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Abstract
Phosphorus  (P)  fertiliser  application  significantly  influences  soil  quality  by  modifying  key  physicochemical  attributes  and 
regulating  P  dynamics,  which  are  essential  for  sustaining  nutrient  supply  and  crop  productivity.  A  field  experiment  was 
conducted from July 2021 to November 2021 using a randomised block design (RBD) comprising eleven treatments with three 
replications to evaluate the impact of different P sources and levels on soil properties and P fractions after pearl millet harvest.  
Implementation of different nutrient management practices decreased the soil pH (p = 0.001) as compared to initial value, while 
soil  electrical  conductivity  (EC)  increased  (p =  0.069).  Integrated  application  of  farmyard  manure  (FYM)  +  single  super 
phosphate (SSP) showed the highest increases in available nitrogen (N), P and sulphur (S), as well as significant increases in 
key inorganic P fractions (saloid-P (Sa-P), aluminum-phosphorus (Al-P), iron-phosphorus (Fe-P), calcium-phosphorus (Ca-P), 
total inorganic phosphorus (Tpi) and total-P) and biological yield (114.36 q ha -1) compared to control. However, application of 
FYM + di-ammonium phosphate (DAP) showed highest increase in available potassium (K) (p = 0.001).  In control  plots, 
inorganic P fractions followed the order Ca-P (66.5 %) > Fe-P (19.02 %) > Al-P (11.83 %) > Sa-P (2.61 %). Overall integrating 
7.5 t FYM ha-1 along with SSP superiorly modulates P transformation and availability in semi-arid soils compared to chemical 
fertilisers alone. These findings demonstrate that integrated nutrient management (INM) is vital for optimising P efficiency,  
restoring soil health and ensuring sustainable agricultural productivity in semi-arid regions.
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1. Introduction
Phosphorus (P) is an essential macronutrient involved in 
energy  transfer  through  ATP  synthesis,  nucleic  acid 
metabolism,  membrane  phospholipids  formation,  root 
development and overall crop productivity. However, its 
availability  in  soils  is  often limited by strong chemical 
interactions with soil  minerals,  resulting in low fertiliser 
use efficiency  (1,  2).  Phosphorus  is  among the most 
immobile  and  inaccessible  nutrients  in  soil  and  its 
deficiency  is  a  major  constraint  to  crop  growth  and 
productivity worldwide. Globally, about 5.7 billion ha of 
agricultural land are P-deficient (3). 

To overcome P deficiency, soluble phosphatic 
fertilisers  are  applied;  however,  a  large  proportion  of 
applied  P  rapidly  transforms  into  fixed  inorganic  P 

fractions through adsorption and precipitation reactions 
with  aluminium  (Al),  iron  (Fe)  and  calcium  (Ca), 
particularly in neutral to alkaline and calcareous soils (4, 
5). In addition, organic P fractions are also immobilised by 
soil microorganisms, further limiting P availability to plants 
(6). Consequently, only approximately 20 % of applied P 
is utilised by the first crop, while the remaining 80–90 % 
may remain  unutilised in  short-term and contribute  to 
residual P availability for succeeding crops (7). However, 
these  proportions  are  approximate  and  can  vary 
considerably with soil type, P source, application method, 
crop and nutrient management practices.  

The transformation and availability of P in soil 
are influenced by several factors, including soil texture, 
soil  organic  carbon  (SOC),  soil  pH,  moisture, 
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temperature, land use, cropping system, P source and 
plant uptake capacity (8). Among these, P availability is 
closely  related  to  the  amount  and  form  of  P  added 
through  organic  and  inorganic  sources  (9).  Soils 
amended with manures, rock phosphate (RP), bone meal 
and compost generally show higher P availability and dry 
matter production than those receiving only inorganic P 
sources.  Organic  amendments  improve  soil  organic 
matter, microbial diversity, P cycling and uptake, physical 
properties,  fertility  and  crop  yield  and  quality  (10). 
Furthermore, studies have shown that nearly 25 % of N, 
P and potassium (K) supplied through chemical fertilisers 
can  be  substituted  with  organic  sources  without  yield 
reduction in pearl millet. However, the limited availability 
of quality organic manure often restricts its large-scale 
adoption. 

In India, single super phosphate (SSP) and di-
ammonium  phosphate  (DAP)  are  widely  used  water-
soluble inorganic P fertilisers, but their high cost often 
limits  accessibility  for  small  farmers  (11).  Therefore, 
integrated  use  of  organic  manures  and  chemical 
fertilisers,  based  on  soil  and  crop  requirements,  is 
essential for sustaining productivity and soil health (11–
13). Combined application of manures with inorganic P 
fertilisers  significantly  improves  P  availability  and 
inorganic  P  fractions  (9).  Although FYM contains  low 
P (≈  0.22  %)  and  is  costlier  on  a  nutrient  basis,  its 
beneficial effects on soil properties compensate for the 
cost. Rock phosphate, containing 27–41 % phosphorus 
pentoxide (P₂O₅), is water-insoluble and effective mainly 
under acidic conditions; while its immediate availability is 
low,  it  has  a  strong  residual  effect.  Thus,  sole  RP 
application is less effective in neutral to alkaline soils, but 
its combined use with FYM enhances P availability and 
soil P dynamics (14, 15).

Based  on  these  previous  studies,  a 
comprehensive  evaluation  of  the  interactive  effect  of 
different P fertilisers, including SSP, DAP and RP, applied 

at  varying  P  levels  with  or  without  FYM,  on  soil 
physicochemical properties and P dynamics under the 
pearl  millet–mustard  cropping system in  the  semi-arid 
alkaline  soils  of  North-western  India  is  scarce.  In 
particular,  previous  studies  have  not  adequately 
investigated the combined effects of P source and FYM 
integration  on inorganic  P fractions  and P availability. 
Understanding these effects is essential for improving P 
use  efficiency,  reducing  P  fixation  and  developing 
sustainable  nutrient  management  strategies  for  such 
production  systems  (16).  Therefore,  in  this  study  we 
hypothesised  that  integrating  FYM  with  chemical  P 
sources  would  enhance  soil  P  availability,  reduce  P 
fixation into less soluble fractions and improve overall soil 
physico-chemical  properties  and  crop  yields  more 
effectively than applying P fertilisers alone. Therefore, the 
present  study  was  conducted  at  Hisar,  Haryana,  to 
evaluate the combined effects of different P sources and 
application levels, alone and in combination with FYM, for 
improving  soil  physico-chemical  properties,  available 
nutrient status and inorganic P fractions following pearl 
millet under a pearl millet-mustard cropping system in the 
semi-arid region of north-western India.

2. Materials and Methods
Study location and treatment details 
The  field  experiment  was  established  during  the  rabi 
season of 2020 by sowing mustard variety (RH-725) at 
the Research Farm of Department of Soil Science, CCS 
HAU, Hisar to initiate the P management treatments (T1–
T11) in the pearl millet-mustard cropping system (Table 1). 
The  present  study,  however,  reports  the  post-harvest 
data after kharif 2021 pearl millet crop grown under the 
established  experimental  treatments  (Fig.  1).  Data 
regarding  the  preceding  rabi  2020–21  mustard  crop 
served for system baseline/treatment establishment and 
are not included in the present scope. 

Table 1. Treatment details carried out during the experiment

Treatment Pearl millet (HHB 299) Mustard (RH 725)

T1 Control (no phosphorus treatment) Control (no phosphorus treatment)

T2 60 kg P ha-1 through SSP 20 kg P ha-1 through SSP

T3 60 kg P ha-1 through DAP 20 kg P ha-1 through DAP

T4 60 kg P ha-1 through RP 20 kg P ha-1 through RP

T5 60 kg P ha-1 through RP 20 kg P ha-1 through SSP

T6 60 kg P ha-1 through RP 20 kg P ha-1 through DAP

T7 7.5 t FYM ha-1 + 30 kg P ha-1 through SSP 7.5 t FYM ha-1 + 10 kg P ha-1 through SSP

T8 7.5 t FYM ha-1 + 30 kg P ha-1 through DAP 7.5 t FYM ha-1 + 10 kg P ha-1 through DAP

T9 7.5 t FYM ha-1 + 30 kg P ha-1 through RP 7.5 t FYM ha-1 + 10 kg P ha-1 through RP

T10 7.5 t FYM ha-1 + 30 kg P ha-1 through RP 7.5 t FYM ha-1 + 10 kg P ha-1 through SSP

T11 7.5 t FYM ha-1 + 30 kg P ha-1 through RP 7.5 t FYM ha-1 + 10 kg P ha-1 through DAP

SSP: single super phosphate; DAP: di-ammonium phosphate; RP: rock phosphate; FYM: farm-yard manure.
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Fig. 1. Schematic representation of the experimental timeline, crop rotation (Mustard-pearl millet), treatment application sequence 
and soil/plant sampling.

The experimental site located at 29°10' N latitude 
and 75°46' E longitude in North-west part of India (17). 
The climate of study area is semi-arid, with an average 
annual temperature of 24.8 °C and mean annual rainfall 
of 443 mm, ~ 90 % of which occurs during the southwest 
monsoon  (June–September)  (17,  18).  During  crop 
duration (kharif 2021), mean maximum temperature was 
about 33–38 °C, mean minimum temperature 24–27 °C, 
with  mean  seasonal  rainfall  450–500  mm,  relative 
humidity ranged from 45–90 %; sunshine hours varied 
from 4–9 h day-1 as shown in Fig. 2 (19).  The soil was 
sandy loam in texture with 65 % sand, 20 % silt and 15 % 
clay. Initial  soil  pH1:2 7.98, EC1:2 0.31 dS m-1 and soil 
organic carbon (SOC) as 0.45%. Soil available nutrients 

were 134.0, 12.27, 420.0 and 36.10 mg kg-1 as N, P, K 
and S, respectively (20). 

The  experiment  comprised  a  total  of  11 
treatments, with three replications each, arranged in a 
randomised block design (RBD). Single superphosphate 
(SSP), DAP and RP were applied either individually or in 
combination with FYM. Treatment details for pearl millet-
mustard cropping system are summarised in Table 1. 
Notably, treatments T4,  T5,  T6  and T9,  T10,  T11  receive 
identical direct P treatment applications during pearl millet 
phase. These treatments differ solely in the source of P 
applied during the preceding mustard phase (SSP, DAP 
and RP). Consequently, any observed differences among 
T4–T5 and T9–T11 in pearl millet reflect the residual effects 
of preceding mustard phase P treatment.

Fig. 2. Mean monthly weather data during experimental study (kharif 2021).
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After field preparation, pearl millet variety HHB 
299 was sown in  kharif 2021 at the onset of monsoon 
during first week of July, using a row spacing of 45 cm 
and plant-to-plant spacing of 10–15 cm. A seed rate of 
4 kg ha-1 was used and seedlings were thinned at 15–20 
days after sowing (DAS) to maintain the desired plant 
population. The recommended dose of fertilisers (RDF) 
applied was 60 kg N and 60 kg P ha-1. Farmyard manure 
(dry weight  basis)  having pH1:5 7.4,  EC1:5 2.1 dS m-1, 
organic carbon 24.5 % with a C : N ratio 21 : 1  was 
incorporated before sowing pearl millet. The entire dose 
of P was applied as a basal application at the time of 
sowing. Nitrogen (N) was applied through urea in two 
equal splits, with 50 % applied as a basal dose at sowing 
and the remaining 50 % top-dressed at 25–30 DAS in all 
the treatments except control.  The crop was primarily 
grown  under  rainfed  conditions;  however,  two 
supplemental irrigations were applied during prolonged 
dry  spells,  at  tillering  and flowering  to  avoid  moisture 
stress. Other intercultural operations including thinning, 
hand weeding and plant protection measures were also 
carried out timely. This study showed the data of pearl 
millet (Pennisetum glaucum L.) crop. 

The  crop  was  harvested  manually  at 
physiological maturity at about 2–3 cm above the ground 
level in the month of November, 2021. Grain and straw 
yield of pearl millet were recorded at harvest following the 
standard  procedures.  The  agronomic  yield  data  have 
been  reported  and  discussed  in  detail  in  companion 
publication (20). In the present study, biological yield was 
calculated as the sum of grain and straw yield for each 
treatment and expressed on hectare basis (q ha-1). 

Soil samples were collected following the pearl 
millet crop harvest from the treatment plots (Table 1).

Sample collection, preparation and analysis
Soil  sampling (0–15  cm) was carried out  in individual 
plots  using  an  auger  after  pearl  millet  harvest  in 
November  2021.  One representative  soil  sample  was 
collected from each plot across 11 treatments and three 
replications (a total of 33 samples) to evaluate the effects 
of  different  nutrient  management  practices  on  soil  P 
dynamics and related soil properties. The collected  soil 
samples were air dried, crushed with a wooden roller and 
sieved (2 mm sieve) in laboratory for further analysis (21). 
Potentiometric method proposed by Jackson which was 
used to determine soil pH (1 : 2 soil : water). Soil EC was 
determined  with  glass  electrode  using  conductometric 
method (22).

         Available N content of soil samples was estimated 
by Kjeldahl-distillation method (23). The soil was treated 
with  0.32  %  potassium  permanganate  (KMnO4)  and 
2.5  %  sodium  hydroxide  (NaOH)  solution.  Ammonia 
liberated on oxidation was absorbed in standard boric 
acid solution and excess was treated with standard alkali. 

          The sodium bicarbonate (NaHCO3) extraction and 
colourimetry method was used to determine the available 
P content in soil sample (24). The soil was extracted with 
0.5M NaHCO3  solution in presence of Darco G-60. After 

filtration, the aliquot was treated with 1.5 % ammonium 
molybdate solution and reducing agent (SnCl2). Reduction 
of  heteropoly  complexes  imparts  the  blue  colour  and 
intensity was measured at 660 nm on spectrophotometer.

        Available K content in soil sample was determined by 
using the method of Jackson (22). The soil was extracted 
with 1N ammonium acetate (CH₃COONH₄) solution for 5 
min. Available K in the filtrate was measured using flame 
photometer. 

           Available S content in soil was measured following 
the method outlined by Chesnin and Yien (25). The soil 
was  treated  with  0.15  %  calcium  chloride  dihydrate 
(CaCl2.2H2O) solution for 30 min. The soluble sulphates 
get precipitated when mixed with barium chloride (BaCl2) 
in presence of gum acacia. The turbidity produced was 
measured at 420 nm on visible spectrophotometer. 

Inorganic  P  fractions  viz.,  saloid-P  (Sa-p), 
aluminium-P (Al-P),  iron-P (Fe-P),  calcium-P (Ca-P) in 
soil samples were determined by following the method 
outlined  by  Chesnin  and  Yien  (26) and  modified  by 
Peterson and Corey (27) as give below:

Saloid- P

One g of soil and 50 mL 1M NH4Cl was shaken in a 
100 mL centrifuge tube for 30 min and centrifuged at 
2000 rpm for 10 min. The supernatant was filtered and 
then  5  mL  of  aliquot  was  pipetted  out  into  25  mL 
volumetric flask and 5 mL of ammonium molybdate was 
added.  Then,  1  mL  of  chlorostannous  reductant 
(SnCl2.2H2O) solution was added and final volume was 
made with distilled water. The intensity of blue colour was 
measured  at  660  nm  wavelength  using  visible 
spectrophotometer.

Aluminium- P

Fifty mL of NH4F (pH 8.2) was added to residual soil of 
saloid P. The suspension was shaken for an hour and 
centrifuged for 10 min (2000 rpm). The supernatant was 
decanted in volumetric flask and used for Al-P analysis. 
Three mL of aliquot was taken into the volumetric flask 
and chloromolybdic boric acid solution (3 mL) was added 
to  it.  Then  chlorostannous  reductant  was  added  and 
intensity of blue colour was measured at 660 nm within 
15 min of adding chlorostannous reductant.

Iron- P

The residual soil from Al-P was washed twice with 25 mL 
portions of saturated NaCl and centrifuged at 2000 rpm 
for 10 min. The supernatant solution was discarded and 
soil residue was shaken for 17 hr after addition of 50 mL 
0.1N NaOH and then centrifuged at 2000 rpm for 5 min. 
The  supernatant  solution  was  decanted  in  50  mL 
volumetric flasks. Five to six drops of sulphuric acid were 
added  and  flask  was  swirled  so  that  organic  matter 
flocculates.  Then  supernatant  was  discarded  in 
volumetric flask and used for Fe-P analysis. Three mL of 
aliquot  was  taken  into  the  volumetric  flask  and 
chloromolybdic boric acid solution (3 mL) was added to it. 
Then chlorostannous reductant was added and intensity 
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of blue colour was measured at 660 nm within 15 min of 
adding chlorostannous reductant.

Calcium- P

The Fe-P soil  residue was washed twice with 25 mL 
portion  of  saturated  NaCl  and  centrifuged.  The 
supernatant solution was discarded and soil residue was 
shaken for 1 hr after addition of 50 mL 0.5N H2SO4 and 
then centrifuged at  2000  rpm for  10  min.   Then the 
supernatant liquid was analysed for Ca-P. Three mL of 
aliquot  was  taken  into  the  volumetric  flask  and 
chloromolybdic boric acid solution (3 mL) was added to it. 
Then chlorostannous reductant was added and intensity 
of blue colour was measured at 660 nm within 15 min of 
adding chlorostannous reductant. 

Total- P

Total  P  was  determined  using  the  perchloric  acid 
digestion method (22). One gram soil was digested in 
diacid mixture of nitric acid (HNO3) and perchloric acid 
(HClO4)  and  determined  using  vanado-molybdo 
phosphoric yellow colour method (28).

Statistical analysis
Experimental  data  were  analysed  using  the  online 
statistical software OPSTAT (29), with critical difference 
(CD)  values  calculated  at  the  5  %  significance  level 
(α = 0.05).  Standard error (Sem ±) was determined by 
following equation:

Graphs and correlation matrices were generated using 
SRplot  (30).  Principal  component  analysis  (PCA)  was 
also performed using SRplot to evaluate the relationships 
among  soil  properties  and  treatment  differences  (30). 
Although,  Kaiser  criterion  considers  component  with 
eigenvalues > 1.0, PC2 (eigenvalue < 1.0) was retained 
alongside PC1 to facilitate 2D biplot visualisation, enable 

two-dimensional  (2D)  graphical  representation  of 
treatment separation and account for cumulative variance 
exceeding 90 %, also reported previously (31, 32).

3. Results and Discussion
Soil pH and electrical conductivity
Soil  pH  decreased  under  all  nutrient  management 
practices compared to the initial value (7.98), with values 
ranging from 7.72–7.95 (Fig. 3), as reported previously 
(33, 34). This pH decline may result from acidity caused 
by residual  effects of  P fertilisers from previous crops 
(35). The highest pH was observed in the control (T1), 
while the lowest pH was recorded with 7.5 t FYM ha-1 + 
half  recommended  dose  of  P  through  SSP  (T7). 
Application of full recommended dose of P through SSP, 
DAP  and  RP  reduced  soil  pH  compared  to  control; 
however, the reduction was significant only with SSP and 
DAP  (p =  0.001).  The  full  recommended  dose  of  P 
applied as SSP resulted in lower pH (7.83) than DAP 
(7.85)  and  RP  (7.91),  though  differences  among  P 
sources were non-significant (p > 0.05) (35). The lower 
pH with SSP is due to H  release in soil solution and⁺  
formation of H₂PO₄ , which acidifies the soil  (8). Rock⁻  
phosphate (RP) application resulted in higher soil pH than 
DAP or SSP, potentially due to its higher Ca content (35). 
Integrated application of FYM + half recommended dose 
of P through SSP, DAP and RP further reduced soil pH to 
7.72,  7.76  and  7.77,  respectively,  compared  to  their 
corresponding full recommended dose of P treatments 
(7.83, 7.85 and 7.91). This reduction was significant with 
SSP (T7) and RP (T9) only (p = 0.001). Similar to sole P 
application, SSP combined with FYM produced lower soil 
pH than DAP and RP. Increased SOM in 7.5 t FYM ha-1 

with  P  fertilisers  plots  enhance  microbial  biomass, 
promoting  SOM  decomposition  and  H  release  that⁺  
lowers soil pH, reported previously (10). 

Fig. 3.  Effect of different levels and sources of phosphorus on soil pH and EC. (Treatments T 1–T11 as in Table 1); vertical bars 
represent standard error of mean (SEm ±);  SEm ± for soil pH and EC was 0.03 and 0.04, respectively; critical difference (CD) 
(p ≤ 0.05) = 0.10 (pH), 0.11 (EC). 

SEm ± = CD
√2 × t0.05
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A  general  trend  of  increasing  soil  EC  was 
observed  due  to  higher  soluble  salt  concentration  as 
reported  previously  (34).  Soil  EC  ranged  from 
0.33–0.56 dS m-1 (Fig. 3) and increased in all nutrient 
treatments  over  the  initial  value  (0.31  dS  m-1).  The 
highest EC was recorded with FYM + half recommended 
dose of P through SSP (T7: 0.56 dS m-1), while the lowest 
occurred in the control (T1: 0.33 dS m-1). Increased EC is 
attributed to salt addition from fertilisers and solubilisation 
of  native  minerals  due  to  lower  pH.  Moreover, 
decomposition  of  FYM  releases  soluble  organic 
compounds and nutrient ions into the soil solution, while 
organic  ligands formed during decomposition enhance 
mineral  weathering  and  nutrient  release,  as  reported 
previously  (10).  These  processes  increase  the 
concentration of dissolved ions, contributing to higher EC. 
Application of full  recommended dose of P through P 
fertilisers (0.45, 0.43 and 0.41 dS m-1 for SSP, DAP and 
RP,  respectively)  increased  EC  over  control 
(0.33 dS m-1), but the increase was significant only with 
SSP (0.45 dS m-1) (p = 0.069). Full recommended dose 
of P through SSP resulted in higher EC than DAP and 
RP,  though  differences  among  P  sources  were  non-
significant (p > 0.05) (33).  In contrast to our study, a 
previous study, reported lower EC with SSP compared to 
other P fertilisers (36). Application of 7.5 t FYM ha-1 + half 
recommended dose of  P through SSP, DAP and RP 
increased EC to 0.56, 0.51 and 0.47 dS m-1, respectively, 
with  significant  increases  over  control  except  T11 

(p = 0.069). It may be due to FYM with P fertilisers can 
accelerate dissolution of sparingly soluble salts, thereby 
increasing  EC  (12).  Among  P  sources,  FYM +  SSP 
recorded the highest EC, followed by FYM + DAP and 
FYM + RP. FYM + half recommended dose of P through 
SSP significantly increased EC over full recommended 
dose of P through SSP, whereas FYM combined with 
DAP or RP showed non-significant effects compared to 
their respective full RDF treatments.

Available nutrients (N, P, K and S)
Post-harvest  available  N  ranged  from  133.11–171.32 
kg ha-1.  All  nutrient  management  treatments improved 
soil N over the initial value, except control (T1) (Fig. 4), 
similar to previous findings (33, 34, 37–39). The highest N 
was recorded with 7.5 t FYM ha-1 + half RDF P through 
SSP (T7: 171.32 kg ha-1), while the lowest was in control. 
Application of the full recommended dose of P through P 
fertilisers (154.22, 151.21 and 145.80 kg ha-1 for SSP, 
DAP and RP, respectively) increased available N over 
control (133.11 kg ha-1). The effect was significant for all 
treatments  except  T4;  however,  differences  among  P 
sources  were  non-significant  (p =  0.082)  (40).  Rock 
phosphate resulted in lower available N than DAP and 
SSP,  consistent  with  earlier  findings  (36,  41–43). 
Similarly,  application  of  7.5  t  FYM  ha-1 +  half 
recommended dose of  P through SSP, DAP and RP 
increased available N over control (p < 0.001). Available 
N content in soil was found higher with the application of 
FYM  with  SSP  (171.32  kg  ha-1)  as  compared  to 
application of  FYM with  DAP (166.11 kg ha-1)  or  RP 
(163.40 kg ha-1), however, the effect was non-significant 
(p = 0.145). The improvement in nutrient availability was 
mainly due to the release of N during decomposition of 
organic  manures.  Integrated  FYM  +  half  RDF  of  P 
through fertilisers significantly increased available N over 
recommended  dose  of  P  through  fertilisers  alone 
(p  =  0.001)  also  reported  previously  (42,  44,  45). 
Farmyard  manure  combined  with  SSP,  DAP and RP 
increased N by 11.08, 9.85 and 12.07 %, respectively, 
over their corresponding full RDF treatments. Treatments 
T10 and T11 increased available N by 6.56 and 10.79 % 
over T5 and T6, respectively. Higher available N resulted 
from mineralisation of native and organic N, supported by 
increased  microbial  activity  that  converts  organically 
bound N into inorganic forms (12). 

Fig. 4.  Effect of different levels and sources of phosphorus on soil available nutrients (N, P, K and S) (Treatments T 1–T11 as in 
Table 1); vertical bars represent standard error of mean (SEm ±); SEm ± for available N, P, K and S were 4.65, 0.56, 5.25 and 0.70, 
respectively; critical difference (CD) (p ≤ 0.05) for available N, P, K and S were 13.71, 1.66, 15.50 and 2.05, respectively. Depictions: 
Av N (available nitrogen); Av P (available phosphorus); Av K (available potassium); Av S (available sulphur).
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Available P content in soil ranged from 12.77–
21.93 kg ha-1, with all treatments increasing P over the 
initial  value  (12.27  kg  ha-1)  (Fig.  4),  also  reported 
previously (34, 37–40). The increase in available P was 
attributed  to  phosphatic  fertiliser  application,  which 
enhanced soil acidity and thereby increased solubility and 
availability of native P (33, 34). The highest available P 
was recorded with the application of 7.5 t FYM ha-1 along 
with half of recommended dose of P through SSP T7 

(21.93 kg ha-1) and the lowest in control (12.77 kg ha-1) 
(T1).  Organic  matter  influences  P  sorption-desorption 
equilibria  by  blocking  adsorption  sites  and  forming 
complexes with Fe and Al, thereby reducing P fixation 
and facilitating greater P availability, reported previously 
(41).  Further  results  showed  that,  application  of 
recommended  P  dose  through  RP  resulted  in  lower 
available P compared to DAP and SSP, also reported 
previously (43, 44). Full recommended dose of P through 
SSP, DAP and RP increased available P by 32.41, 31.55 
and  20.10  %,  respectively,  over  control,  with  non-
significant differences among sources (p > 0.05) (42). 
Single super phosphate (SSP) resulted in slightly higher 
available P (16.91 kg ha-1) than DAP (16.80 kg ha-1) and 
RP (15.34 kg ha-1) as also reported previously (36, 42–
44). Further, application of FYM along with P fertilisers 
(SSP, DAP and RP) increased available P over control. 
Incorporation of FYM along with P through SSP showed 
higher available P content (21.93 kg ha-1) as compared to 
application of FYM along with RP (20.53 kg ha-1) or DAP 
(19.86 kg ha-1). This effect was significant for T7, T10 and 
T11 over T8 (p < 0.001) and non-significant for T9 over T8 

treatment (p > 0.05). FYM + half recommended dose of P 
through  fertilisers  significantly  enhanced  P  over  full 
recommended dose of P through fertilisers also reported 
earlier (41, 45). Compared to full recommended dose of 
P through fertilisers, application of FYM + SSP, DAP and 
RP increased available P by 39.31, 18.21 and 33.83 %, 
respectively. Treatments T10 and T11 increased available 
P by 37.78 and 38.19 % over T5 and T6, respectively.

Available K in soil  varied from 423.82–463.32 
kg ha-1, with all treatments improving K over the initial 
value (420 kg ha-1) (Fig. 4), consistent with earlier findings 
(36, 37, 39). The highest available K was recorded with 
FYM + half recommended dose of P through DAP (T8) 
and the lowest in control (T1). Full recommended dose of 
P through SSP, DAP and RP increased K by 5.84, 5.56 
and 1.41 %, respectively,  over control,  with significant 
effects  in  T2 and  T3 only  (p =  0.001)  (42).  Rock 
phosphate showed lower available K (429.81 kg ha-1) 
than DAP (447.42 kg ha-1) and SSP (448.61 kg ha-1) 
which  is  consistent  with  previous  findings  (42,  43). 
Addition of FYM along with half of recommended dose of 
P  through  DAP  showed  higher  available  K  content 
(463.32 kg ha-1) as compared to application of FYM along 
with  half  of  recommended  dose  of  P  through  SSP 
(458.81 kg ha-1) or RP (440.41 kg ha-1). The improvement 
in nutrient availability was mainly due to the release of K 
during  decomposition  of  organic  manures.  Farmyard 
manure (FYM) + half recommended dose of P through 
DAP significantly  increased K  over  full  recommended 
dose of P through DAP (p = 0.001), while effects with 

SSP  and  RP  were  non-significant  (p >  0.05),  also 
reported previously (42, 45). Farmyard manure (FYM) + 
SSP, DAP and RP increased available K by 2.27, 3.55 
and 7.79 %, respectively, over their corresponding full 
recommended P doses in both crops, respectively.

Soil available S ranged from 37.41–46.28 kg ha-1 

(Fig. 4), also reported earlier (39, 40). The highest and 
the  lowest  available  S  content  was  recorded  with 
application of FYM along with P through SSP (T7) and in 
control  plots  (T1),  respectively.  Incorporation  of  full 
recommended dose of  P through SSP, DAP and RP 
increased  available  S  by  16.33,  10.58  and  4.03  %, 
respectively,  over  control;  the  effect  was  significant 
except  RP  (T4)  only  (p >  0.05)  (42).  Single  super 
phosphate (SSP) resulted in significantly higher available 
S (43.52  kg  ha-1)  than DAP (41.37 kg  ha-1)  and RP 
(38.92  kg  ha-1)  (p <  0.001),  similarly  also  reported 
previously (44, 45). Addition of 7.5 t FYM ha-1 along with 
half  of  recommended  dose  of  P  through  P  fertilisers 
(46.28, 42.53 and 40.67 kg ha-1  for SSP, DAP and RP, 
respectively) increased available S content in soil over 
control (p < 0.001). Incorporation of FYM along with SSP 
showed  significantly  higher  available  S  content  as 
compared to application of FYM along with DAP or RP 
(p < 0.001). The improvement in nutrient availability was 
mainly due to the release of S during decomposition of 
organic  manures.  Farmyard  manure  (FYM)  +  half 
recommended  dose  of  P  through  SSP  significantly 
increased  available  S  content  over  full  recommended 
dose of P through SSP, while increases with DAP and 
RP  were  non-significant  (p >  0.05)  also  reported 
previously (42, 44, 45). Application of FYM + SSP, DAP 
and RP increased available S by 6.34, 2.80 and 4.49 %, 
respectively, over full recommended dose of P through 
SSP, DAP and RP treatments. Treatments T10 and T11 

increased available S by 6.56 and 11.72 % over T5 and 
T6, respectively. Increased available S content in soil was 
attributed to improved biomass production and direct S 
addition through FYM (13).

Phosphorus fractions (Inorganic)
Inorganic  P  fractionation  is  an  effective  approach  to 
understand inter-conversions among different inorganic P 
forms in soil systems (16). These fractions differ markedly 
in bioavailability and chemical behaviour, particularly in 
sodic  soils.  Application  of  P  fertilisers  increased  all 
inorganic P fractions, also reported previously (2, 36, 37, 
46). The lowest inorganic P fractions under control were 
attributed  to  continuous  cultivation  without  organic  or 
inorganic P inputs, leading to depletion of soil P reserves. 
Results showed that, inorganic P fractions under various 
treatments  ranged  as;  Sa-P  (4.79–11.31  ppm),  Al-P 
(21.71–48.12 ppm), Fe-P (34.91–58.21 ppm) and Ca-P 
(122.11–185.42 ppm) and were highest  recorded with 
7.5 t FYM ha-1 along with half of the recommended dose 
of P through SSP (T7), while the lowest was observed in 
the control (T1) (Fig. 5). Among all inorganic P fractions, 
Sa-P is loosely bound and readily available to plants, 
contributing  directly  to  plant-available  P.  Aluminium-
bound P (Al-P) is a labile fraction; its availability increases 
when inorganic P is applied with FYM due to reduced 
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fixation and chelation effects that keep P in solution and 
limit its transformation into non-labile forms (45). Similarly, 
Sa-P and Al-P are key inorganic P forms contributing to 
biological yield and P uptake (46). Applied soil P often 
reacts with sesquioxides to form Al-P and Fe-P (45, 47). 
Addition of  full  recommended dose of P through SSP, 
DAP and RP increased Sa-P (8.21, 8.08 and 6.22 ppm), 
Al-P (33.52, 33.30 and 26.61 ppm), Fe-P (51.41, 49.82 
and  38.40 ppm)  and  Ca-P  (148.42,  138.62  and 
128.61 ppm)  over  control;  with  significant  increases 
observed in all treatments except T4 for Sa-P (p < 0.001). 
Incorporation of  full  recommended dose of  P through 
SSP showed higher inorganic P fractions (Sa-P, Al-P, Fe-
P and Ca-P) due to its high solubility and rapid phosphate 
release (45) in soil followed by DAP and RP; although 
effect  varied  significantly  among  the  various  fertilisers 
(p < 0.001). Higher P levels under nutrient management 
practices resulted from continuous phosphatic  fertiliser 
application and subsequent transformation into different 
inorganic  forms  (Sa-P,  Al-P,  Fe-P  and  Ca-P)  (48). 
Integration of 7.5 t FYM ha-1 with half the recommended 
P dose further significantly enhanced these fractions: Sa-
P (11.31, 8.91 and 9.06 ppm with SSP, DAP and RP, 
respectively),  Al-P  (48.12,  33.90  and  34.91  ppm with 
SSP, DAP and RP, respectively), Fe-P (58.21, 51.62 and 
52.02 ppm with SSP, DAP and RP, respectively) and 
Ca-P (185.42, 150.52 and 153.41 ppm with SSP, DAP 
and  RP,  respectively)  over  control  (p  <  0.001), 

corroborating with previous findings (45,  47,  48).  This 
increase was attributed to  complex formation,  organic 
acid  release  during  FYM decomposition,  enhanced P 
solubilisation and transformation into Fe- and Ca-bound P 
forms  (41).  Farmyard  manure  combined  with  half  P 
through SSP produced significantly higher inorganic P 
fractions than combinations with RP or DAP (p < 0.001). 
Application of FYM with half the recommended P through 
SSP  or  RP  significantly  increased  Sa-P  and  Al-P 
compared to the full recommended dose of P through 
SSP or RP, whereas the increase with FYM plus DAP 
was  non-significant  over  full-dose  of  P  through  DAP. 
Farmyard manure combined with half-dose DAP and RP 
significantly increased Fe-P compared to their respective 
full-dose treatments, while the increase with SSP was 
non-significant (p = 0.128). However, all FYM plus half-
dose P treatments significantly increased Ca-P compared 
to their respective full-dose P applications (p < 0.001). 
The  soil  inorganic  P  fractions  followed  the  order  Ca-
P > Fe-P > Al-P > Sa-P. Inorganic P constituted 63 % of 
the total-P in soil, with Ca-P being the dominant fraction, 
followed by Fe-P, Al-P and saloid P (2). Calcium-bound P 
(Ca-P)  was the dominant  inorganic  fraction across all 
treatments, likely due to the calcareous nature of the soil 
and transformation of applied P into Ca-P in the presence 
of amorphous calcium carbonate (CaCO₃), as reported 
previously (46).

Fig. 5. Effect of different levels and sources of phosphorus on soil inorganic P fractions (Sa-P, Al-P, Fe-P and Ca-P) (Treatments T1–
T11 as in Table 1); vertical bars represent standard error of mean (SEm ±); SEm ± for Sa-P, Al-P, Fe-P and Ca-P were 0.61, 0.98, 
0.88 and 2.01, respectively; critical difference (CD) (p ≤ 0.05) = 1.80 (Sa-P), 2.88 (Al-P), 2.59 (Fe-P) and 5.93 (Ca-P). Depictions: 
Sa-P (saloid- phosphorus); Al-P (aluminium- phosphorus); Fe-P (iron- phosphorus); Ca-P (calcium- phosphorus).
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Inorganic P pool is the major sink for applied P 
fertiliser  was also  reported  previously  (45).  Total 
inorganic phosphorus (Tpi) content in soil ranged from 
183.52–303.06  ppm  across  treatments  (Fig.  6).  The 
highest Tpi was observed with 7.5 t FYM ha-1 combined 
with half recommended P through SSP, while the lowest 
found in  the control.  Full  recommended P application 
through SSP, DAP and RP significantly increased Tpi to 
241.56,  229.82  and  199.84  ppm,  respectively,  over 
control (183.52 ppm) (p < 0.001). Integration of FYM with 
half-dose P further increased TPi to 303.06, 244.95 and 
249.40  ppm  with  SSP,  DAP  and  RP,  respectively. 
Farmyard manure with half-dose SSP resulted in higher 
Tpi than FYM with RP or DAP. The higher Tpi with SSP 
may be related to the greater solubility of SSP, which 
supplies readily available phosphate that can interact with 
FYM-derived organic ligands, reducing immediate fixation 
and  enhancing  P  retention  in  soil.  Farmyard  manure 
combined with half-dose of P through SSP, DAP and RP 
significantly increased Tpi over their respective full-dose 
treatments (p < 0.001). This increase can be attributed to 
enhanced P retention and transformation processes in 
soil. Application of FYM stimulates microbial activity and 
extracellular  enzyme  production,  which  promotes 
mineralisation of organic P compounds and increases the 
availability  of  phosphate  ions  for  subsequent 
transformation  into  inorganic  pools.  Overall,  full 
recommended P application through SSP, DAP and RP 
increased Tpi by 31.62, 25.23 and 8.89 %, respectively, 
over  control.  Similarly,  half  recommended  P  through 
SSP, DAP and RP along with 7.5 t FYM ha-1 increased 
Tpi by 65.14, 33.47 and             33.90 %, respectively, 
over control. 

Total phosphorus 
Total P content in soil ranged from 242.42–344.52 ppm 
under  different  treatments  (Fig.  6).  All  nutrient 
management  practices  significantly  increased  total-P 
compared to the control, also reported previously (36–
38),  as  phosphatic  fertilisers  enhance  soil  acidity, 
favouring  solubility  and  availability  of  native  P.  The 
highest  total-P  (344.52 ppm)  was  recorded  with 
7.5 t FYM ha-1 combined with half recommended P dose 
through  SSP,  while  the  lowest  was  in  the  control 
(242.42 ppm). Full recommended P through SSP, DAP 
and  RP  increased  total-P  to  292.52,  286.21  and 
259.11 ppm, respectively, with SSP showed significantly 
higher total-P than DAP and RP (p < 0.001), due to high 
solubility  of  SSP  and  immediate  phosphate  release, 
although, previous study reported (46) higher total-P in 
DAP-treated plots compared to SSP and RP. Integration 
of FYM with half-dose of P further increased total-P to 
344.52, 303.71 and 304.91 ppm with SSP, DAP and RP, 
respectively over control also reported earlier (43, 49, 50), 
attributed  to  organic  matter  decomposition  and 
replacement  of  phosphate  ions  by  humate  ions  (40). 
Farmyard  manure  (FYM) + half-dose  SSP  produced 
significantly  higher  total-P  than  FYM + DAP  or  RP 
(p < 0.001). Application of FYM along with SSP, DAP, or 
RP  significantly  increased  total-P  compared  to  the 
respective  full  recommended  P  doses  (p <  0.001). 
Overall, full recommended P through SSP, DAP and RP 
increased  total-P  by  20.66,  18.06  and  6.88  %  over 
control, whereas half recommended P through SSP, DAP 
and RP combined with 7.5 t FYM ha-1 increased total-P 
by 42.11, 25.28 and 25.77 %, respectively, over control. 

Fig. 6. Effect of different levels and sources of phosphorus (P) on total inorganic P (Tpi) and Total-P content in soil (Treatments T 1–
T11 as  in  Table  1);  vertical  bars  represent  standard error  of  mean (SEm  ±);  SEm  ± for  Tpi  and Total-P were 2.24 and 3.76 
respectively; critical difference (CD) (p ≤ 0.05) = 6.60 (Tpi), 11.08 (Total-P). Depictions: Tpi (total inorganic phosphorus); CD (critical  
difference); SEm ± (standard error of mean).
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Biological yield
Biological yield of pearl millet varied from 74.6–114.36 
q ha-1 (Fig. 7), as agronomic yield data reported earlier 
(20). The highest biological yield was recorded with FYM 
+ half recommended dose of P through SSP (T7) and the 
lowest  in  control  (T1).  Full  recommended  dose  of  P 
through  SSP,  DAP  and  RP  significantly  increased 
biological  yield  by  39.44,  32.92  and  23.11  %, 
respectively, over control, (p < 0.001). Rock phosphate 
showed lower biological yield (91.84 q ha-1) than DAP 
(99.16 q ha-1) and SSP (104.02 q ha-1) which is consistent 
with previous findings (18, 20). Addition of FYM along 
with  half  of  recommended  dose  of  P  through  SSP 
showed higher biological yield (114.36 q ha-1) followed by 
application of FYM along with half of recommended dose 
of P through RP (112.18 q ha-1) and DAP (106.92 q ha-1). 
The improvement in biological yield was mainly due to the 
release of more nutrients during decomposition of organic 
manures.  Farmyard  manure  (FYM)  +  recommended 
dose  of  P  through  SSP,  DAP  and  RP  significantly 
increased biological yield by 9.94, 7.83 and 22.15 % over 
full recommended dose of P through SSP, DAP and RP 
(p <  0.001)  also  reported  previously.  However, 
application  of  FYM  +  SSP,  DAP  and  RP  increased 
biological yield by 53.3, 43.32 and 50.38 %, respectively, 
over control.

Correlation matrix and principal component analysis 
The correlation analysis revealed strong and significant 
associations  among  soil  pH,  nutrient  availability,  P 

fractions  and  biological  yield  (Fig.  8;  Table  2),  also 
reported  previously  (50).  Soil  pH  was  negatively 
correlated with EC, available N, P, K and S, as well as 
with  all  measured  P  fractions  and  biological  yield, 
indicating that  increasing soil  pH was associated with 
reduced nutrient availability and P fractions. In contrast, 
EC showed positive relationships with nutrient availability, 
P fractions, total P and biological yield. Available N, P, K 
and S were generally positively associated with the P 
fractions and biological yield, with available N showing 
particularly strong relationships with available P (r = 0.94), 
total  inorganic  P  (r =  0.91),  total  P  (r =  0.89)  and 
biological yield (r = 0.96; p < 0.001). The P fractions were 
strongly interrelated, suggesting coordinated changes in 
soil  P  pools;  notably,  Ca-P  and  TPi  showed  an 
exceptionally  strong correlation (r = 0.99,  p < 0.001). 
Overall,  biological  yield  was positively  associated with 
nutrient  availability  and  P  fractions,  whereas  soil  pH 
exhibited a strong negative relationship with  biological 
yield (r = -0.92).  The complete correlation matrix  and 
significance levels are presented in Table 2. The strong 
responsiveness of inorganic P fractions to total P that 
observed  during  study,  underscores  their  key  role  in 
regulating P availability. In this study, soil organic matter 
decomposition with the application of P fertilisers (both 
organic and inorganic sources) was the major factor that 
influenced the SOC and labile P that increased overall 
available  P  and  its  fractions  (41).  Further,  the  well-
correlated attributes were used to generate a minimum 
data set (MDS) using PCA for soil quality assessment 
(Fig. 9, Table 3). 

Fig. 7.  Effect of different levels and sources of phosphorus on biological yield (Treatments T1–T11 as in Table 1); vertical bars 
represent standard error of mean (SEm ±);  SEm ± = 1.80 and critical difference (CD) (p ≤ 0.05) = 5.32 for biological yield.
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Fig. 8. Correlation matrix depicting relationship among soil physico-chemical properties and P fractions. Depictions: Av N (available  
nitrogen);  Av P (available phosphorus);  Av K (available potassium);  Av S (available sulphur);  Sa-P (saloid-  phosphorus);  Al-P  
(aluminium- phosphorus); Fe-P (iron- phosphorus); Ca-P (calcium- phosphorus); Tpi (total inorganic phosphorus). 

Table 2. Correlation matrix depicting relationship among soil physico-chemical properties and phosphorus fractions

pH EC Avl N Avl P Avl K Avl S Sa-P Al-P Fe-P Ca-P TPi Tot-P Biological yield

pH 1

EC -0.96** 1

Avl N -0.93** 0.91** 1

Avl P -0.82* 0.77* 0.94** 1

Avl K -0.86** 0.87** 0.85** 0.75* 1

Avl S -0.71* 0.74* 0.83* 0.83* 0.78* 1

Sa-P -0.86** 0.82* 0.90** 0.94** 0.82* 0.89** 1

Al-P -0.76* 0.76* 0.88** 0.93** 0.75* 0.94** 0.96** 1

Fe-P -0.84** 0.78* 0.91** 0.91** 0.81* 0.90** 0.94** 0.92** 1

Ca-P -0.82* 0.80* 0.87** 0.92** 0.77* 0.85** 0.97** 0.97** 0.89** 1

TPi -0.84** 0.81* 0.91** 0.94** 0.83* 0.85** 0.98** 0.98** 0.94** 0.99**    1

Tot-P -0.74* 0.71* 0.89** 0.97** 0.74* 0.91** 0.95** 0.98** 0.94** 0.95** 0.97**    1

Biological yield -0.92* 0.89* 0.96* 0.90* 0.80* 0.80* 0.91* 0.84* 0.93* 0.84* 0.88* 0.84* 1

Avl  N:  available  nitrogen;  Avl  P:  available  phosphorus;  Avl  K:  available  potassium;  Avl  S:  available  sulphur;  Sa-P:  Saloid 
phosphorus; Al-P: Aluminium phosphorus; Fe-P: Iron-phosphorus; Ca-P: Calcium-phosphorus; TPi: Total inorganic phosphorus; Tot-
P: Total-phosphorus.**Correlation is significant at p < 0.01 level; * Correlation is significant at p < 0.05 level.
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Fig. 9. Biplot of soil physico-chemical properties and phosphorus fractions.

Table 3. Principal component analysis of soil physico-chemical 
properties and phosphorus fractions; bold and underline values 
indicated high loading in principal component

Statistics PC1 PC2

Total 11.50 0.75

% of variance 88.46 5.75

Cumulative % 88.46 94.21

Eigenvector

pH -0.267 0.450

EC 0.261 -0.485

Avl N 0.284 -0.180

Avl P 0.281 0.140

Avl K 0.255 -0.349

Avl S 0.270 0.263

Sa-P 0.288 0.103

Al-P 0.282 0.303

Fe-P 0.284 0.088

Ca-P 0.283 0.168

Tpi 0.289 0.182

Tot-P 0.281 0.326

Biological yield 0.278 -0.202

Avl N: available nitrogen; Avl P: available phosphorus; Avl K: 
available  potassium;  Avl  S:  available  sulphur;  EC:  electrical 
conductivity;  Sa-P:  Saloid  phosphorus;  Al-P:  Aluminium 
phosphorus; Fe-P: Iron-phosphorus; Ca-P: Calcium-phosphorus; 
TPi: Total inorganic phosphorus; Tot-P: Total-phosphorus.

For  pearl  millet,  PCA  extracted  two  principal 
components (PCs) that together explained 94.21 % of the 
total variance. Although, only PC1 met the strict Kaiser 
criterion  of  eigenvalues  >  1.0  (eigenvalue  =  11.5, 
explaining 88.46 % of variance), PC2 (eigenvalue = 0.75, 
explaining 5.75 % of variance) was retained to construct 
a  2D  biplot.  Retaining  PC2  provided  essential  visual 

separation among experimental treatments and allowed 
total  cumulative explained variance to reach 94.21 %. 
Principal component 1 (PC1) was mainly associated with 
P dynamics and nutrient availability, as indicated by high 
loadings of TPi, Sa-P, available N, Fe-P, Ca-P and Al-P, 
reflecting the influence of nutrient management practices 
on soil  P  transformations  and fertility  status.  Principal 
component  2 (PC2) was primarily  represented by EC, 
indicating  variation  in  soil  salinity  associated  with  the 
treatments. To minimise redundancy, Sa-P was retained 
from the highly correlated variables in PC1 because it 
effectively  represented  the  inorganic  P  pool,  which  is 
closely linked to plant-available P and nutrient cycling, 
while  EC  was  retained  from  PC2 as  an  indicator  of 
changes in the soil chemical environment. Consequently, 
the MDS comprised TPi, Sa-P, available N, Fe-P, Ca-P, 
Al-P and EC, providing a simplified yet comprehensive 
set of indicators that captured the major variations in soil 
fertility and P dynamics for soil quality assessment.

4. Conclusion
Integrated  nutrient  management  practices  effectively 
improved  soil  available  nutrients  (nitrogen  (N), 
phosphorus  (P),  potassium  (K)  and  sulphur  (S)),  P 
fractions and pearl millet biological yield, with maximum 
enhancements observed when farmyard manure (FYM) 
was  combined with  P  fertilisers.  Inorganic  P  fractions 
followed the dominance order of Ca-P > Fe-P > Al-P > 
Sa-P.  Overall, integrating FYM with P fertilisers improves 
soil  health  and  crop  productivity,  though  large-scale 
adoption requires policy support for decentralised organic 
manure  production.  Where  FYM availability  is  limited, 
alternative  organic  inputs  like  vermicompost  or  green 
manures  should  be  promoted  for  sustainable  P 
management. 
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