 

• Chelation: Decomposing organic 

matter releases organic acids (e.g., 

humic, fulvic, citric) that form 

complexes with Fe, Al, and Ca. By 

"sequestering" these metal ions, 

organic acids prevent them from 

reacting with phosphate. 

• Competitive Adsorption: Organic 

anions compete with phosphate ions 

for the same binding sites on clay 

surfaces, effectively blocking the 

fixation sites. 

5.2. Microbial Solubilization 
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The soil microbiome plays a pivotal role in 

P cycling. 

• Arbuscular Mycorrhizal Fungi 

(AMF): These symbiotic fungi 

extend hyphae into soil micropores 

inaccessible to root hairs, 

scavenging P and transporting it to 

the host plant in exchange for 

carbon. 

• Phosphate-Solubilising Bacteria 

(PSB): Genera such as Bacillus 

and Pseudomonas secrete organic 

acids and enzymes (phosphatases) 

that dissolve mineral phosphates 

and mineralise organic P, 

transforming it into plant-available 

orthophosphate. 

6. Advanced Fertiliser Technologies 

Innovation in fertiliser formulation aims to 

physically or chemically protect phosphate 

ions. 

• Polymer-Coated Fertilisers: 

These "controlled-release" granules 

regulate the diffusion of P into the 

soil solution, matching nutrient 

release with crop demand and 

minimising the time window for 

fixation reactions. 

• Orthophosphate vs. 

Polyphosphate: Liquid 

polyphosphates contain chains of P 

molecules. As these chains 

hydrolyse in soil, they can sequester 

cations (Ca, Mg), temporarily 

protecting P from precipitation. 

• Struvite (Recycled P): Magnesium 

ammonium phosphate (struvite), 

recovered from wastewater, 

exhibits unique slow-release 

properties. It is sparingly soluble in 

water but becomes soluble in the 

presence of root exudates (citric 

acid), providing a "demand-driven" 

nutrient supply. 

7. Conclusion 

Optimising phosphorus management is 

essential for closing the yield gap in modern 

agriculture. The challenge of phosphorus 

fixation cannot be solved by simply 

increasing application rates; it requires a 

strategic, integrated approach. By 

combining chemical diagnostics 

(appropriate soil testing), physical precision 

(banding), biological enhancement (OM 

and microbial inoculants), and 

technological innovation (advanced 

fertilisers), producers can improve 

Phosphorus Use Efficiency (PUE). 

This holistic strategy not only revitalises 

the productivity of "locked" soils but also 

ensures the economic and environmental 

sustainability of farming systems for future 

generations. 
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