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Introduction 

Phosphorus (P) is one of the critical elements required for various 

physiological and biochemical processes in plant cells, including 

nutrient transport, photosynthesis, respiration, cell division and root 

development. It is present in several biological compounds, such as 

ATP, phospholipids and nucleic acids. Although P plays a crucial role 

in physiological and biochemical processes, it is generally 

considered a limiting nutrient in soils because of its low solubility in 

mineral and organic forms, resulting in low bioavailability to plants. 

Several soil properties, including pH, mineral composition and 

adsorption-desorption processes, influence P availability (1–6). 

In tropical and subtropical Inceptisols, P immobilisation 

through chemical interactions acts as an important regulatory 

mechanism controlling P availability. Phosphate ions tend to bind to 

the surfaces of iron (Fe) and aluminium oxide (Al2O3) minerals under 

acidic conditions, forming insoluble Fe–P and Al–P compounds. 

Conversely, the precipitation of Ca–P compounds are favoured 

under alkaline conditions (3, 7–10). Although phosphate fertilisers 

such as dihydrogen phosphate (KH₂PO₄) can be used to increase P 

availability, P immobilisation through adsorption and precipitation 

occurs rapidly, reducing its bioavailability and increasing the risk of P 

accumulation as poorly available legacy P in the soil (11–14). The 

KH₂PO₄ was selected as the P source for this incubation study 

because it is a fully water-soluble, chemically well-defined salt that 

supplies P in a readily available form without the accompanying 

nitrogen (N), sulphate or organic carbon introduced by fertilisers 

such as diammonium phosphate or single superphosphate. 

Therefore, it allows P transformation to be examined independently 

of confounding effects associated with other nutrients or organic 

matter (15).  In this regard, improving nutrient-use efficiency and 

sustainably managing soil fertility require an understanding of the 

transformation and distribution of P fractions in Inceptisols. The 

objective of this study was to investigate the dynamics of P fractions 

in Inceptisol soil under different P addition rates and incubation 

periods. Specifically, the objectives were to (i) characterise different P 

fractions using the sequential extraction method (8, 16); (ii) evaluate 

the effects of P addition rates and incubation duration on P 

transformation through colorimetric determination using the 

molybdenum blue–ascorbic acid method (17) and (iii) examine the 
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Abstract  

Phosphorus (P), a crucial macronutrient for plant growth, is severely limited to Inceptisols due to its fixation by calcium (Ca), iron (Fe) and 

aluminium oxides (Al2O3), which renders it insoluble and unavailable for plant uptake. An experimental investigation involving soil incubation 
was conducted to examine the transformation of phosphorus (P) fractions in Inceptisol soil. Seven treatments were evaluated: absolute 

control, control and potassium dihydrogen phosphate (KH₂PO₄) at 20, 40, 60, 80 and 100 ppm. Soil samples were collected at 0, 10, 20, 30, 40 

and 50 days of incubation. Phosphorus fractions and total P were determined using appropriate analytical methods, including the 

molybdenum blue spectrophotometric method for total P. Phosphorus fractions were significantly affected by both P concentration and 
incubation period. Soluble P initially increased and subsequently decreased, indicating its transformation into less-soluble forms. Stable P 

fractions, including calcium phosphate, iron-bound P and non-labile P gradually increased during the incubation period. Maximum P 

availability was observed on day 20. Principal component analysis (PCA) confirmed distinct clustering of the stable P fractions. Correlation 

analysis revealed strong positive relationships among the stable P fractions, whereas negative relationships were observed between soluble 
and stable P fractions. These findings indicate that the Inceptisol had a strong capacity to fix applied P into stable forms, suggesting that split 

or slow-release P fertilisation strategies, timed according to crop demand, may be necessary to sustain plant-available P and improve fertiliser

-use efficiency in such soils. 
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relationships among P fractions using statistical approaches, 

including principal component analysis (PCA), correlation analysis 

and analysis of variance (ANOVA). The findings are expected to 

provide deeper insights into P transformation mechanisms and 

contribute to the development of improved P management 

strategies for Inceptisol soils (3, 14, 18, 19). 

 

Materials and Methods 

Experimental sites and soil sampling  

Soil samples (0–15 cm depth) were collected from an agricultural 
plot classified as Inceptisol at SRM College of Agricultural Sciences 

(SRMCAS), Vendhar Nagar, Baburayanpettai, Elapakkam, 

Maduranthagam, Chengalpattu, Tamil Nadu, India. The farm is 

located at approximately 12.385379° N latitude and 79.741964° E 

longitude, at an elevation of approximately 50 m above mean sea 

level. The site experiences a hot, sub-humid tropical climate typical 

of coastal Tamil Nadu, with mean annual rainfall concentrated 

during the Northeast monsoon (October–December). Maximum 

temperatures range from 33–38 °C during summer (April–June), 

whereas winter (December–February) is relatively cooler and drier, 

with temperatures ranging from 20–28 °C. Composite soil samples 

were collected from multiple locations across the field, thoroughly 

mixed and transported to the laboratory for further analysis. The 

samples were air-dried at ambient temperature (25 ± 2 °C) for 5–7 

days. Plant residues, roots and gravel were removed and the soil 

was gently crushed using a wooden mallet to minimise disturbance 

to the natural soil aggregates and passed through a 2 mm sieve. 

The processed soil was thoroughly homogenised and stored in 

labelled polyethylene bags until further analysis. 

Preliminary soil characteristics 

Preliminary analyses were conducted to characterise the initial soil 

properties. Soil pH and electrical conductivity (EC) were determined 

in a 1 : 2.5 soil-to-water suspension using a digital pH meter and 

conductivity meter respectively. These parameters are important 

indicators of P dissolution and transformation in soils. Particle-size 

distribution was determined using the international pipette method, 

organic carbon by the Walkley-Black wet-oxidation method, 

available P by the Olsen sodium bicarbonate method and 

exchangeable Ca and extractable Fe and aluminium by ammonium 

acetate and dithionite–citrate–bicarbonate extraction respectively 

(18). These baseline properties are essential for interpreting P 

transformation because clay content, organic carbon and reactive 

Fe and Al oxides are well-established determinants of P sorption and 

fractionation in tropical and subtropical soils (3, 5, 10). The 

physicochemical characteristics of the initial soil are presented in 

Table 1. 

Experimental design and treatments 

The experiment followed a factorial completely randomised design 

(FCRD), with P concentration and incubation period as the two 

factors. The seven treatments are detailed in Table 2. Each 

treatment was replicated three times to ensure statistical reliability. 

Incubation procedure 

Incubation containers were filled with 100 g of air-dried soil. 

Preparation of KH₂PO₄ stock solution and application to soil: A P 

stock solution containing 1000 mg P L-1 was prepared by dissolving 

4.39 g of KH₂PO₄, oven-dried at 60 °C for 1 hr, in distilled water and 

making the final volume up to 1 L. Treatment solutions containing 

20, 40, 60, 80 and 100 mg P L-1 were prepared by transferring 2, 4, 6, 8 

and 10 mL of the stock solution respectively, into separate 

volumetric flasks and making the volume up to 100 mL with 

distilled water. 

 For each treatment, 100 mL of the respective P solution was 

uniformly applied to 100 g of air-dried soil. The control treatment 

received 100 mL of distilled water, whereas the absolute control 

received no solution. During incubation, soil moisture was 

maintained at field capacity by regularly adding distilled water. The 

containers were covered with perforated lids to facilitate 

ventilation, minimise contamination and retain moisture. 

 Soil samples were collected at predetermined time points 

of 0, 10, 20, 30, 40 and 50 days after treatment application. At each 

sampling time, a soil sample was collected from each treatment 

and analysed for P fractions. 

 A 50-day incubation period with sampling at 10-day intervals 

was selected because phosphate sorption in soil is a two-stage 

process. An initial rapid reaction, during which P binds to reactive 

surface sites, occurs within hours to a few days, followed by a slower, 

diffusion-controlled stage in which P penetrates mineral lattices and 

forms more stable Iron-bound phosphorus (Fe–P), aluminium-

bound phosphorus (Al–P) and calcium-bound phosphorus (Ca–P) 

associations over subsequent weeks (4). Sampling at 10-day 

intervals over 50 days was therefore considered sufficient to capture 

both the rapid initial increase in soluble P and its subsequent 

transformation into moderately labile and non-labile fractions, 

consistent with incubation periods used in comparable P-

fractionation studies                   (12, 20). 

Phosphorus fractions  

The sequential extraction method was developed for estimating P 

fractions (8, 16). By using the above method, P was classified into 

several groups based on its solubility and chemical relationship (8).  

Phosphorus fractions in soils  

Fraction of inorganic phosphorus 

a) Soluble and loosely bound phosphorus (Sol-P), obtained by 

Parameter Unit Value Method 
pH (1 : 2.5 soil : water) - 7.50 Digital pH meter 
Electrical conductivity 
(EC) 

dS m-1 0.80 Digital conductivity meter 
(1 : 2.5) 

Texture - Clay Feel method 

Organic carbon % 0.60 Walkley-Blackwet 
oxidation 

Available P (Olsen) kg ha-1 84 NaHCO3 extraction (13) 

Exchangeable Ca cmolc kg-1 9.2 1 N ammonium acetate 
extraction 

Extractable Fe mg kg-1 29.5 Dithionite-citrate-
bicarbonate extraction 

Extractable Al mg kg-1 23.8 Dithionite-citrate-
bicarbonate extraction 

Table 1. Physicochemical characteristics of the initial Inceptisol soil 
sample 

Table 2. Treatment details used in the incubation experiment 

Sl. No Treatment Details 

1 T1 
Absolute control (soil alone without water and 

phosphorus) 

2 T2 Control (soil + distilled water) 

3 T3 20 ppm phosphorus 

4 T4 40 ppm phosphorus 

5 T5 60 ppm phosphorus 

6 T6 80 ppm phosphorus 

7 T7 100 ppm phosphorus 
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  extracting with ammonium chloride 

b) Al-P, obtained by extracting with ammonium fluoride 

c) Fe-P, obtained by extracting with sodium hydroxide 

d) Reductant soluble phosphorus (Red-P), obtained by extracting 

with sodium dithionite-citrate-bicarbonate 

e) Ca-P, obtained by extracting with sulfuric acid 

Phosphorus fractions in soil organic matter  

a) Labile organic P 

b) Moderate labile organic P 

c) Non-labile organic P 

 Phosphorus was sequentially extracted following the 
modified standard procedure (8, 16). Briefly, 1 g of air-dried soil was 

extracted with the respective extractants by shaking at 120 rpm. 

Soluble and loosely bound phosphorus (Sol-P) and Al-P were 

extracted with 50 mL of the respective extractant for 10 min. Iron-

bound phosphorus (Fe-P) was extracted with 50 mL for 17 hr, Ca-P 

with 25 mL for 1 hr and labile organic phosphorus (Lab-P) with 50 mL 

for 16 hr. Moderately labile organic phosphorus (Mod-Lab-P) and 

non-labile organic phosphorus (Non-Lab-P) were each extracted 

with 50 mL for 17 hr. Reductant-soluble phosphorus (Red-P) was 

extracted by heating the soil-extractant mixture with dithionite–

citrate–bicarbonate reagent at 85 °C for 15 min. Following each 

extraction, the suspensions were centrifuged at 10000 rpm for            

10 min and the supernatants were collected for P determination. 

Determination of phosphorus content 

Phosphorus content in each extract was determined according to 

the standard method, commonly referred to as the molybdenum 

blue method (17). The method is based on the formation of a blue-

coloured phosphomolybdate complex through the reaction of 

phosphate with ammonium molybdate under acidic conditions, 

followed by reduction with ascorbic acid. The P concentration was 

determined spectrophotometrically at 880 nm against a standard 

calibration curve prepared using KH₂PO₄. 

Statistical analysis 

The collected data were subjected to appropriate statistical 

analyses. Analysis of variance (ANOVA) was performed to determine 

the effects of P treatment, incubation period and their interaction 

on the different P fractions. Treatment means were compared 

using Duncan’s multiple range test (DMRT) at the 5 % significance 

level. Principal component analysis (PCA) was performed to identify 

the dominant variables influencing P dynamics and to assess 

relationships among the different P fractions. Correlation analysis 

was conducted to determine the strength and direction of 

associations among P fractions and incubation duration. 

 

Results and Discussion  

Impact of phosphorus levels and incubation time on 

soil phosphorus fractions 

Phosphorus application rate and incubation duration significantly 

affected P fractionation in the Inceptisol soil. The ANOVA showed 

that all measured P fractions, including Sol-P, Al-P, Fe-P and Red-P, 

differed significantly (p ≤ 0.001) among P treatments, incubation 

periods and their interaction. These results indicate that P 

transformation in this soil was jointly governed by the amount of P 

applied and the duration of soil contact, with the fractions 

continuing to change throughout the incubation period rather than 

reaching an immediate steady state, in agreement with earlier 

reports (12, 21). 

 Phosphorus fractions increased consistently with increasing 

application rate, as confirmed by Duncan’s multiple range test. The 

absolute control and control treatments recorded the lowest values, 

whereas the 100-ppm treatment recorded the highest values, 

followed by 80, 60, 40 and 20 ppm treatments in descending order. 

Fe-P increased from 15.91–28.37 mg kg-1, Al-P from 16.98–30.48 mg 

kg-1 and Red-P from 15.23–26.71 mg kg-1, while mean soluble P 

increased from 18.21 mg kg-1 in the absolute control to 31.16 mg kg-1 

at 100 ppm. These trends confirm that higher P application rates 

substantially increased P concentrations across the measured soil 

fractions (22, 23). 

Effect of incubation and phosphorus interaction 

Phosphorus fractions increased progressively up to 20 days of 

incubation, after which their concentrations either stabilised or 

gradually declined, reflecting the influence of incubation duration on 

P transformation. The highest mean concentrations of soluble 

phosphorus (27.51 mg kg-1), Al-P (26.29 mg kg-1), Fe-P (25.15 mg kg-1) 

and Red-P (23.68 mg kg-1) were recorded at 20 days. Beyond this 

point, the P fractions gradually declined, suggesting that P initially 

accumulated in more available forms before being converted into 

less-available forms through fixation and precipitation, consistent 

with previous findings (2, 6, 24). The interaction between P 

concentration and incubation period had a greater influence than 

either factor alone. At 20 days, the 100-ppm treatment recorded the 

highest concentrations of soluble P (35.70 mg kg-1), Al-P                                        

(34.40 mg kg-1), Fe-P (33.43 mg kg-1) and Red-P (31.73 mg kg-1). This 

indicates that the highest P availability occurred under this specific 

combination of P concentration and incubation duration, a pattern 

also reported in previous studies (12) (Fig. 1). 

Principal component analysis of phosphorus fraction dynamics 

To examine the interrelationships among P fractions and their 
transformation behaviour, PCA was performed. The first principal 

component (Dim1) accounted for 94.3 % of the total variance, while 

the second component (Dim2) accounted for 5.3 %, together 

explaining 99.6 % of the variability in the dataset. 

 In the PCA biplot, Ca-bound, Fe-bound, labile, non-labile, 

reductant-soluble and Al-P fractions clustered closely on the 

positive side of Dim1, indicating coordinated changes among these 

fractions as P was progressively retained by soil mineral surfaces. In 

contrast, labile P was separated slightly along Dim2, consistent with 

its role as a relatively short-lived transitional pool that may decline 

as P is transferred to more stable forms (23). 

 From an agronomic perspective, the close clustering of the 

stable fractions along Dim1 suggests that, once P begins to become 

immobilised in this soil, it is retained through related mineral-

associated processes involving Fe and Al oxides and, to a lesser 

extent, Ca. This has practical implications for P fertiliser 

management because labile P appears to constitute a relatively 

transient pool. Therefore, repeated smaller applications timed 

according to crop demand may be more effective than a single 

large basal application in Inceptisols with strong P-fixation capacity 

(Fig. 2). 
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Phosphorus percentage correlations 

Correlation analysis revealed highly significant positive correlations 

among most P fractions. The formation and stabilisation of relatively 

stable P pools were strongly associated with Ca-P, Fe-P, labile P, non-

labile P and Al-P, with high positive correlation coefficients (r = 0.98–

1.00). In contrast, relatively weak positive correlations (r = 0.70–0.75) 

were observed for the more labile P fractions, indicating their 

intermediate behaviour during P transformation. 

 Because several correlation coefficients approached the 

theoretical maximum of 1.00, the possibility of multicollinearity 

among the stable P fractions should be considered. Such strong 

correlations are plausible because Ca-P, Fe-P, labile P and non-labile 

P represent sequentially extracted, chemically related pools that 

may respond similarly to P addition and incubation. Thus, their 

strong correlations may reflect a common underlying process 

involving the progressive retention and redistribution of applied P 

among soil P pools. Future regression-based modelling involving 

these fractions should therefore account for potential 

multicollinearity, for example, through variable selection or the use 

of PCA scores rather than highly correlated raw variables as 

predictors. 

 

Fig. 1. A graph representing variation in the levels of various phosphorus fractions depending on treatment and incubation period, illustrating 
changes in soil phosphorus dynamics. 

 

Fig. 2. Principal component analysis (PCA) biplot showing the relationship among different phosphorus fractions in soil, where Dim1 (94.3 %) 
and Dim2 (5.3 %) explain the total variation.  
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 Significant negative correlations were observed between 

soluble P and the other P fractions, indicating an inverse association 

between readily available P and the more stable P pools. In addition, 

P stabilisation increased with incubation duration, as indicated by 

the positive correlations between stable P fractions and incubation 

period. Similar relationships have been reported in previous studies 

(2, 23). However, these correlations indicate associations among P 

fractions and do not, by themselves, provide direct evidence of 

specific transformation pathways or mechanisms (3, 5) (Fig. 3). 

Transformation and stabilisation of phosphorus in Inceptisols  

The results indicate a gradual conversion of P applied as KH₂PO₄ 
into relatively stable P fractions, particularly Fe-P, Ca-P and non-

labile P. This transformation pattern was supported by the results of 

ANOVA, PCA and correlation analyses. The observed behaviour 

reflects the underlying chemistry of phosphate retention in 

Inceptisols. 

 Under the acidic to near-neutral conditions typical of these 

soils, phosphate ions initially adsorb onto the surfaces of Fe and 

Al₂O₃ through rapid surface reactions. With time, surface-bound 

phosphate can undergo ligand exchange with structural hydroxyl                

(–OH) groups, forming stronger inner-sphere Fe–O–P and Al–O–P 

complexes (3, 10). Where exchangeable Ca is present, phosphate 

may additionally precipitate as calcium phosphate compounds. 

Continued ageing of Fe-P, Al-P and Ca-P-associated forms can 

progressively result in occluded and less-labile P that is not readily 

extractable (5, 8). 

 The significant positive relationships among the stable P 

fractions, together with the significant negative relationships 

between soluble P and these fractions, are consistent with 

progressive P retention through adsorption, ligand exchange, 

precipitation and occlusion. These findings indicate that the studied 

Inceptisol has a strong capacity to retain applied P over time, 

consistent with previous studies (12, 22, 23). 

Implications for phosphorus fertiliser management in 

Inceptisols 

These findings have important implications for P fertiliser 
management in Inceptisols. Because soluble P availability peaked 

approximately 20 days after application and subsequently declined 

as P was redistributed into Fe-P, Al-P and Ca-P fractions, a single 

basal application of a water-soluble P fertiliser such as KH₂PO₄ may 

not sustain plant-available P throughout the cropping season in this 

soil type. Split applications, band placement to reduce soil–fertiliser 

contact and the use of slow-release or organically complexed P 

sources may therefore improve P-use efficiency and reduce the 

accumulation of poorly available legacy P (3, 12, 14). 

 In addition, indices such as the degree of P saturation and 
the relative proportions of labile, moderately labile and occluded P 

have been shown to be useful for assessing P availability and the 

risk of P loss to water bodies (14). Incorporating such indices into 

future field-scale studies could help translate the present 

incubation-based findings into practical, site-specific fertiliser 

recommendations for Inceptisol-dominated cropping systems. 

 The present study was conducted under controlled 

laboratory incubation conditions using a single Inceptisol; therefore, 

the findings should be interpreted cautiously when extrapolating 

them to field conditions. Although the sequential extraction method 

provides valuable information on operationally defined P pools, 

these fractions do not necessarily correspond to discrete mineral 

phases. Future studies should validate these findings under field 

conditions and investigate P transformation across different soil 

types, including Oxisols and Vertisols, using complementary 

analytical techniques.  

 

Fig. 3. Pearson’s correlation matrix showing the relationship among phosphorus fractions, indicating strong positive correlations among 
stable phosphorus pools and moderate association of moderately labile phosphorus. 
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Conclusion  

Based on the study results, the phosphorus (P) application rate and 

incubation period significantly influenced P transformation in the 

Inceptisol. Application of potassium dihydrogen phosphate 

(KH₂PO₄) increased P availability, as reflected by the higher 

concentrations of soluble P fractions, which reached their maximum 

levels on the 20th day of incubation. Subsequently, P was 

progressively transformed through fixation, adsorption and 

precipitation into less-available fractions, including iron-bound 

phosphorus (Fe-P), aluminium-bound phosphorus (Al-P), calcium- 

bound phosphorus (Ca-P) and non-labile P. These findings 

demonstrate the strong P-fixing capacity of the studied Inceptisol 

and highlight the practical need for split or slow-release P fertilisation 

strategies, timed according to crop demand, to sustain plant-

available P and improve fertiliser-use efficiency. Future research 

should validate these findings under field conditions across different 

soil types and cropping systems and evaluate integrated P 

management practices, including the use of organic amendments 

and phosphate-solubilising microorganisms, to enhance P 

availability and fertiliser-use efficiency. 
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