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Abstract 

Fixation reactions in calcareous soil reduce the concentration of soluble phosphorus (P) 

and affect crop growth. The study was aimed at finding out the reason that how pre-

mixing of different P fertilizer sources [i.e. Diammonium phosphate (DAP), 

Phosphoric acid (PA)] with farmyard manure (FYM at 400 mg kg-1 soil) affect their 

availability in soil and thereby productivity of wheat crop. Various rates (at 0, 18, 36 

and 54 mg P kg-1) of the fertilizers were tested alone (designated as PA & DAP) and 

along with the manure (PA+FYM & DAP+FYM). The amended soil was incubated for 

seven weeks (at 25±1 oC & 70% water holding capacity) and thereafter 32P dilution 

kinetics were measured using Freundlich kinetic model to describe gross amount of 

diffusible P ions present at soil solid (Pr). The experimental treatments induced change 

in Pr (ΔPr) values wherein the highest P application as PA+FYM produced maximum 

ΔPr (59%, over control), followed by DAP+FYM treatment (52%, over control). In 

greenhouse, highest P rate as PA+FYM produced maximum P use efficiency (24%), 

greatest P uptake (201.2 mg pot-1) and highest grain yield (44.1 g pot-1) of wheat. The 

results clearly suggest premixing phosphate fertilizer with FYM as a viable technique 

to increase P supply from soil and enhance productivity of wheat grown in alkaline 

calcareous soil. 

Mixing of phosphate fertilizer with FYM in calcareous soil was also evaluated 

to optimize P availability for improving productivity of wheat (Triticum aestivum). In 

second study, PA and DAP were applied to soil at 36 mg P kg–1, either alone or after 

mixing with double amount of FYM (i.e. 1:2 ratio on w/w basis). After 45-day 

incubation, P concentration in soil solution (Cp) and that of exchangeable P ions (E-

value) present at solid-solution interface were determined to evaluate the impact on 

total plant-available pool. The FYM-amended fertilizers, i.e. PA+FYM and 

DAP+FYM showed highest values for Cp (3.2 and 2.7 mg P L–1, respectively) and E-

value (114 and 97 mg kg–1 soil, respectively). Similarly, FYM-amended fertilizers 

produced higher P utilization and wheat yield as compared to their sole application. 

The PA+FYM (followed by DAP+FYM) exhibited maximum proportion of P derived 

from applied fertilizer (Pdff = 51.5 %) and greatest P actually taken up by wheat 
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seedlings (L-value = 72.1 mg kg-1 biomass). Consequently, PA+FYM treatment 

produced highest grain yield (40.7 g pot–1), P uptake (162 mg pot–1) and P use 

efficiency (24.6%), which were generally at par with DAP+FYM treatment. The 

regression analysis revealed strong and positive correlation of L-value with grain yield 

(r =0 .86), biological yield (r = 0.84) and P use efficiency (r = 0.87) in wheat crop.  

In third study, two-years (2015-16 & 2016-17) field trials have shown that 

application of phosphoric acid (PA) at 54 kg P ha-1 along with farm-yard manure 

(FYM) produced maximum wheat grain (5159 kg ha-1) which was 23% higher over its 

sole application. Phosphorus uptake was increased with the increase in P rates (18, 36, 

54 kg P ha-1) which was usually associated to higher grain yield than P concentration 

in grain. The manure amended inorganic P fertilizers were found more effective in P 

uptake and grain yield than their sole application. In greenhouse, a similar trend as 

occurred in field condition was observed for P recovery and biomass production. The 

manure amended PA (followed by diammonium phosphate) exhibited maximum P 

derived from applied fertilizer (Pdff = 40.03%) by a 45-day old wheat plant, as 

determined by 32P labelling technique. Efficiency of P fertilizers [i.e. P agronomic 

efficiency (PAE) and P recovery efficiency (PRE)] were found lowest at highest P rate 

(54 kg P ha-1). However, co-amended phosphate fertilizers showed higher PRE and 

PAE as compared to their sole application. Therefore, manure amended phosphate 

fertilizers application seems appropriate to attain  higher P availability from soil, 

improve efficiency of inorganic fertilizers and enhance wheat productivity grown in 

alkaline calcareous soils 

  



xvii 

 

List of Publications 

Journal Publications 

• W. Ikram, M. Akhtar and M. Y. Ashraf, “Improving phosphorus efficiency 

and productivity of wheat by application of manure amended phosphate 

fertilizer,” Pak. J. Bot., vol. 51, no. 6, pp. 2059-2066, 2019. 

• M. Akhtar, W. Ikram, T. Mahmood, S. Yousaf, S. M. W. Gillani, and A. Ejaz, 

"Improving soil phosphorus supply and wheat yield with manure-amended 

phosphate fertilizer," Exp. Agric., pp. 1-11, 2019. 

Conference Publications 

• W. Ikram, M. Akhtar, J. K. Whalen, and S. Yousaf, “Co-application of 

inorganic phosphorus fertilizer and organic manure enhanced phosphorus 

uptake and yield of wheat in a calcareous soil,” presented at 31st Association 

Québécoise de Spécialistes en Sciences du Sol (AQSSS) Conference, Trois-

Rivières, Quebec, Canada, 2017. 

 

 

 

 

 

 

 

 

 

 

 

 



xviii 

 

List of Abbreviations and Symbols 

Ca Calcium 

CaCO3 Calcium carbonate 

Cp Concentration of phosphorus in soil solution  

DAP Diammonuim phosphate 

E- value Exchangeable Phosphorus value 

EC Electrical conductivity  

FYM Farmyard manure 

H2PO4
-1    Dihydrogen phosphate 

HPO4
-2    Hydrogen phosphate 

K Potassium 

L-value Labile phosphorus value 

Mg Magnesium  

N Nitrogen 

OM  Organic matter 

P Phosphorus 

PA Phosphoric acid 

PAE Phosphorus agronomic efficiency 

Pdff Phosphorus derived from fertilizer 

Pdfs Phosphoric derived from soil 

Pr Diffusible/plant available phosphorus 

PR Phosphate Rock 



xix 

 

PRE    Phosphorus recovery efficiency  

PU Phosphorus uptake 

PUE Phosphorus use efficiency 

  

 



 

1 

 

1 Introduction 

Pakistan is located in subtropical zone comprising of semi-arid to arid region and 

extended over 240- 370 North to 60-750 East. Economy of this region is highly 

contingent to agriculture sector that contributes approximately 21% to gross domestic 

product (GDP). Out of total geographical area (79.61 million hectares) of Pakistan 

approximately 22.02 million hectares are being utilized for agricultural purposes. The 

soils are less fertile as they contain low organic matter (≤0.5%) and plant nutrients, 

whereas soil pH ranges from neutral to alkaline. The mean annual temperature ranges 

between 27 0C to 45 0C in summer (June & July) and 5 0C to 20 0C in winter (December 

& January), while precipitation ranges from 100 to 1200 mm per annum. 

Wheat (Triticum aestivum) is the most imperative cereal and a source of staple 

diet of the people; it plays vital role in formulation of agriculture policies and secures a 

key position in the economy of Pakistan. Wheat contributes 1.9% to GDP and 9.6% to 

the value-added products in agriculture. It was cultivated on an area of 9.052 million 

hectares and the grain production stood at 25.750 million tons during 2016-17, with an 

average yield of 2845 kg ha-1 [1].  

Despite higher production potential of existing wheat varieties grown in 

Pakistan, the average biomass and grain production of wheat is much lower than many 

other countries around the globe. There may be many aspects for this low productivity, 

i.e. traditional sowing methods, late sowing, high soil pH, shortage of water, low 

organic matter (OM) and the most important is the use of low or imbalanced fertilizers. 

1.1 Importance of Phosphorus in Crop Production 

Advancement in agriculture is highly dependent on the use of phosphorus (P) fertilizer 

to attain maximum yield of crop for feeding the growing population of the world [2]. 

Phosphorus is the 2nd most important nutrient next to nitrogen required in adequate 

amount for growth and development of terrestrial as well as aquatic plants [3]. It is the 

vital constituent and structural component of phospholipids, phosphoproteins, nucleic 
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acids, co-enzymes, chromosomes and hence its deficiency causes major disorder and 

restrict crop productivity around the globe [3, 4].  

Major (70%) reserves of phosphate rock (PR) exist in Morocco and Western Sahara 

(Figure 1-1). It is estimated that approximately 220 million ton of PR is mined annually. 

Out of the total consumption, approximately 80% is coming from Morocco, United 

States, China, Jordan and Russia (Figure 1-2). As PR is one of the major source of 

phosphorus, annually 170 million tons PR is consumed all around the world for the 

manufacture of inorganic commercial P fertilizers. Therefore, inorganic fertilizers 

(commercially available phosphate fertilizers) are generally applied to agricultural soils 

to fulfill the P requirement of arable crops. This huge consumption of non-renewable 

resource is depleting the current exploitable reserves present all around the world. [5, 

6]. 

 

 

Figure 1-1 The estimated phosphate rock reserves (69 billion tons) all around the 

globe, with more than 70% existing in Western Sahara and Morocco [7]. 
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Figure 1-2  The estimated phosphate rock production of 223 million tons in 2015, 

with nearly half of production coming from China, and an additional 25% 

coming from the United States, Morocco, and the Western Sahara [7]. 

In phosphorus deficient soils, soluble P needed by crops comes from the 

dissolution of parent material such as P containing minerals and decomposition                                                                                                                              

of organic material, i.e. manure, crop residues, etc. However, the major portion of crop 

requirement is fulfilled by commercial/ inorganic fertilizers in P deficient soils. The 

application of soluble P to soil triggers various physicochemical reactions with soil 

constituents which restrict 80% of the applied phosphate fertilizer unavailable for plant 

uptake [4, 8]. The plant available P is present on soil colloids (as solid phase) as easily 

diffusible form and small portion of available P also exists in solution phase in the form 

of orthophosphate ions (H2PO4
-1/ HPO4

-2), the only form that plant can uptake. 

However, limited portion of total P (less than 1 ppm) is generally present in soil 

solution. The release of P ions from soil solid phase is generally related to its deficiency 

in solution phase due to plant uptake. Therefore, the equilibrium between P fluxes (soil 

solid and solution phase) rarely happen due to continuous availability of P ions from 

solid-to-solution phase for plant uptake.  
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1.2 Transformation of Phosphorus in Soil Plant System 

Soil phosphorus is present in the form of organic and inorganic compounds. Organic P 

is further compartmentalized into three fractions, i.e. degraded products or nucleic acid 

(5–10%), phospholipids (up to 1%) while the highest fraction (up to 60%) exists as 

inositol polyphosphate [9]. Phospholipids and nucleic acid degradation is carried out  

by micro-organisms present in the soil [10, 11]. Therefore, the most stable fraction of 

organic phosphorus is found to be inositol phosphate [12, 13]. Many micro-organisms 

are present in soil that may convert organic phosphate to plant available or inorganic 

form under appropriate conditions, i.e. soil pH, temperature, etc. [11, 14, 15]. This 

process of mineralization is catalyzed by various phosphatase enzymes [16]. The fate 

of phosphorus cycle in soil-plant system is described in figure 1-3. The phosphorus 

present in soil solution may come from applied inorganic P fertilizers and/or 

mineralization of organic products. Plant can only uptake P from soil solution which is 

usually governed by diffusion process. Most of the P ions present in soil solution may 

also be utilized by microbes, precipitate to minerals and/or lost by leaching or runoff. 

 

Figure 1-3 Phosphorus transformation in soil [17]. 

Soil organic matter has very low capacity for P sorption and therefore restrict 

phosphorus adsorption on soil colloids. The organic acids have the ability to form 

organo-phosphate complex compounds which hinders phosphate ions to combine with 

iron, aluminum, calcium and other cations, and thus reduce sorption reactions [18-20]. 

Plant available P ions in soil solution is generally added from soluble fertilizer 

application and/or through mineralization process. This soluble P is readily converted 
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into plant-unavailable compounds due to sorption and precipitation reactions. These 

sorption reactions are usually facilitated by presence of calcium ions in alkaline 

calcareous soils [21-23] and by aluminum, iron and hydrous oxides in acidic soils [24-

28]. Therefore, phosphorus sorption is greatly triggered by the presence of calcium than 

that of iron and aluminum in alkaline calcareous soil [29]. 

Phosphorus also interact with other soil nutrients in many ways which may 

influence yield of field crops. These interactions governed by many physicochemical 

properties (i.e. nutrient concentration, soil pH, soil moisture, soil aeration), ecological 

factors (i.e. temperature, intensity of light) and other physiological properties (i.e. rate 

of respiration and transpiration, growth pattern and age of plant, concentration of 

nutrients in plant etc.). Phosphorus cycle involved its losses, addition, transformation 

and uptake by plant. Generally, availability of P ions in soil is governed by 

transformation process such as sorption, desorption, solubilization, immobilization and 

mineralization. Optimum concentration of P ions in solution phase of soil is about 0.2 

mg P L-1 which generally required to fulfill the nutritional requirement of most of the 

agronomic crops [30]. 

Low availability of P hampers a plant to attain the potential yield. Phosphorus play 

key role in the development of crop since the initiation of root till the formation of 

grain. The response of crop to applied fertilizer is the best indicator which is evaluated 

by the effectiveness of applied inputs on increase in biological yield. Phosphorus 

deficiency persists in calcareous soils which are present all around the world 

particularly in this region (Pak-India subcontinent) and it is adversely affecting 

production of field crops. Contrary to behavior in soil, P is mobile in plant and hence 

its deficiency appears on older leaves. Under deficient P uptake, the color of older 

leaves of plant become purple or reddish while the younger leaves become dark green 

in color due to high level of chlorophyll content, plant also attains stunted growth and 

reduced yield [15, 31]. 

1.3 Factors Affecting Phosphorus Availability  

Being essential macro nutrient, phosphorus is extensively applied in the form of 

chemical fertilizer for achieving optimum crop production. The orthophosphates are the 

only form available in soil for plant uptake. The primary orthophosphate predominates 

in acidic while secondary one in alkaline soil. The presence of calcium ions on soil 
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colloids holds abundant of applied P as higher Ca-P minerals which are insoluble in 

nature. 

There are many factors which reduce P availability in soil and adversely affect 

crop production. Out of these factors, soil moisture content greatly influence P 

availability in soil as P fluxes in soil and plant uptake require optimum moisture 

content. The diffusion process regulates kentics of P ions between soil solid-solution 

system. Various reactions like dissolution of inorganic fertilizer and mineralization of 

organic compounds (manure, crop residues, etc) also require moisture and its 

defficiency consequently hampers P availability. Generally, soil water tension of 1/3 

bar is considered optimum for maximum availabity of P for arable crops [32]. However, 

excessive moisture condition creates anaerobic conditions and reduction of ferric to 

ferrous phosphate may increase P availability in soil [5, 6]. However, submerged 

condition decreases soil aeration which ultimately hinders P availabilty to plant [33]. 

In water scarce regions, phosphorus is applied near root zone in soil as band placement 

rather than broadcast application to increases P supply to growing plant [34]. 

Temperature of the surface soil is another limiting factor for P availabilty to 

plants. It influences several reactions which involve in different processes, i.e. 

diffusion, dissolution and adsorption are affected by temperature of the soil. Sorption 

and desorption reactions increases with the increase in temperature. The enhanced P 

kinetics in soil cause establishment of an early steady state condition between soil solid 

and solution interfaces. It also affects rapid restoration of solution pool that contributes 

to P acquisition by the plant [35]. 

Phosphorus availabilty to plant also affected by the source of inorganic fertilizer 

used at particular agricultural land. The main source of inorganic P fertilizers is mined 

rock phosphate. The agricultral land present in Pakistan are mostly alkalaine calcareous 

and hence crops have shown better response to fluid acidic fertilizer, i.e. phosphoric 

acid (PA) which are water soluble and acidic in nature and produced by the reaction of 

phosphate rock with sulphric acid [36]. Anhydrous ammonia is passed through 

phosphoric acid to produce mono and di-ammonium phosphate. Compared to 

diammonium phosphate (DAP), the lower adsorption of P applied as phosphoric acid 

was witnessed in alkalaine calcerous soil. Hence, less ammount of PA was required to 
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attain optimum concentration of phosphorus in soil solution (Cp, 0.2 mg L−1) in 

comparison with DAP in such environment [34]. 

The time of application of phosphorus fertilizer is also very important parameter 

to increase the P use efficiency in field crops. Phosphorus requirement is high during 

vegetative growth and its defficiency, particularly at seedling stage greatly influence 

growth and yield of the crop [37]. In some crops like sugar beet, the delay in time of 

application of P fertilizer decrease the rate of phosphorus uptake and ultimately a 

deacrease P use efficiency is observed. To ensure early P requirement, the studies have 

suggested to apply phosphorus fertilizer in soil at sowing time of the crops. 

Phosphorus uptake by plant is also affected by method of its application. The 

localized application (strip or band placement) was found to have positive effects on P 

use effeciency and yield of crop [38, 39]. In localized application method, the fertilizer 

contact with the ions present at soil collides is reduced which results in minimum P 

reactivity in soil and reduced precepitation. Calcereous soils have high capacity to fix 

phosphorus in soil due to the presence of high amount of calcium ions. Under such 

conditions, band placement is deemed important to avoid P fixation [40, 41]. Many 

other factors also influence P utilization which include duration of crop, cultural 

practices, crop root morphology and physicochemical properties of soil. 

1.4 Integrated Use of Organic Manure and Inorganic P 

Fertilizers for higher Crop Productivity 

Generally, most of the arable soils in this country is deficient in major macro nutrients, 

i.e. phosphorus and nitrogen. Therefore, the use of inorganic fertilizer is increasing 

every year to meet crop requirements. The increasing demand for fertilizers ultimately 

has increased the fertilizer price especially of phosphorus fertilizer in recent years. To 

overcome the prevailing situation and keeping in view the importance of OM for crop 

productivity, the idea of co-application of organic and inorganic fertilizer is being 

endorsed in several agricultural practices. This particular approach has improved plant 

nutrient supply in soil, and it is considered as viable approach in meeting the crop 

requirements of nutrients in agricultural soils. The use of less quantity of inorganic 

fertilizer along with organic amendments resulted in higher yield of crop as compared 

to the use of sole inorganic fertilizers. Organic matter addition also improves 

physicochemical properties of the soil. 
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 Under intensive cropping system, the sole use of inorganic fertilizers does not 

maintain soil productivity in the long run. However, inclusion of organic materials like 

farmyard manure into soil improves physicochemical properties of soil, enhances soil 

fertility and hence increases crops yield [42]. Manures also serve as a source of nutrients 

[43]. Use of manure along with commercial inorganic fertilizers increases  organic 

matter content, improves soil fertility and productivity of crops [44]. 

 Several studies reported positive impact of organic manures on soil structure, 

water holding capacity and aggregate stability [45]. Furthermore, organic manure 

contains high concentrations of phosphorus, nitrogen and potassium along with other 

micronutrients which increase the nutritional value of crop [46]. The co-application of 

inorganic fertilizer with organic manure enhances biomass and grain production of field 

crops [47]. The quality of wheat flour is also enhanced due to increase in the amount of 

gluten protein in organically grown wheat [48]. Recent research demonstrated that 

organic fertilizer sources are useful for all crops, their application is found to boost soil 

productivity [49]. 

 Use of inorganic fertilizers is increased globally to enhance cereal production 

[50], which has been viewed with concern in relation with human health and 

environmental hazards. It is reported that the use of chemical fertilizers alone has not 

been found sufficient in sustaining soil productivity under intensive cropping system 

[51]. Whereas, combined application of inorganic fertilizers with organic sources is 

shown to improve physicochemical properties of soil and has also enhanced grain 

quality and crop yield. These features validate the research endeavors on studying the 

impacts of integrated use of organic and inorganic fertilizers on wheat productivity [52]. 

1.5 Use of Radioisotope and Tracer Techniques in 

Agriculture 

Radiation spectra and isotopic labeling techniques have proved beneficial in 

agricultural research. With advancement in the use of isotopes and radiation, they are 

now extensively used in research endeavors in the area of plant nutrition, pesticide 

residue estimation, food preservation, animal health, insect-pest management and plant 

breeding studies [53]. In the field of biological research, heavier isotopes or radioactive 

isotopes are usually used as tracers to determine the fate of normal isotope of the 

respective element [54]. The use of radioisotopes in biological research is less 
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expensive as compared to the use of stable heavier isotopes. Furthermore, the analytical 

equipment required for analysis of radioisotopes are usually less sophisticated. In 

addition, if appropriate protection facilities for safe use of radiation is not available, the 

use of radioisotopes is not suggested [54]. 

 The use of 32P labelling was conducted by Officer, et al. [55] to assess P uptake 

by wheat crop under water stress condition. The results showed marked differences on 

P availability at different depths which significantly increased P uptake by wheat crop 

on increasing soil moisture content. In another pot culture experiment on maize and 

cotton, phosphate fertilizer was labelled with 32P isotope. The result exhibited higher P 

uptake by maize from soil applied fertilizer than that of cotton plant while P use 

efficiency was also higher in maize.  

 Ardakani, et al. [56] labelled soil P and evaluated the response of wheat 

genotypes soil applied fertilizer and mycorrhiza inoculation. The results exhibited 

substantial increase in P uptake applied with mycorrhiza species compared to control 

treatment in wheat. Bertrand, et al. [57] employed isotopic tracer technique and labelled 

soil with 32P radioisotope to evaluate efficiency of different P sources (powder and 

liquid) in crop production. The results exhibited that liquid P sources showed significant 

increase in P derived from fertilizer (Pdff), plant available P and wheat productivity as 

compared to powder P fertilizer. Many other scientists also used 32P isotopic tracer 

technique to study the transformation of P ions at soil solid-solution interfaces, 

differentiate the actual amount of P derived from applied fertilizer (Pdff) and/or 

phosphorus derived from native soil (Pdfs), estimation of plant available pool and the 

impact on crop productivity [58-62]. 

1.6 Assessing Gross/Net Fluxes in soil Using Sorption-

Desorption Phenomena 

Generally, phosphorus availability to plant in semi-arid or arid regions has great 

importance due to presence of alkaline calcareous soils. The large amount of applied P 

fertilizer adsorbed on soil colloids due to high reactivity of soluble P with available 

calcium in calcareous soils. These sorption reactions in soil restrict availability of 

soluble P ions in soil [63] and affect efficiency of the applied P fertilizer [64]. The  

adsorption with soil constituents is largely depend on the presence of sorbent sites on 

soil colloids [65] which mainly depend on soil texture. The other most important 
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parameter which influence the sorption reaction in soil is considered as reaction time 

because the insolubility of compound increased as reaction time is increased [66]. 

 Calibrating sorption isotherm is a viable technique among other approaches 

including conventional analysis, it quantifies the desirable concentration of P in soil 

solution (Cp), which is mandatory to optimize the required application rate of different 

P fertilizers [67, 68]. The sorption-desorption phenomena are comprehensively 

described by Freundlich isotherms [69] and is preferred with other adsorption models 

because their derivation helps to correlate the physicochemical properties of soil with 

sorption phenomena [70]. Moreover, it provides accurate measurement of observed P 

sorption under laboratory conditions. 

1.7 Significance of Assessing Diffusible Phosphorus in Soil 

Using Radioisotope Dilution Technique 

The kinetics of phosphorus ions in soil solid-solution interface is governed by diffusion 

process [71]. The diffusive forces between soil solid-solution phases continue until the 

equilibrium is achieved. However, it has been proved experimentally that equilibrium 

is rarely achieved between these two phases. Several previous experiments were 

conducted to study sorption phenomena involving isotopic dilution kinetics wherein the 

equilibrium state was not achieved at different time durations, i.e. 7, 25 40, 44 and 100 

days as witnessed by Schneider, et al. [72], Lookman, et al. [73], Freese, et al. [74], 

Morel and Fardeau [75] and Torrent [76], respectively. Generally, only initial rapid 

reactions are considered to construct empirical relationship between different 

parameters that affect P dynamics. The slow reaction of P ions transformation between 

soil solid-solution phases continues at decreasing rate for up to several weeks or even 

more than months. These continuous slow reactions are generally responsible for 

diffusion process. The transformation in solid-solution system is examined by isotopic 

exchange of P ions. The P ions present in soil solution phase are labelled with 

radioisotope (32P) and rate of transformation is measured by analyzing exchanges 

between two phases [stable P ions (31P) present at soil solid and radioactive P ions (32P) 

in soil solution] with the assumption that there is no difference between unlabeled and 

labelled P ions. Furthermore, this method also describes isotopic exchange of P ions at 

soil solid to solution interface at different time periods [77]. Total P uptake by the plant 

is the sum of P ions present at soil colloids and in solution form [75]. Diffusive P 
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transformation between two phases comprehensively described by Freundlich kinetic 

model as a function of two important factors, i.e. time and Cp [78]. In this model, the 

experimental data of diffusive P ions (Pr) obtained from short term incubation study at 

laboratory conditions is used further by mathematical calculations to extrapolate Pr 

values for long periods i.e. up to one year. As this model calculate plant available P by 

assessing both diffusive P ions (Pr) and solution P (Cp), which may further correlation 

with different crop productivity parameters. 

 The key objective to conduct this process-based model is to calculate total plant 

available P ions in different P amended soils and to determine kinetics of P ions at soil 

solid-solution interface by using Freundlich kinetic equation followed by isotopic 

dilution technique.  

1.8 Experimentations to Determine Fertilizer Impact on 

Crop Production 

The impact of P transformation in soil and P fertilizer amendments is investigated under 

laboratory, greenhouse and field studies. Initially, laboratory and greenhouse 

experiments are designed to highlight key reactions on orthophosphate ions (Pi=H2PO4
-

, HPO4
-2) to soil as phosphate fertilizer, i.e. sorption-desorption reactions and P 

dynamics studies possessing initial rapid reactions followed by a substantially slower 

one extending over longer time periods. In the present study, the output of fertilizer 

treatments was assessed in terms of its availability in soil and finally impact on 

productivity of wheat applied with the same treatments. The information provided 

under this study may contribute to understand the mechanism of P ions transformation 

in soil and represent how efficacy of inorganic fertilizer is improved in wheat for 

achieving optimum outputs. Second study also involved laboratory and greenhouse 

experiments which represented how early P accumulation could improve efficacy of 

inorganic fertilizer in wheat for achieving optimum outputs. However, this study 

highlighted several concepts applicable on achieving higher P efficiency and yield of 

wheat in calcareous soil. In another study, the impact of same P fertilizer treatments 

was observed on wheat productivity in field experiments. Actually, the short term 

greenhouse experiments were conducted to correlate the findings and discuss the basis 

that why optimum crop nutrition is necessary during early growth stages to achieve 

higher productivity of wheat crop. The different approaches may provide 
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comprehensive information to validate the findings achieved under different conditions, 

i.e. Laboratory, greenhouse and field studies. Such studies may provide supportive 

information to reach a viable conclusion [34, 79, 80]. These multiple experiments 

provide collateral evidences which can explain the importance of each study in 

assessment of applied fertilizer amendments as mentioned in the following parts of this 

document. 

1.8.1 Studies to Assess Phosphorus Availability to Wheat 

Grown in Calcareous Soil 

Phosphorus (P) is one of the vital plant nutrients and a major limiting factor for crop 

production owing to its widespread deficiency in arable soils [3, 4]. Therefore, 

phosphate fertilizers are applied to meet crop demand and compensate P export by crop 

[5, 6], however, phosphorus efficiency of inorganic P fertilizer is very low owing to its 

reactivity in calcareous soils.  Nevertheless, P use efficiency (PUE) could be increased 

by selecting appropriate techniques for decreasing its reactivity with soil particles. In 

this regard, subsurface placement of phosphate fertilizers proved successful in 

improving  P uptake and grain yield of wheat over their conventional broadcast method 

[81]. The major reason behind higher efficiency was found to be the lesser exposure of 

applied fertilizer to soil colloids.  

Mixing of water soluble P fertilizer with animal manures also provides temporary 

shielding to avoid instant reactions of inorganic phosphate with the soil constituents. 

Additionally, organic matter improves soil physicochemical properties and serves as a 

source of plant nutrients [45, 82, 83]. Phosphorus exists in manure in various forms 

whereas cattle manure contains the greatest portion (95%) as inorganic P [84]. 

However, the sole application of FYM can’t meet crop demand sufficiently due to 

limited availability at farm level and/or its slow nutrient releasing nature. Moreover, 

application of manure as P source may imbalance the addition of other elements that 

often raise environmental problems [85]. Phosphorus supply from inorganic fertilizers 

seems grim throughout crop growth owing to its rapid reactivity with soil colloids and 

hence results in lesser availability to crop at latter stages of growth. Thus, pre-mixing 

of inorganic phosphate with the organic sources could maintain optimum P supply to 

crop throughout growth [42, 50]. Moreover, decomposition of organic matter releases 

organic acids that also help mobilize soil bound nutrients [47, 48, 86].  
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The transformation of phosphate fertilizer in soil yields orthophosphate ions (P 

ions =H2PO4
-, HPO4

-2), being the only form taken up by the crop from the soil solution 

[87]. However, P concentration in soil solution (Cp) represents only a fraction (less than 

1%) of amount required by the crop during growth. Almost all the P (99%) required by 

a crop is derived from soil solid through a process controlled by diffusion [87, 88]. This 

process continues until establishment of equilibrium between the soil solid and solution 

phases, however, equilibrium has seldom been attained experimentally [89, 90].  

Sorption studies denote only the net fluxes of P ions in soil-solution system and 

incapable to specify the pre-existing pool on soil solid that may take part in replenishing 

the solution. However, isotopic dilution technique can differentiate P ions present in 

soil solution from the newly entering ones due to use of 32P radioactive isotope and 

subsequently quantifying its transfer between the soil solid-solution interfaces. This 

transfer is assessed by using an empirical equation known as Freundlich kinetic 

equation (Pr = vCpwtp with Pr < PrLIMIT) that describes concentration of P ions in soil 

solution (Cp, mg L-1), the sum total of the P ions in soil solution (Pw) as well as the 

gross amount (Pr) associated to soil solid in easily detachable form [36, 77, 89]. This 

model equation accurately quantifies the total amount of plant-available P in soil [75, 

91] and it has been tested for several experiments [92-94]. The annual P application as 

superphosphate has been found to increase Cp in proportion of the cumulative budget 

[95, 96]. The organic and inorganic inputs exert change in physicochemical properties 

of soil and consequently influence P availability in soil that may be assessed by the 

model equation [88, 97]. 

 This research endeavor had two objectives, the first one was assessing the 

beneficial effects of pre-mixed fertilizers (with FYM) on the mobility of P ions in soil-

solution system. While, the second objective was to evaluate the impact of pre-mixed 

fertilizers on P uptake in aerial part (straw + grain), total biomass and grain production 

of wheat and P use efficiency in a slightly calcareous (~6% CaCO3) soil usually 

encountered in wheat growing areas of Pakistan. Employing both mechanistic and 

applied approaches is deemed as an important contribution to appropriately manage 

organic and inorganic fertilizer sources for achieving optimum wheat productivity. 
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1.8.2 Assess Phosphorus Availability in Soil and Wheat 

Productivity 

In P deficient soil, crop requirement is generally fulfilled by applying inorganic P 

fertilizers. However, the soluble P fertilizers suffer from various physicochemical 

reactions which lead to low (<20%) P use efficiency  in alkaline calcareous soils [4, 8]. 

The fertilizer-induced increase in concentration of orthophosphates (H2PO4
– / HPO4

2–) 

in soil solution (Cp) is short lived due to conversion of P ions into insoluble precipitates 

and/or adsorption on soil solids. The adsorbed portion can take part in maintaining the 

concentration of P ions in the soil solution for plant uptake. An efficient release from 

soil solids to replenish the decline in solution phase generally maintains optimum P 

supply during the crop growth and ensures better yields. This transformation of P ions 

in soil can be measured by sorption studies and process-based models (involving 32P 

labelling) that are capable to assess both immediately available pool (Cp) and total plant 

available or exchangeable P ions (E-value) present at soil solid-solution interfaces. The 

Freundlich model illustrates P sorption phenomena in soil as a function of Cp at steady 

state condition [34], whereas E-value describes the sum total of Cp and diffusible P 

ions present at soil solids [70]. 

 In case of assessing plant uptake from applied fertilizer, the 32P labelling 

technique is deemed as the most accurate tool to differentiate between the portion of P 

ions derived from different P fertilizer treatments (Pdff) and that from P already present 

in native soil (Pdfs). This technique also quantifies the amount of P actually taken up 

by plant, commonly referred as the L-value. The indirect isotope labelling can be 

employed for quantifying P uptake from applied sources without disturbing their 

physical and chemical nature [79]. In this method, the P ions present on soil solids are 

labelled with 32P [(½ life= 14.3 days) or 33P (½ life= 25.3 days)] to distinguish the 

fraction of P contributed from the applied fertilizer [34]. 

 Our previous research revealed that  placement of phosphoric acid (PA) near 

root zone resulted in higher crop yield and P uptake as compared to conventional 

broadcast application of diammonium phosphate (DAP) [34]. The higher efficiency of 

localized P application was attributed to lower reactivity of the applied fertilizer with 

soil colloids indicating that higher plant availability could be achieved by confining 

exposure of soluble P fertilizer to soil particles. As inorganic phosphate application 
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along with animal manure also reduces its direct contact with soil colloids, it could 

enhance availability of inorganic fertilizers. Besides increasing soil fertility and crop 

productivity due to presence of essential crop nutrients, farm yard manure (FYM) is 

well known to improve efficiency of the inorganic fertilizer when applied in association 

[42, 50]. The integrated use of organic and inorganic fertilizers is valuable in many 

ways. It maintains consistent nutrients supply, provide organic carbon for soil microbes 

and mobilize soil-bound nutrients on decomposition through the release of organic 

acids [47, 48, 86]. The oxalate present in the decomposition products may precipitate 

free Ca2+ and hence reduces its activity for further reaction with soluble P in soil [98]. 

 This study was conducted to elucidate whether the combining FYM with 

inorganic P would influence sorption reactions, modify plant-available P ions in soil, 

and consequently improve the P use efficiency and productivity of wheat crop. Both 

applied and mechanistic approaches (i.e. use of 32P labelling technique and P 

transformations in soil) were used to study the influence of inorganic P fertilizer alone 

and in combination with FYM on P supply in soil and on productivity of wheat grown 

in an alkaline calcareous soil. 

1.8.3 Field Trials to Evaluate the Impact of Phosphate 

Fertilizer on Productivity of Wheat 

Wheat (Triticum aestivum) ranks first among other cereals around the world as well as 

is the major food crop in Pakistan with annual production of 24 million tons [99]. 

However, the average yield is very low both in irrigated areas (3.9 million ton) and 

under rain fed condition (1.3 million tons) [100]. Among several other limiting factors, 

the lower use of fertilizers and/or their use efficiencies, especially of phosphate 

fertilizers are considered as the major impediments for decline in wheat productivity.  

 In phosphorus (P) deficit soil, crop production is highly dependent on chemical 

fertilizer as it supports crop growth since the seedling emergence till the grain formation 

and hence proved a key driver for ensuring optimum yield [2]. As 90% of arable soils 

in Pakistan encounter P deficiency (Olsen P <10 mg kg−1), inorganic phosphate 

fertilizers are commonly applied to fulfill the crop requirement  [101]. In this regard, 

huge amount (170 million ton) of the phosphate rock out of total excavation (220 

million ton) is consumed for the manufacture of phosphate fertilizers. This huge 



 

16 

 

consumption of non-renewable resource poses a threat to current exploitable reserves 

[5, 6]. 

 Although the farmers of this region are usually applying lower P than the 

recommended rate required for achieving optimum yield yet a further drop due to recent 

hike in the fertilizer price will result in severe decreases in yield of field crops. In this 

situation, it is more convincible to devise certain technology that could enhance the 

efficiency of the applied fertilizers. Phosphate fertilizers are conventionally applied 

through broadcast at sowing which encounter very low P use efficiency, especially is 

as low as 20% under alkaline calcareous soils. The lower efficiency of conventionally 

applied fertilizer was observed due to greater exposure of soluble fertilizers and hence 

their higher retention by alkaline calcareous soil [102]. 

 To decrease reactivity of applied fertilizer in soil and overcome the problem of 

fertilizer utilization, the use of mixture of animal manure and inorganic P fertilizers 

could be a better approach for increasing their efficiency in crop production. The use 

of manure amended phosphate fertilizers surrounds inorganic P and thus minimizes 

direct exposure for reaction with soil colloids. The animal manure provides protective 

shielding around fertilizer particle and avoid immediate reactions which ultimately 

results in lower P sorption and/or precipitation in soil. Furthermore, organic manure 

also provide essential nutrients to plant and improves physicochemical properties of 

soil [45, 46]. In previous studies, the use of different P fertilizer sources and their 

application method significantly affected P availability to field crops [34]. The 

combined application of organic and inorganic fertilizers has been found important in 

many ways. It provides organic carbon to soil microbes, releases of organic acids and 

solubilizes soil bound nutrients. Therefore, manures are somehow slow but consistent 

with the supply of nutrients to growing crop [47, 48, 86]. The decomposition products 

supply oxalate compound and keep P ions into plant-available organo-phosphates [98]. 

 The 32P labeling technique is extensively used to assess P uptake by plant and 

differentiate the accumulated P ions either as derived from native soil (Pdfs) or from 

applied fertilizer (Pdff). This isotopic labeling is also capable of quantifying actual 

amount of plant available phosphorus (L-value). In this respect, indirect labeling is 

usually employed to avoid physicochemical nature of applied sources [79]. This 

technique irradiates P ions in soil with radioactive isotopes [32P (half-life= 14.3 days) 



 

17 

 

or 33P (half-life= 25.3 days)] to determine the P fractions either derived from soil and/or 

applied P sources. [34]. 

 These studies were conducted both in greenhouse and under field conditions to 

assess the efficiency of mixing commercial P fertilizers (i.e. DAP and Phosphoric acid) 

with farmyard manure and to explore their effectiveness for agronomic efficiency and 

phosphorus recovery by wheat crop. In general, the aim of this study was to develop a 

feasible and simple technique for attaining higher utilization of phosphate fertilizer and 

greater productivity of wheat. 

1.9  Objectives  

1.9.1 General Objectives 

• Enhance fertilizer use efficiency to improve wheat productivity by modified 

technique of phosphate fertilizer application 

• Saving phosphate fertilizer in wheat production through improving efficacy of 

fertilizer products. 

• Highlight various collateral techniques useful in studying the outputs of 

different fertilizer sources in crop production. 

1.9.2 Specific Objectives 

• Quantify gross/net fluxes of nutrient in soil incubated with farmyard manure 

and inorganic P sources. 

• Assess nutrient dynamics in soil solid-solution system following 32P isotope 

dilution technique and using kinetic model. 

• Assess nutrient uptake by plant grown under different treatments employing 32P 

labeling technique. 

• Optimize use of different P sources to attain higher utilization of plant available 

P with maximum productivity of wheat.  
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2 Materials and Methods  

2.1 Experimental Site 

All studies were conducted at experimental field area/greenhouse and in the laboratory 

conditions of Nuclear Institute for Agriculture and Biology (NIAB), Faisalabad located 

at 31° 23' 54.8'' N and 73° 02' 02.1'' E with an elevation of 184 m above sea level. 

Laboratory studies were conducted in the Soil Fertility Laboratory of Soil and 

Environmental Sciences Division (SESD). The radioactivity in the samples were 

analyzed at Pakistan Institute of Nuclear Science and Technology (PINSTECH), 

Islamabad. All pot and field studies were conducted at greenhouse and experimental 

area of NIAB, respectively. At experimental sites, the mean annual temperature reaches 

as high as 48 oC in June and drops down to 4.8 oC in January, while the mean annual 

rainfall is 375 mm. 

 

 

Figure 2-1 Study area location 

 The studied soil is clay loam and falls in the group of Calcisol with protocalcic 

nature according to World Reference Base (WRB) soil classification as it contains 



 

19 

 

carbonates/bicarbonates of calcium and magnesium. Such soils exist in the regions 

prevailing with high temperature and lesser precipitation/rainfall than the 

evapotranspiration. Hence, soils pertaining to such environment may also be designated 

as aridisol owing to the soils of extreme temperature/low rain fall regions. 

2.2 Study 1: Pre-Mixing Inorganic Phosphate Fertilizer with 

Farmyard Manure Enhances Phosphorus Availability to 

Wheat Grown in Calcareous Soil 

2.2.1 Experimental Treatments 

This study comprised of fourteen treatments i.e. Control (zero P & zero FYM), the P 

fertilizers applied at 18, 36 and 54 mg P kg-1 as di-ammonium phosphate (DAP) and 

phosphoric acid (PA) as sole designated as PA and DAP while the fertilizers applied 

after pre-mixing [with FYM at 400 mg kg-1 soil] denoted as PA+FYM and DAP+FYM. 

The FYM was ground and passed through 2 mm sieve. The mixing was carried out 

using a blender and water was sprayed to keep moisture at 10% to avoid dust and make 

the mixture homogenous. The treatments were replicated three times (14 treatments × 

3 replicates = 42 experimental units). The FYM was also applied to the sole fertilizer 

treatments during soil preparation for keeping similar organic matter and nutrients if so 

contributed from FYM. However, it was very little amount (only 0.04%) of organic 

material that was supplied from treatments to the experimental soil and it may have not 

affected soil composition. 

2.2.2 Preparation and Basic Analysis of Soil, Fertilizer and 

Farmyard Manure 

Soil was air-dried, passed through a 2 mm sieve and stored in plastic containers at 

laboratory conditions. A subsample of the soil was analyzed for different 

physicochemical parameters (Table 2.1). The analyzed properties included particle size 

analysis or soil texture, saturated paste preparation to analyze for pH and extract 

collection to determine Electrical Conductivity (ECe), plant-available potassium and 

phosphorus, organic matter and other determinants (i.e. carbonates, soluble Ca2+ + 

Mg2+) using standard procedures. 
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Table 2.1 Basic soil analysis of soil and farmyard manure. 

Determinants Unit Value Methods and reference 

Analysis of soil 

Sand % 28 

Hydrometer method [103] Silt % 45 

Clay % 27 

Textural class  
Clay 

Loam 
USDA Classification 

Field Capacity % 15.83 Soil saturation and 48 h free drainage 

pHs  7.49 pH of Saturated soil paste [104] 

EC dS m-1 1.57 
Electrical conductivity of saturated soil extract 

[105] 

Organic matter % 1.18 
Dichromate-sulphuric acid oxidation, Walkley-

Black method [106] 

Total mineral 

N 
mg kg-1 soil 7.72 2 N KCl extraction and steam distillation [107] 

Available P mg kg-1 soil 14.7 0.5 M Sodium bicarbonate extraction [108] 

Extractable K mg kg-1 soil 115 1 N Ammonium acetate extraction [105] 

CaCO3 % 5.5 1 N HCl followed by NaOH titration [109] 

Soluble Ca2+ + 

Mg2+ 
meq L-1 6.5 U.S. Salinity Laboratory Staff [105] 

 

Analysis of Farmyard manure 

Total nitrogen 

(N) 
% 0.69 

Sulfuric acid – H2O2 digestion and steam distillation 

[110] 

Potassium (K) % 0.55 
Sulfuric acid – H2O2 digestion and flame 

photometer determination 

Phosphorus (P) % 0.10 Metavanadate yellow colour method [111] 

The composition of water soluble inorganic fertilizers used during the studies 

was also determined. Diammonium phosphate (DAP) is a compound fertilizer with 

initial alkaline pH (8.1) of saturated fertilizer extracts and contained N (18%) and P 

(18%) while phosphoric acid (PA) is a straight fertilizer with highly acidic initial pH 

(1.0 of PA with 57% purity) and contained P (18%) whereas farmyard manure (FYM) 

(on dry weight basis) contained N (0.69%), P (0.1%) and K (0.55%). 

2.2.3 Quantifying Diffusible Phosphorus Ions Using Isotopic 

Dilution Technique 

Five hundred gram of soil treated with the proposed amendments was placed in plastic 

containers arranged in completely randomized design (CRD) with three replicates. The 

soil was incubated for seven weeks at 25±1 oC and it was maintained at 70% water 
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holding capacity as described in the earlier studies [112]. A separate sample was used 

to estimate moisture content for expressing results on oven dry basis. 

At the end of soil incubation, fifteen soil suspensions in total were separately 

prepared for each soil containing five P concentrations (0, 10, 25, 50 and 100 mg P as 

KH2PO4 kg−1 soil) and three-time intervals (3, 30 and 300 min) after introducing 32P 

spike. The suspension contained 0.1 ml of toluene (as biocide) to avoid recovery of 

microbial activity. Additional distilled water was added wherever required to bring the 

final liquid to solid ratio as 10 to 1. The soil suspensions were shaken gently using slow 

revolving shaker (60 rpm) for 40 hours to achieve steady state condition. The isotopic 

labeling of P ions in soil solution was carried out by introducing 0.25 ml of carrier free 

32P radioactive solution (to create radioactivity of 0.1-0.2 MBq). At the desired time 

intervals (3, 30 and 300 min), 5 ml of the suspension was filtered through a disposable 

syringe filter of 0.2 µm pore size. Each filtrate was analyzed for Cp and radioactivity 

(r) remaining in the solution. The  dataset thus achieved for Cp (ug P ml-1) at various 

reaction intervals (t min) is utilized for quantifying gross amount of diffusible P ions 

(Pr, mg P kg-1 soil)  by the use of Freundlich kinetic equation as follows [113]: 

    Pr = vCpwtp with Pr < PrLIMIT   (2-1) 

The non-linear regression analysis (using SPSS software) was employed to 

estimate v, w, and p parameters. The v parameter is the Pr value at time (t = 1 min) and 

for solution P concentration (Cp = 1 ug P ml-1); w describes the non-linear increase in 

Pr with Cp; and p is the non-linear increase in Pr with time (t). This equation is capable 

of estimation of the Pr value for much longer periods [36]. As Pr LIMIT value is generally 

considered lower than the soil inorganic P content. The detailed procedure is given in 

earlier literature [97]. 

2.2.4 Parameterization of Fitted Kinetic Model Equation and 

Assessing ΔPr values 

The model equation is developed by plotting the dataset of fast reactions for Cp (mg P 

L-1), Pr (mg P kg-1 soil) and reaction intervals (t = 3, 30 & 300 min) (Figure 1). The 

parameterization of fitted model equation can be carried out to extract the desired 

information as provided in Table 2 and Figure 2 (Cp = 0.5 mg P L-1; t = 1 week, 1 month 

& 1 year) and Figure 4 (Cp = 0.5 mg P L-1; t = 1 min). Actually, the treated soil was 



 

22 

 

incubated for 7 week and thereafter the soil was analyzed for Pr values. In this way, the 

sorbate (applied P) with sorbent (soil) surface may react during incubation (7 weeks) 

of the amended soil and it is required to be considered. Therefore, parameterization of 

the fitted equation as given in Figure 4 account for time interval (49 days+1 min). The 

proposed solution P (Cp = 0.5 mg P L-1) is usually present in arable soil.  

 The change in Pr (ΔPr) for a given treatment (in relation with a reference 

treatment) is determined to quantify the differences in Pr of the treatment relative to the 

reference one, e.g. the ∆Pr for amended soil (relative to control) may be calculated using 

the following empirical expression: 

∆ Pr (%)  =  
Pr(treatment)−Pr(control) 

Pr(control)
×  100  (2-2) 

 The manipulated equation could be used to quantify ∆Pr for various time 

periods, i.e. 1 week, 1 month and 1 year, and for various concentrations of P ions in 

solution ranging from 0.1 to 3 mg P L-1 (natural range of solution P in arable soils). The 

∆Pr can also be described for the pre-mix treatments in relation to their respective sole 

fertilizer application. 

2.2.5 Measurement of Yield Related Attributes of Wheat 

The pot culture experiment was conducted to elucidate the effects of different P 

fertilizer treatments on P uptake and yield related attributes of wheat grown in the 

greenhouse of NIAB, Faisalabad. In this experiment, same fertilizer treatments as used 

in the incubation studies were applied to wheat. Each pot contained 5 kg of dry soil and 

eight (08) seeds of wheat (variety = Galaxy 2013) were sown in each pot and thinned 

out to four (04) seedlings after germination. The experiment was laid out in completely 

randomized design (CRD) containing fourteen treatments and three replications (14 

treatments × 3 replicates = 42 entries). Recommended basal doses of N, K and Zn were 

applied as urea, potassium sulphate and zinc sulphate respectively to each pot at sowing. 

The wheat plants were harvested at maturity and biological yield (grain + straw) was 

determined by weighing whole wheat plant including grain and spikes. Furthermore, 

these samples were threshed (separating grain from straw) manually for determining 

grain yield. Harvest index was calculated using following equation 2-3.  

Harvest Index (%) =  
Grain Yield

Biological Yield
  × 100                    (2-3) 
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2.2.6 Phosphorus Uptake and P Use Efficiency  

Phosphorus uptake by plant in each pot was determined using equation 2-4, while 

phosphorus use efficiency (PUE) were calculated using following equation 2-5 [114]: 

P uptake (g/pot) =  
Yield(g/pot)   ×PlantP(%)

100
                                (2-4) 

PUE(%) =  
P uptake (fertilized)−P uptake (Zero P control)

P applied (mg/kg)
× 100   (2-5) 

2.2.7 Data Analysis and Statistics  

For incubation study, statistical analysis was performed using SPSS Statistical 

Software. For each treatment, the standard deviations and estimates of the v, w, and p 

parameters (for obtaining a fitted Freundlich kinetic equation) and other associated 

statistics were determined using the maximum likelihood method. This is also known 

as a nonlinear regression optimization method. For greenhouse study, the data obtained 

were subjected to analysis of variance (ANOVA) using statistical programme (Statistix 

8.1) for windows and significant differences in the treatment means were compared 

using Tukey’s HSD at 5% level of probability. 

The Pearson’s correlation coefficients were determined to assess the nature of 

relationships between the diffusible P ions (Pr) and crop parameters. In this regard, 

step-wise regression analyses were performed to select the crop parameters that were 

the most relevant to the increasing Pr values. 

2.3 Study 2: Early Phosphorus Accumulation Improves 

Grain Yield and P Content of Wheat by Manure 

Amended Phosphate Fertilizer 

2.3.1 Experimental Treatments  

This study contained five treatments i.e. Control (zero P & zero FYM), diammonium 

phosphate (DAP) and phosphoric acid (PA) alone and as co-application with the 

manure (400 mg FYM kg-1]. All P fertilizer treatments were maintained at 36 mg P kg-

1 soil. The FYM was ground gently and passed through a 2 mm sieve. The mixing was 

carried out using a blender and water was sprayed to keep moisture at 15% to avoid 

dust and to have a homogenous mixture. All treatments were replicated three times (5 

treatments × 3 replicates) having total 15 experimental units. During soil preparation, 
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the alone fertilizer (PA & DAP) treatments were also applied with similar amount of 

FYM as were applied to co-applied treatments. This was applied during soil preparation 

for keeping similar organic matter and nutrients if so contributed by FYM. However, 

the amount of organic material (0.04%) added with applied treatments was very low 

and may have not caused any change in the physical and chemical properties of the 

used soil. 

2.3.2 Phosphorus Uptake by Wheat Crop Using 32P 

(Radioisotope) Labelling Technique 

In this experiment, indirect labelling technique was employed that involved tagging 

native P in soil with 32P radioisotope to distinguish the proportion of P taken up by plant 

derived from soil (Pdfs) and/or fertilizer (Pdff). In this method, P ions present on soil 

solid were labelled instead of fertilizer. The present study was conducted for 45 days 

due to shorter half-life of 32P (14.3 days). 

Procedure 

The other portion of the soil (as consumed in incubation study) was used for pot 

experiment. Five fertilizer treatments (as discussed above in 2.3.1) with three 

replications were evaluated in this experiment. Two kg of soil was filled in each pot on 

oven dry basis.  To label the native soil P before application of fertilizer treatments, 

carrier-free 32P was applied to each soil and mixed thoroughly in a plastic tray to ensure 

homogenous labelling of P present in native soil. After that, different P fertilizer 

treatments were applied to soil while control treatment received no P fertilizer.  

In each pot, four wheat plants were grown to have sufficient biomass for P 

fractionation. Plants were harvested after 45 days at base of stalk, oven dried for 48 

hours at 70 oC while their fresh and dry weights were noted accordingly. Plant biomass 

was digested using sulfuric acid and H2O2 method. The digested samples were analyzed 

for radioactivity using Liquid Scintillation Counter (LSC), while the same digest was 

used to determine total P content in plant samples. 

2.3.3 Determination of L-value 

The labile P pool  (L-value) is the isotopically available P taken up by the plant as 

assessed by radioisotope labeling technique [91, 115-117]. The L-value was calculated 

using 32P and total P uptake (Pt) by the plant. These calculations are based on 
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assumption that the radioactivity introduced (R) is diluted homogeneously in 

isotopically available pool in which all P fractions have the same isotopic composition. 

The radioactivity remaining in soil solution (r) was measured using Liquid Scintillation 

counter. 

𝑅

𝐿
=  

𝑟

𝑃𝑡
     (2-6) 

𝐿 𝑣𝑎𝑙𝑢𝑒 = 𝑃𝑡 ×
𝑅

𝑟
      (2-7) 

When applying fertilizer treatments to a soil wherein native fraction has already 

been labeled (indirect method) [79], P uptake from soil (Ps), P taken up by applied 

fertilizer amendment (Pf) and the fraction of total P (Pt) that is derived from applied 

fertilizer (Pdff, in %) and soil (Pdfs in %) are calculated as described by Achat, et al. 

[62]: 

𝑃𝑠 =   
𝑃𝑡 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)×𝑟(𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑑)

𝑟(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
    (2-8) 

𝑃𝑓 =  𝑃𝑡 − 𝑃𝑠     (2-9) 

The P derived from fertilizer (Pdff) by plants was calculated by the formula as given 

below 

 

𝑃𝑑𝑓𝑓 =
𝑃𝑓

𝑃𝑡
×  100                                (2-10) 

 

𝑃𝑑𝑓𝑠 = 100 − 𝑃𝑑𝑓𝑓      (2-11) 

2.3.4 Assessing Solution and Exchangeable P ions (E-value) in 

soil 

The soil was pre-incubated for seven weeks at 70% water-holding capacity before 

amending with fertilizer treatments. The pre-incubation was carried out to homogenize 

native conditions in all the treatments. For incubation, soil (500 g) treated with the 

proposed treatments was placed in plastic containers arranged in completely 

randomized design with three replicates. The soil was incubated for seven weeks at 

25±1 oC and it was maintained at 70 % water holding capacity by replenishing water 

losses twice a week by weighing the vessel. Similar conditions were also maintained 

for Control (without P) soil. After seven weeks of incubation, two-gram soil was taken 
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from each treatment (separate sample was used to estimate moisture content for 

expressing results on oven dry basis) and mixed with solution (20 ml) with increasing 

P concentrations (0 to 100 mg P L-1). The soil-solution suspensions were shaken for 24 

h to achieve equilibrium and filtered using Whatman number 42 filter paper. 

Phosphorus concentration in the filtrates was determined following standard method 

[118]. The Freundlich sorption isotherms were evaluated as proposed by LeMare [119]: 

Psd = aCpb/a     (2-12) 

The above equation is typical Freundlich model equation, where Psd is the amount 

of phosphorus adsorbed on soil colloids as easily detachable form, Cp is the total P 

concentration present in soil solution at steady state condition, a and b are constant 

which denote total P adsorption and buffer capacities, respectively. These constant (a 

and b) were calculated by employing linear regressions.  The P rates can be determined 

theoretically by using the fitted model equation. 

Similarly, a second set of soil-solution suspension in 1:10 ratio with increasing P 

concentration (0 to 100 mg P L-1) was equilibrated to determine the exchangeable P 

ions (E-value) at soil solid-solution interface. The E value include both the P ions 

present in soil solution (Qw = Cp × 10, ug P g-1 soil) and at soil solid [115, 120]. The 

soil suspension was shaken gently at 60 rpm for 40 hours to reach equilibrium. The P 

ions in soil solution were labelled by introducing carrier free 32P radioactive solution. 

[62] At the desired time intervals (3, 30 and 300 min), 2 ml of the suspension was 

filtered through a disposable syringe filter of 0.2 µm pore size. After filtration, the 

solution was analyzed for Cp by ascorbic acid blue color method [118], while 

radioactivity remaining in solution (r) by using the liquid scintillation counter (Packard 

TR 1100). The E-value (Eq. 2-14) was calculated after the three elapsed times of 

isotopic dilution, assuming that R is diluted to E in which all P fractions have the same 

isotopic composition. 

𝑅

𝐸
=  

𝑟

𝑄𝑤
      (2-13) 

𝐸 𝑣𝑎𝑙𝑢𝑒 = 𝑄𝑤 ×  
𝑅

𝑟
=  

𝑄𝑤

(
𝑟

𝑅
)
    (2-14) 

where r/R reaches to maximum possible dilution when all inorganic P from soil 

solid takes part in the isotopic dilution (r/R = Qw). Simulated extrapolation in r/R values 
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were subsequently used to calculate the amounts of isotopically exchangeable P ions at 

the desired time (for 45 days) using the given equation [62]. 

𝑟

𝑅
=  

𝑟(1min)

𝑄𝑤
 × 𝑡𝑖𝑚𝑒              (2-15) 

2.3.5 Assessing Phosphorus Use Efficiency, P Uptake and 

Yield of Wheat as Affected by Co-Application of 

Farmyard Manure with phosphate fertilizers 

The effect of different P fertilizer sources applied alone and in co-application with FYM 

was evaluated for yield, P uptake and P use efficiency of wheat. The experiment 

contained similar fertilizer treatments and growth condition as were maintained and 

discussed in previous experiment. The experiment was conducted during the Rabi 

cropping season (sowing in early November and harvest in May). Each pot contained 

5 kg sieved soil and mixed thoroughly after application of fertilizer treatments. Eight 

seeds of wheat variety “Galaxy 2013” were sown in each pot and thinned out to four 

seedlings after germination. The experiment was laid out in completely randomized 

design (CRD) containing five treatments and three replications (5 treatments × 3 

replicates = 15 entries). Equal doses of nitrogen, potassium and zinc were applied as 

urea, potassium sulphate and zinc sulphate, respectively, to each pot at the time of 

sowing, except nitrogen which was also applied at tillering stage. 

Plants were harvested at maturity and biological yield was calculated by 

weighing the sum of wheat spike and straw. After threshing, grain yield was recorded 

for each pot. Furthermore, these yield data were used to calculate harvest index (%) by 

using equation 2-3. While phosphorus uptake (grain + straw) and P use efficiency by 

wheat were determined for all treatments by using equations 2-4 and 2-5, respectively. 

2.3.6 Statistical Analysis 

Both green house and laboratory experiments were laid out in CRD with three 

replications. Data were statistically analyzed using statistical software (Statistix 8.1). 

The Tukey’s HSD test was employed and significant differences in the treatment means 

were compared at 5% level of probability. The Pearson’s correlation coefficients were 

employed to analyze the nature of relationships between labile P (L-value) and the crop 

parameters such as P use efficiency, grain and biological yield. 
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2.4 Study 3: Improving Phosphorus Efficiency and 

Productivity of Wheat by Applying Manure Amended 

Phosphate Fertilizer 

The investigation on the growth and yield of wheat crop as affected by different 

phosphatic fertilizer treatments were conducted for two consecutive year (2015-16 & 

2016-17) at experimental research farm of NIAB , Faisalabad. 

2.4.1 Experimental Treatments 

Field experiment comprised of the following treatments: 

T1= Total Control (zero P & Zero FYM) 

T2= Sole FYM 400 Kg ha-1 

T3= DAP + FYM (Pre-mixture) 18 Kg P ha-1 

T4= DAP + FYM (Pre-mixture) 36 Kg P ha-1 

T5= DAP + FYM (Pre-mixture) 54 Kg P ha-1 

T6= PA + FYM (Pre-mixture) 18 Kg P ha-1 

T7= PA + FYM (Pre-mixture) 36 Kg P ha-1 

T8= PA + FYM (Pre-mixture) 54 Kg P ha-1 

T9= DAP 18 Kg P ha-1 

T10= DAP 36 Kg P ha-1 

T11=DAP 54 Kg P ha-1 

T12= PA 18 Kg P ha-1 

T13= PA 36 Kg P ha-1 

T14= PA 54 Kg P ha-1 

The treatments were arranged in Randomised Complete Block Design (RCBD), 

replicated three times and there were 42 experimental units (14 treatments × 3 

replicates) in total. The sole fertilizer (PA & DAP) treatments were also applied with 

FYM during fertilizer application for keeping similar organic matter and nutrients if so 

contributed from FYM. All the treatments were randomized as shown in Figure 2-2 

given below. 
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Figure 2-2 Layout of the field experiment 

In the field experiments wheat was harvested at maturity. The size of plots in 

the field were kept appropriate for performing different management practices. In both 

study seasons (i.e. 2015-16 and 2016-17) each plot was maintained at 56 m2. The 

appropriate buffer was established between each plot to evade inter-treatment effects.  

2.4.2 Sources of P Fertilizer and their Application 

Phosphoric Acid 

Phosphoric acid was applied as sole application or in combination with FYM at three 

different rates of 18, 36 and 54 Kg P ha-1. As liquid fertilizers (PA) cannot be 

broadcasted, hence the sole application of phosphoric acid was applied by hand shower 

in such a way that it distributes equally with in plot. The PA was diluted with water in 

1:10 (PA-to-water) before application. 

Diammonium phosphate 

Diammonium phosphate (DAP) was applied same as phosphoric acid. The sole 

application and in combination with FYM at three different rates of 18, 36 and 54 Kg 

P ha-1. The DAP was applied through conventional broadcast method. 
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Premixing of fertilizers with farm yard manure 

The premixing of inorganic P fertilizers (i.e. PA & DAP) with FYM could be done 

using a blender usually used for soil mixing or it may be done manually at farm level. 

During mixing FYM and inorganic fertilizer, water (10% w/w) was sprayed using a 

garden sprayer to moisten the content for avoiding dust and to have better reactivity of 

the components. The mixture is stored for about a month, before application, for 

complete impregnation of the materials. 

Application of other necessary nutrients  

To avoid shortages of other major nutrients, the recommended doses potassium (K), 

Nitrogen (N) and Zinc (Zn) were also applied during soil preparation. Nitrogen was 

applied as Urea fertilizer in two split doses at sowing and first irrigation respectively. 

During soil preparation, FYM was also applied to sole fertilizer (PA & DAP) treated 

plots for keeping similar organic matter and nutrients if so contributed from FYM in 

pre-mixed treatments. 

A familiar wheat variety, i.e. Galaxy-2013 was grown at recommended seed 

rate (125 kg ha-1) and sowing was done using a tractor mounted seed drill. Experimental 

field was managed through recommended cultural practices during growing season 

while data on growth and yield parameters were recorded at maturity. 

2.4.3 Plant Sample Analysis 

The plant samples were oven dried at 70 ∘C till constant weight was achieved. The 

samples were then ground and took 1 g of ground sample for digestion using H2SO4–

H2O2 method [110] to determine P concentration in plant samples by the metavanadate 

yellow colour method as described by Chapman and Pratt [111]. Furthermore, P uptake 

by plant (PU), phosphorus recovery efficiency (PRE) and phosphorus agronomic 

efficiency (PAE) was calculated using formulae as described by Hussein [121] and 

Akhtar, et al. [99]  
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PU (Kg/ha) =
Yield (kg/ha) × Plant P (%) 

100
                       (2-16) 

PRE (%) =
P (𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑑)−  P (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

F (𝑎𝑝𝑝𝑙𝑖𝑒𝑑)
× 100                 (2-17) 

where P (fertilized) is phosphorus uptake by the plant, P (control) is phosphorus taken 

up by control treatment and F (applied) is fertilizer applied at specific rate (kg P ha-1), 

whereas: 

PAE =
Y (𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑑)−  Y (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

F (𝑎𝑝𝑝𝑙𝑖𝑒𝑑)
                                    (2-18) 

where Y (fertilized) is yield obtained by fertilized treatments, Y (control) is yield 

obtained by control and F (applied) is fertilizer applied at specific rate (kg P ha−1). 

2.4.4 Assessing P Uptake by Wheat Using Radioisotope (32P) 

Labelling Technique 

The pot culture experiment was conducted in greenhouse of NIAB which consisted of 

the same fertilizer sources as were applied in field experiments, however, highest P rate 

(54 kg P ha-1) used in this study due to its highest productivity under field condition. 

In this experiment, indirect labelling technique was employed that involved 

tagging native P in soil with 32P radioisotope to distinguish the proportion of P taken 

up by plant derived from soil (Pdfs) and/or fertilizer (Pdff). In this method, phosphate 

ions present on soil solid were labelled instead of fertilizer. The study was conducted 

for 45 days due to shorter half-life (14.25 days) of 32P radio-isotope.  

Two kg of soil was filled in each pot on oven dry weight basis.  To label the native 

P before fertilizer application, carrier-free 32P was applied to each soil and mixed 

thoroughly in a plastic tray to ensure homogenous labelling of native P in soil. After 

that, different P fertilizer treatments were applied to soil while control treatment 

received zero P fertilizer.  

In each pot, four wheat plants were grown to have sufficient biomass for P 

fractionation. Plants were harvested after 45 days at base of stalk, oven dried at 65 oC 

for 48 hours while fresh and dry weights were noted accordingly. Sulphuric acid and 

H2O2 method was used to digest plant biomass. The radioactivity in the digested 
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samples were analyzed using LSC, while the same sample was used to determine total 

P content as mentioned in previous section. 

The L-value (P actually taken up by plant) was calculated using 32P labeling and 

total P uptake by the plant (Pt) as determined from the digest. These calculations of 

radioactivity introduced (R) are based on the assumption that the applied radioactivity 

is diluted homogeneously in plant available pool and all the P fractions have same 

isotopic composition. After harvesting, the remaining radioactivity (r) in the plant 

digest and that initially introduced (R) were measured using liquid scintillation counter 

and data thus obtained were analyzed using equations 2-6 and 2-7. 

To determine P uptake from native soil (Ps), P taken up from fertilized treatments 

(Pf) and total P uptake (Pt) that is derived from applied fertilizer (Pdff, in %) and 

derived from native soil (Pdfs in %) were calculated by using equations 2-8 and 2-9, 

while Pdff and Pdfs were calculated by using equations 2-10 and 2-11.  

2.4.5 Data Analysis and Statistics 

The data obtained were subjected to analysis of variance (ANOVA) using statistical 

programme (Statistix 8.1) for windows and significant differences in the treatment 

means were compared using Tukey’s HSD at 5% level of probability. The Pearson’s 

correlation coefficients were determined to assess the nature of relationships between 

isotopically plant-available P (L-value) and crop yield. The correlation coefficients 

were assessed for all the experimental treatments. 

2.5 Determination of Olsen P content in Soil 

For all laboratory and greenhouse studies, both soil and plant samples were analyzed 

for P concentration. The concentration of P in soil was determined as follows [122]. 

1. Took 5 g air dried soil (already passed through 2 mm sieve), weighed in to an 

Erlenmeyer flask of 250 ml and then added 100 ml of 0.5 M NaHCO3. 

2. Close the mouth of flask with rubber stopper and shook the flask gently for 30 

min at 200 - 300 rpm on a flask shaker. 

3. A blank sample was also included which contains all chemical except soil 

sample  
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4. The solution was then filtered through Whatman No. 42 filter paper and pipetted 

clear filtrate (10 ml) in a 50 ml volumetric flask.  

5.  5 N H2SO4 was added to acidify the blank and samples up to 5.0 pH by taking 

10 ml 0.5 M NaHCO3 solution and amount of acid was determined required to 

bring the knows volume of solution to 5.0 pH using P-nitrophenol indicator 

(changes color from yellow to colorless). + 

6. Then required known amount of acid was added to all filtrates to be analyzed.  

7. Take 5 ml sample in volumetric flask and add 5 ml CDR (Color Developing 

Reagent) and add 40 ml distilled water to make the volume up to 50 ml. 

8. After shaking, intensity of the color (absorbance) was calculated using 

spectrophotometer.  

9. Calculate P concentration of unknown samples from the standard calibration 

curve. 

2.6 Determination of Phosphorus Concentration in Plant 

Samples 

The concentration of phosphorus in plant samples was analyzed by wet digestion 

method as described by Ryan, et al. [123]. The procedure was as follows: 

 

1. Dry the plant sample, weighed 0.5 g and put it into a digestion tube of 100 ml.  

2. 5 ml concentrated H2SO4 was added in digestion tube having dried plant sample. 

3. Mixed it and kept overnight. 

4. Put the digestion tube on block digester and 2 ml H2O2 (30%) was added and 

heat slowly up to 280 oC. 

5. Cooled the tubes and added again 2ml H2O2. 

6. Heated the tubes for 10 minutes at 280 oC 

7. Step 5 & 6 was repeated until solution remained clear after heating. 

8. Cooled the digestion tube and put the digested solution in volumetric flask and 

add distilled water to made total volume of up to 50 ml. 

10. Take 5 ml from digested sample solution in volumetric flask and add 5 ml CDR 

(color developing reagent) and 40 ml distilled water to make the total volume 

up to 50 ml. 

11. Prepared the calibration curve from the standard solutions 
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12. Calculated P concentration in the unknown plant samples using the calibration 

curve. 
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3 Results  

3.1 Study 1: Pre-Mixing Inorganic Phosphate Fertilizer with 

Farmyard Manure Enhances Phosphorus Availability to 

Wheat Grown in Calcareous Soil 

3.1.1 Transformation of Phosphorus Ions in Soil 

The observed Pr and Cp values of all fourteen treatments were fitted using the 

Freundlich kinetic model across three reaction intervals (3, 30, and 300 min) of isotopic 

dilution. The results description here belongs to only one graph (Figure 3-1)  

 

Figure 3-1 Gross amount of diffusive P ions (Pr) transferred between solid and 

liquid phases of soils in suspension as a function of P ions concentration in 

solution (Cp, µg P ml-1) and elapsed time (t = 3, 30, 300 min) of isotopic dilution 

in control treatment. 

 Whereas parameters of fitted model equations for all the fourteen regressions 

are presented in Table 3.1. The results showed that the Pr values increased with the 

increase in both Cp and reaction time. In previously un-amended soil (zero P treatment), 

the Cp values ranged from 0.07 to 5.91 mg P L-1 for increasing solution P concentration 

from 0 to 100 mg P L-1 whereas the corresponding Pr values were also changed with 

the change in Cp and time of the reaction elapsed. 
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Table 3.1 The v, w, and p parameter estimate and statistics of the Freundlich 

kinetic equation for fourteen P fertilizer treatments. 

Treatment 
P Rates 

(mg P kg-1) 
vd we pf 

 

 

 

DAP+FYMa  

Controlb 5.080 (0.093)c 0.698 (0.008) 0.139 (0.003) 

Sole FYM 4.946 (0.051) 0.692 (0.005) 0.139 (0.002) 

18 5.275 (0.058) 0.740 (0.005) 0.151 (0.002) 

36 5.785 (0.068) 0.746 (0.005) 0.158 (0.002) 

54 6.062 (0.196) 0.750 (0.014) 0.160 (0.005) 

PA+FYM  18 5.197 (0.049) 0.750 (0.004) 0.152 (0.001) 

36 5.740 (0.051) 0.755 (0.004) 0.161 (0.001) 

54 6.123 (0.172) 0.756 (0.012) 0.163 (0.004) 

DAP (Sole) 18 4.984 (0.054) 0.751 (0.005) 0.151 (0.002) 

36 5.170 (0.021) 0.743 (0.002) 0.153 (0.001) 

54 5.252 (0.029) 0.760 (0.002) 0.156 (0.001) 

PA (Sole) 18 5.102 (0.115) 0.751 (0.010) 0.150 (0.003) 

36 5.039 (0.070) 0.747 (0.006) 0.158 (0.002) 

54 5.340 (0.228) 0.746 (0.018) 0.159 (0.006) 

The regressions between Pr and Cp contain 45 observations and contain highly significant coefficient of correlation (R2>0.99) 

which is known as the proportion of variation accounted by the model. 
aDAP+FYM= Pre-mix diammonium phosphate with farmyard manure, PA+FYM= Pre-mix phosphoric acid with farmyard manure, 

DAP (sole) = Diammonium phosphate applied alone while farmyard manure (400 mg kg-1) was applied separately during soil 

preparation, PA (sole) = Phosphoric acid applied alone while FYM (400 mg kg-1) was applied separately during soil preparation. 
bControl = Zero P applied 
cThe standard error of estimate 
dThe v parameter is the Pr value after 1 min when Cp is 1 mg P L-1. 
eThe w parameter describes the less than proportional increase of Pr with Cp. 
fThe p parameter describes the less than proportional increase of Pr with t. 

The v, w, and p parameters significantly differed for control (zero P), pre-mix 

and sole fertilizer treatments (Table 3.1). The v parameter varied from 4.91 mg P kg-1 

in soil treated with FYM alone to 6.12 mg P kg-1 in soil treated with highest P rate (54 

mg kg-1 soil) as PA+FYM. The values of p parameter indicated that the effects of 

dilution time were more pronounced for pre-mix treatments as compared to the sole 

fertilizer amendment. The higher p parameter in pre-mix treatments exhibit higher 

contribution of plant-available P from solid phase with increasing time interval. The 

sole FYM (with zero P) treatment showed lowest p value (0.139) while pre-mix 

(PA+FYM) treatment produced the highest p value (0.163) (Table 3.1). 
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3.1.2 Relative Variation in P Availability from Fertilizer 

Amendments 

The relative change in Pr (ΔPr) was calculated for understanding the consequence of P 

dynamics in fertilized treatment relative to un-fertilized control (Table 3.2) or any other 

referred treatment. However, one graph (given as sample out of such graphic 

presentations) is provided as Figure 3-2 that elaborated the relationship between ΔPr vs 

Cp (up to 3 mg P L-1) and time intervals, i.e. one min, one week (10080 min), one month 

(40320 min) and one year (525600 min). 

Table 3.2 Variation in diffusible P ions (ΔPr %) relative to control as determined 

for same Cp value (0.5 mg P L-1) and variable time intervals i.e. time of 1 week, 1 

month and 1 year. 

Treatment 
P Rates 

(mg P kg-1) 
ΔPra % 

(0.5,1wk) 

ΔPr % 

(0.5,1mo) 

ΔPr % 

(0.5,1yr) 

DAP+FYM 
18 13 15 18 

36 31 35 41 

54 40 44 52 

PA+FYM 
 

18 11 13 17 

36 33 37 45 

54 44 49 59 

DAP (Sole) 

18 08 10 13 

36 15 17 21 

54 18 21 27 

PA (Sole) 

18 10 11 14 

36 17 20 26 

54 25 29 35 

aΔPr= Change in diffusible/plant available P relative to control for same solution P, Cp=0.5 mg P L-1 at different time intervals (i.e. 

1 week, 1 month, 1 year). 
 

 Overall, the results showed that diffusive P ions increased in soil due to increase 

in prior P application to soil, however, the pre-mix fertilizers (with FYM) produced 

higher Pr values when compared to their respective sole treatments. The highest P 

applied as PA+FYM accounted for the maximum change in Pr (ΔPr=59%, over control) 

followed by similar rate as DAP+FYM (52% over control). While the lowest P applied 

as DAP alone induced the minimum change (13%, over control) for a given Cp (0.5 mg 
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P L-1) and time (one year) (Table 3.2). Across all the periods of isotopic dilution and 

explored concentration of soil solution, the ΔPr values remained positive which showed 

that the Pr values for treated soils was always greater than that of control (zero P treated 

soil) for replenishing any decline in soil solution due to plant uptake (Table 3.2 and 

Figure 3-2). 

 

Figure 3-2 Variation in amount of diffusible P ions (ΔPr %) that quantifies the 

differences in Pr of the treatment of PA+FYM at 54 mg kg-1 relative to control 

for increasing concentration of P ions in soil solution (Cp) and different time 

durations (t). 

3.1.3 Yield, Phosphorus Uptake and P Use Efficiency in 

Wheat 

Grain and biological yield increased as the P levels increased for both the sources and 

mode of their application, i.e. pre-mix or sole application. However, the pre-mix 

fertilizers produced higher yield over their sole application at similar levels (Table 3.3). 

Among fertilized treatments, the maximum grain yield (44.1 g pot-1) and biological 

yield (96.6 g pot-1) were obtained for the highest PA+FYM application while the 

minimum grain yield (30.9 g pot-1) and biological yield (81.1 g pot-1) were obtained for 

sole DAP application at the lowest rate, which were still significantly higher than that 

produced by control, i.e. grain yield (20.1 g pot-1) and biological yield (56.4 g pot-1) 

(Table 3.3). Under sole fertilizer application, highest grain yield (41.1 g pot-1) was 

produced by PA followed by DAP (40.7 g pot-1) applied at highest P application rate 

(54 mg kg-1 soil). 
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Table 3.3 Yield parameters of wheat as affected by different P fertilizer 

treatments to an alkaline calcareous soil. 

Treatments 
P rates 

(mg P kg-1 soil) 

Yield (g pot-1) Harvest 

Index (%) Biological Grain 

 Controla 56.2 hb 20.1 g 35.7 h 

 Sole FYM 59.1 g 25.9 f 43.8 b-e 

DAP+FYM 

18 83.7 e 34.6 d 41.4 ef 

36 88.2 d 40.9 b 46.4 a 

54 93.7 b 43.0 ab 45.9 ab 

PA+FYM 

18 86.9 d 35.1 d 40.5 fg 

36 92.8 bc 42.5 ab 45.8 a-c 

54 96.6 a 44.1 a 45.6 a-c 

DAP (Sole) 

18 81.1 f 30.9 e 38.1 gh 

36 85.9 de 36.9 cd 42.9 d-f 

54 91.1 c 40.7 b 44.7 a-d 

PA (Sole) 

18 83.7 e 31.9 e 38.1 gh 

36 87.1 d 37.8 c 43.3 c-e 

54 

 

91.7 bc 41.1 b 44.8 a-d 

HSD (< 0.05) 2.30 2.31 2.49 

aControl = zero phosphorus applied, FYM = Farm Yard Manure, DAP = Di-ammonium phosphate, PA = Phosphoric acid, HSD 

= Honest Significant Difference 
bNumbers in columns sharing the same letter(s) do not differ significantly at P<0.05. 
 

 Similarly, total P uptake by aerial part (grain + straw) was also affected 

significantly by fertilizer treatments. Pre-mix treatments were found efficient in P 

accumulation (Table 3.4), the maximum P uptake (201.2 mg pot-1) was found at the 

highest PA+FYM application followed by DAP+FYM (191.1 mg pot-1) while the 

lowest P uptake (57.2 mg pot-1) was observed in control treatment. In general, sole P 

application showed lower P uptake when compared to its pre-mix application at the 

similar rate.  Among sole P fertilizer treatments, maximum P uptake (161.1 mg pot-1) 

was produced by highest PA rate (54 mg kg-1 soil) and minimum P uptake (91.1 mg/pot) 

by DAP applied at lowest P application rate (18 mg kg-1 soil). 
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Table 3.4 Phosphorus uptake and P use efficiency of wheat as affected by 

different P fertilizer treatments to an alkaline calcareous soil. 

 

Treatments 
P rates 

(mg P kg-1 soil) 

Phosphorus uptake (mg pot-1) PUE 

(%) Grain Straw Total 

 Control 51.4 l 5.8 h 57.2 h -- 

 Sole FYM 62.4 k 6.3 h 68.7 g -- 

DAP+FYM 

18 90.6 hi 9.2 e-g 99.8 ef 21.3 b 

36 143.0 e 9.8 c-e 153.7 c 21.4 b 

54 180.8 b 10.3 bc 191.1 b 22.3 ab 

PA+FYM 

18 93.4 h 9.5 d-f 102.9 e 22.8 ab 

36 153.2 c 10.2 bc 163.4 c 23.6 ab 

54 190.3 a 11.0 a 201.2 a 24.0 a 

DAP (Sole) 

18 82.5 j 8.6 g 91.1 f 16.9 c 

36 122.4 g 9.6 d-f 132.0 d 16.6 c 

54 145.9 de 10.2 bc 156.2 c 16.5 c 

PA (Sole) 

18 85.6 ij 9.0 fg 94.6 ef 18.7 c 

36 128.4 f 10.0 b-d 138.4 d 18.0 c 

54 

 

150.7 cd 10.4 ab 161.1 c 17.3 c 

HSD (< 0.05) 9.65 0.58 9.79 2.55 

  

 As far as P fertilizer use efficiency is concerned, the highest PUE (24%) was 

recorded for PA+FYM at 54 mg P kg-1 soil which was statistically at par with PA+FYM 

at 18, 36 mg P kg-1 soil and DAP+FYM at 54 mg P kg-1 soil. In general, PA+FYM at 

all levels showed higher PUE than their respective levels of DAP+FYM treatments 

whereas lowest PUE (16.5%) was observed in sole DAP at 54 mg P kg-1 while it was 

generally increased with the decrease in P rates. 

3.2 Study 2: Early Phosphorus Accumulation Improves 

Grain Yield and P Content of Wheat by Manure 

Amended Phosphate Fertilizer 

3.2.1 Proportion of P taken up by Wheat from Native Soil and 

Applied P Fertilizer 

Wheat plant can uptake phosphorus from two fractions in soil. i.e. P already present in 

native soil and/or applied fertilizer. The greenhouse experiment was conducted to see 
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whether the experimental treatments do have affected P uptake and biomass production 

of wheat during vegetative stage and to see how much proportion of P taken up by 

wheat plant came from native soil (Pdfs) or from applied fertilizer (Pdff). The results 

of isotopic tracer technique showed significant impact of fertilizer amendments on P 

uptake and thereby biomass production during vegetative growth of wheat. The results 

presented in Table 3.5 showed the lowest biomass (0.73 g pot-1) in control (zero P 

application) treatment. Whereas, P amendments significantly enhanced biomass 

production of wheat. The PA and DAP applied in combination with FYM showed 

higher biomass than their sole application. 

Table 3.5 Phosphorous uptake by wheat partition either by native soil or 

different fertilizer. 

Treatment 
P Conc. 

(mg g-1) 

Shoot 

Weight 

(g) 

P 

Uptake 

(mg) 

Plant 

Specific 

Activity 

(KBq 

mg-1) 

E45 

valueb 

(mg kg-1) 

L valuec 

(mg. kg-1) 

Pdffd 

(%) 

Pdfse 

(%) 

Control 1.29 ea 0.73 e 0.94 e 0.046 29.74 21.79 e -- 100.00 

DAP+FYM 1.98 b 1.38 b 2.72 b 0.020 97.56 51.00 b 31.49 b 68.51 

PA+FYM 2.08 a 1.58 a 3.29 a 0.014 114.65 72.10 a 51.55 a 48.45 

DAP (Sole) 1.83 d 1.14 d 2.09 d 0.026 57.89 39.18 d 10.84 d 89.16 

PA (Sole) 1.90 c 1.32 c 2.51 c 0.022 79.68 46.50 c 24.88 c 75.12 

HSD 

(<0.05) 
0.014 0.049  0.076 -- -- 2.620 2.54 -- 

aNumbers in columns sharing the same letter(s) do not differ significantly at P<0.05 
bE45 value = Exchangeable P (E-value) at 45 days interval. 
cL value = Labile P/isotopically available P present in shoot at harvest (45 days after sowing) 
dPdff = Phosphorus derived from applied fertilizer 
ePdfs = Phosphorus derived from soil (native soil P). 

 Among P treatments, PA+FYM produced highest biomass (1.58 g pot-1) 

followed by DAP+FYM treatment while lowest one (1.14 g pot-1) was obtained in sole 

fertilizer (DAP) treated soil (Table 3.5). The similar trend was observed in P uptake by 

wheat as witnessed for biomass production. The higher P uptake was attributed to either 

higher concentration in plant tissues and/or due to increased biomass of wheat on P 

application. [99] 

The contribution of P derived from applied fertilizers (Pdff) to plant nutrition 

among treatments ranged from lowest in sole DAP (11 %) to the highest in PA+FYM 

(52%) treatment. The significant increase in Pdff under co-applied treatments were 
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attributed to the higher Cp values in soils as exhibited by sorption studies. It was found 

that higher was the Cp value, the greater was Pdff and vice versa. The treatment PA+ 

FYM produced higher (3.2 mg P L-1) Cp value and resulted in higher Pdff (52%) (Figure 

3-3). The results clearly showed that co-application of PA and DAP with FYM 

produced higher Cp values, higher P accumulation during early growth and greater 

biomass. In general, PA applied alone or in association with FYM showed better results 

in improving all parameters when compared with respective DAP application. 

 

Figure 3-3 Distribution of total P taken up by wheat from two P pools i.e. native 

soil P (Pdfs) and applied P fertilizer (Pdff) in relation with concentration of 

phosphorus in soil solution (Cp) as affected by treatments. The small letters 

represent significant differences among treatments in phosphorus derived from 

applied fertilizer (p < 0.05). 

3.2.2 Treatments Induced Fluxes of P Ions in Soil 

The reason of higher effectiveness of co-applied treatments was determined from 

laboratory studies. Phosphorus sorption in pre-incubated soil (25±1 oC) was analyzed 

to describe treatment induced variation in P fluxes as a function of its concentration in 

soil solution. The parameters of linear regression equation such as a is amount of P 

adsorbed, b denotes buffering capacity of soil and Cp is concentration of P in soil 

solution. There was lower sorption of P in soils receiving fertilizer treatments than the 

unfertilized control. The isotherms of linear regression model showed an increase in P 

sorption on soil solids with the increase in solution P concentration. The model equation 

showed best fitness for Control (P = 39.28 Cp0.69) as shown in Figure 3-4 and soils 
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previously amended/incubated with PA+FYM (P= 12.46 Cp0.89), DAP+FYM (P= 15.05 

Cp0.85), PA (P= 17.32 Cp0.80) and DAP (P= 23.87 Cp0.76).  

 

Figure 3-4 Freundlich isotherm for P sorption-desorption as observed in 

incubation study for Control treatment. 

 The fitted equation exhibited that relatively lower P rates from co-amended 

treatments were required for producing desired P concentration in solution (Figure 3-

4). Actually, higher P adsorption occurred in soils previously amended with zero P 

(control) or applied with sole fertilizer-P treatments. This happened due to presence of 

higher unsaturated adsorption sites while combining inorganic P with manures 

relatively left lower unsaturated site and hence required lower amount for attaining the 

similar P concentration in soil solution. In fertilized treatments, the soil previously 

applied with sole DAP required higher amount of P (6.16 kg P ha-1) while co-amended 

DAP (with FYM) soil required lower amount (3.36 kg P ha-1) for creating desired P 

concentration (i.e., 0.2 mg P L-1) in soil solution (Figure 3-5). However, the co-amended 

PA+FYM required the lowest amount (2.59 kg P ha-1) to produce the similar P 

concentration (i.e., 0.2 mg P L-1) in soil solution. These findings clearly showed better 

efficiency of co-amended P fertilizer as compared to their sole application while P 

fertilizer applied as PA depicted higher efficiency as compared to DAP in calcareous 

soil. 
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Figure 3-5 Quantities of P (kg ha−1) required to achieve different range of 

phosphorus concentration in soil solution (0-0.5 mg L−1) for different P fertilizer 

amended soil. 

3.2.3 Phosphorus Use Efficiency, P Uptake and Yield of 

Wheat 

The greenhouse studies conducted to determine the impact of experimental treatments 

on yield components and fertilizer use efficiency in wheat also showed higher 

efficiency of co-applied inorganic phosphate fertilizers (PA and DAP) with FYM over 

their sole application. However, PA application showed significant increase in P 

uptake, P use efficiency, grain and biological (grain + straw) yield of wheat whether 

applied alone or in combination with FYM (Table 3.6 and 3.7). The co-applied 

PA+FYM produced the highest biological yield (91.23 g pot-1) while the lower biomass 

(84.34 g pot-1) was obtained in the sole DAP which was still significantly higher than 

that produced in control (zero P applied) treatment (54.63 g pot-1). The highest grain 

yield (40.74 g pot-1) was obtained in PA+FYM treatments while the lowest in fertilized 

treatment in sole DAP (35.10 g pot-1), however, it was still significantly higher than 

that obtained from control (18.27 g pot-1) (Table 3.6). 

Total P uptake from aerial parts (straw + grain) of wheat was also affected 

significantly by P fertilizers. The highest total P uptake (161.93 mg pot-1) was found in 

PA+FYM treatment followed by DAP+FYM (152.24 mg pot-1) while the lowest P 

uptake (130.53 mg pot-1) among fertilized treatments was recorded on sole DAP 

application. The co-applied fertilizer treatments showed higher efficiency in P uptake 
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than their sole application (Table 3.7). The PA+FYM accumulated 18% higher P in 

aerial parts as compared to sole PA application. However, DAP+FYM treatment also 

showed 17% higher P uptake than sole DAP application. 

Phosphorus use efficiency (PUE) of fertilized treatments showed significant 

differences. In general, both P fertilizer sources (i.e. PA and DAP) showed higher P use 

efficiency when applied in combination with farm yard manure. The highest PUE 

(24.6%) was obtained in PA+FYM treatment followed by DAP+FYM treatment 

(22.5%). The lowest PUE (17.7%) was obtained in sole DAP application (Table 3.7). 

Table 3.6 Results of greenhouse experiment for yield parameters of wheat affected by 

different fertilizer sources in calcareous soil. 

 

Treatments 
Yield (g pot-1) 

Harvest Index (%) 
Biological Grain 

Control 54.63 ca 18.27 c 33.44 c 

DAP+FYM 86.62 b 39.10 a 45.14 a 

PA+FYM 91.23 a 40.74 a 44.67 a 

DAP (Sole) 84.34 b 35.10 b 41.62 b 

PA (Sole) 85.54 b 35.98 b 42.06 b 

HSD (< 0.05) 2.44 1.95 2.02 

aNumbers in columns sharing the same letter(s) do not differ significantly at P<0.05. 

 

Table 3.7  Phosphorus uptake and P use efficiency of wheat affected by different 

fertilizer sources in calcareous soil. 

 

Treatments 
Phosphorus uptake (mg pot-1) 

PUE (%) 
Grain Straw Total 

Control 45.71 da 5.23 c 50.95 d -- 

DAP+FYM 142.86 b 9.38 b 152.24 b 22.51 b 

PA+FYM 152.10 a 9.83 a 161.93 a 24.66 a 

DAP (Sole) 121.30 c 9.23 b 130.53 c 17.69 c 

PA (Sole) 127.28 c 9.64 ab 136.91 c 19.10 c 

HSD (< 0.05) 8.99 0.44 9.25 2.01 

aNumbers in columns sharing the same letter(s) do not differ significantly at P<0.05. 
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3.3 Study 3: Improving Phosphorus Efficiency and 

Productivity of Wheat by Applying Manure Amended 

Phosphate Fertilizer 

The studied soil commonly prevails on a range of cultivated area in Pakistan. The soil 

was slightly calcareous, low in plant available P and mineral nitrogen. The 

physicochemical properties of soil are presented in Table 2.1. The P sources used in the 

experiment have different composition i.e. Phosphoric acid (PA) contained 18% P 

(purity= 57%) and diammonium phosphate (DAP) contained 18% P and 18% N, 

however, farmyard manure (FYM) used in the experiment contained N (0.64%), P 

(0.1%) and K (0.55%) on dry weight basis. 

3.3.1 Wheat Yield Response to Different P Amendments. 

Application of all P fertilizer treatments produced significantly higher yield of wheat 

than that of control (zero P application). Biological and grain yield of wheat was 

increased as the rate of P application increased from 18 to 54 kg P ha-1 for both the 

sources (i.e. DAP & PA) either applied alone or after mixing with FYM (Table 3.8). 

Among fertilized treatments, the maximum biological yield (13263 kg ha-1) and grain 

yield (5159 kg ha-1) were obtained by PA+FYM at 54 kg P ha-1 while minimum 

biological yield (9934 kg ha-1) and grain yield (3426 kg ha-1) were obtained by sole 

DAP application at lowest rate (18 kg P ha-1). Among sole P application, the maximum 

biological yield (11224 kg ha-1) and grain yield (4307 kg ha-1) was obtained by PA 

application at highest rate (54 kg ha-1). 
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Table 3.8 Effect of P sources applied as sole and premixed with FYM on wheat yield and harvest index. 

Treatments 
P rates 

(kg P ha-1) 

Biological Yield (kg ha-1) Grain Yield (kg ha-1) Harvest Index (%) 

2015-16 2016-17 Average 2015-16 2016-17 Average 2015-16 2016-17 Average 

 Controla 6862 7454 7158 ib 2789 2829 2809 i 40.6 38.0 39.2 a 

DAP + FYM 

18 9875 11148 10511 fg 3377 3563 3470 h 34.2 32.0 33.1 f 

36 10625 11885 11255 d 3983 4267 4125 e 37.5 35.9 36.7 b-d 

54 12031 13003 12517 b 4772 4847 4809 b 39.7 37.2 38.5 a 

PA + FYM 

18 10500 11200 10850 ef 3635 3593 3614 g 34.6 32.0 33.4 f 

36 11094 12716 11905 c 4651 4520 4585 c 41.9 35.5 38.7 a 

54 12813 13714 13263 a 5188 5130 5159 a 40.5 37.4 39.0 a 

DAP (Sole) 

18 9531 10336 9934 h 3465 3387 3426 h 36.3 32.8 34.6 ef 

36 10104 11141 10622 fg 3913 4017 3965 f 38.7 36.0 37.4 a-d 

54 10625 11552 11089 de 4144 4226 4185 e 39.0 36.6 37.8 a-d 

PA (Sole) 

18 9833 10767 10300 g 3391 3472 3431 h 34.5 32.2 33.4 f 

36 10563 11397 10980 de 4059 4258 4158 e 38.4 37.3 37.9 a-c 

54 10625 11823 11224 d 4225 4389 4307 d 39.8 37.1 38.4 ab 

HSD (< 0.05)   333   108   1.76 
aControl = zero phosphorus applied, FYM = Farm Yard Manure, DAP = Di-ammonium phosphate, PA = Phosphoric acid, HSD = Honest Significant Difference 
bNumbers in columns sharing the same letter(s) do not differ significantly at P<0.05.
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 Phosphorus application from both sources either applied alone (DAP & PA) or 

as pre-mix with farmyard manure (DAP+FYM & PA+FYM) significantly increased 

grain yield of wheat when compared with control (zero P). The increase in grain yield 

(% over control) were found significantly higher in co-applied treatments (i.e. 

DAP+FYM & PA+FYM) than that occurred in sole PA and DAP treatments (Figure 3-

6). However, the variation in both year’s experiment could be attributed to different 

environmental and experimental conditions. 

 

 

  

Figure 3-6 Impact of P sources applied alone and as premixed with FYM on % 

increase in grain yield over that of control (zero P). 

 

 During the field experiment 2015-16, FYM amended fertilizer produced higher 

yield as compared to sole fertilizer treatments. The PA+FYM applied at highest rate 

produced 23% higher gain yield than sole PA application; followed by DAP+FYM 

which produced 15% higher grain yield than its sole application (Figure 3-7). 

Furthermore, P sources and mode of their application also significantly increased 1000-

grain weight when compared with control. The maximum 1000 grain weight (52.9 g) 

was observed in PA+FYM applied at highest P rate followed by DAP+FYM (51.8 g) 

at similar rate (Figure 3-8). A similar trend was observed in both years of 

experimentation. 
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Figure 3-7 Increase in grain yield (%) by premixed (with FYM) over respective 

sole applied as DAP and PA. 
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Figure 3-8 1000 grain weight of wheat as affected by applied P fertilizer 

treatments at different rates (0 – 54 kg P ha−1) for two years field experiment. 

3.3.2 Phosphorus Uptake and Efficiency in Wheat. 

Generally, an increase in P accumulation by wheat grain was observed on increasing 

rate of P application regardless of source and method of P application (Table 3.9). The 

results of both the trials showed that maximum P uptake (15.7 kg ha-1) occurred at 

highest PA+FYM application while minimum P uptake (6.0 kg ha-1) was recorded in 

control (zero P application) (Table 3.9). In general, the co-applied phosphate treatments 

accumulated higher P in grain when compared to their sole application. However, 

among sole fertilizer treatments, PA produced higher concentration of P in grain as 
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compared to DAP treatment. The higher P uptake may be due to higher grain yield in 

manure amended fertilizer as compared to sole fertilizer application. 

Table 3.9 Effect of P sources applied as sole and premixed with FYM on P 

uptake by grain in wheat. 

Treatments 
P rates 

(kg P ha-1) 

P uptake by grain (kg ha-1) 

2015-16 2016-17 Averagea 

 Control 5.8 6.2 6.0 ib 

DAP+FYM 

18 8.8 9.4 9.1 f 

36 12.5 13.6 13.0 cd 

54 13.9 14.3 14.1 b 

PA+FYM 

18 7.5 7.6 7.6 g 

36 12.6 12.5 12.5 d 

54 15.7 15.8 15.7 a 

DAP (Sole) 

18 7.2 7.2 7.2 gh 

36 10.3 10.7 10.5 e 

54 12.4 12.9 12.6 d 

PA (Sole) 

18 6.5 6.9 6.7 hi 

36 12.2 13.0 12.6 d 

54 13.2 14.0 13.6 bc 

HSD (< 0.05)   0.79 

aAverage of two years field experiment data 
bNumbers in columns sharing the same letter(s) do not differ significantly at P<0.05. 

 

 Phosphorus recovery efficiency (PRE) and phosphorus agronomic efficiency 

(PAE) of P sources (i.e., DAP & PA) applied at increasing rates (18 to 54 kg P ha-1) 

differed significantly for both year trials (Table 3.10). Whereas, the manure amended 

phosphate fertilizers exhibited higher PRE and PAE as compared to their sole 

application. The higher PRE-values (range= 3.65% – 9.29%) were found in manure 

amended treatments while lower ones (range= 2.55% - 5.74%) were witnessed on 

application of phosphate fertilizers alone. In general, maximum PRE was achieved at 

medium P rate (36 kg P ha-1). Similarly, co-applied phosphate fertilizers produced 

higher PAE values as compared to their application alone. The maximum PAE of 25.85 

kg kg-1 (mean of both years result) was found in co-applied PA+FYM at lowest rate (18 

kg P ha-1). Irrespective of P sources, increase in P rates usually decreased the PAE and 

hence the minimum PAE (13.38 kg kg-1) was witnessed on sole DAP application at 

highest rate (Table 3.10). 
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Table 3.10 Effect of P sources applied as sole and premixed with FYM on 

phosphorus recovery efficiency (PRE) and phosphorus agronomic efficiency 

(PAE) in wheat. 

Treatments 
P rates 

(kg P ha-1) 

PREa (%) PAE (kg kg-1) 

2015-16 2016-17 2015-16 2016-17 

 Controla - - - - 

DAP+FYM 

18 7.52 8.28 21.39 23.16 

36 8.35 9.29 18.27 20.39 

54 6.77 6.80 18.76 18.42 

PA+FYM 

18 4.31 3.65 27.85 23.91 

36 8.54 7.93 26.62 23.54 

54 8.24 8.02 22.22 20.78 

DAP (Sole) 

18 3.42 2.55 23.58 18.76 

36 5.64 5.72 17.40 17.26 

54 5.52 5.61 13.52 13.25 

PA (Sole) 

18 1.79 1.84 21.73 20.91 

36 8.03 8.53 19.21 20.27 

54 6.20 6.52 14.19 14.61 
aPRE = Phosphorus recovery efficiency, PAE = Phosphorus agronomic efficiency. 

3.3.3 Proportion of P taken up by Wheat from Native Soil and 

Applied P Fertilizer 

Plant can uptake P ions indiscriminately whether they are coming from native soil pool 

or freshly applied fertilizer. The greenhouse experiment was conducted to evaluate the 

impact of fertilizer treatments on P accumulation and biomass production, and also to 

differentiate the proportion of P taken up by wheat either derived from applied fertilizer 

(Pdff) and/or derived from native soil (Pdfs) during vegetative growth stage (up to 45 

days) of wheat. 

The results of tracer technique using 32P labelling approach exhibited significant 

effect on treatment induced P recovery and resultant biomass production of wheat. The 

lowest biomass (0.94 g pot-1) was produced in control treatment, however, phosphate 

fertilizers application significantly enhanced the biomass production 
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Table 3.11 Phosphorous uptake by wheat partition either by native soil or 

different fertilizer sources. 

Treatment 
Shoot 

Weight 

(g) 

P Conc. 

(mg g-1) 

P 

Uptake 

(mg) 

Plant 

Specific 

Activity 

(kBq mg-1) 

L value 

(mg kg-1) 

Pdff 

(%) 

Pdfs 

(%) 

Control 0.94 da 1.13 c 1.06 e 0.037 26.81 d --- 100 

DAP+FYM 2.05 b 1.38 ab 2.83 b 0.020 49.39 b 29.25 b 60.59 

PA+FYM 2.25 a 1.51 a 3.40 a 0.017 58.25 a 40.03 a 46.67 

DAP (Sole) 1.81 c 1.22 bc 2.20 d 0.025 40.65 c 14.05 d 84.19 

PA (Sole) 1.99 b 1.32 a-c 2.62 c 0.022 46.04 b 24.12 c 73.20 

HSD (<0.05) 0.123 0.204 0.169 -- 3.39 4.48  

aNumbers in columns sharing the same letter(s) do not differ significantly at P<0.05. 

Among fertilized treatments, the maximum biomass (2.25 g pot-1) was produced 

by PA+FYM treatment followed by DAP+FYM (2.05 g pot-1) whereas the lower one 

(1.81 g pot-1) was obtained by sole DAP application (Table 3.11). Similarly, the 

maximum P uptake (3.40 mg) was obtained in PA+FYM treatment. The increase in P 

uptake could be attributed to either increase in biomass production and/or by increase 

in P concentration due to P application. [99] The significantly higher values of Pdff 

were achieved in manure amended fertilizer treatments wherein the highest Pdff 

(40.03%) was resulted in PA+FYM treatment while the lowest one (14.05%) was 

recorded on sole DAP application (Table 3.11). 
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4 Discussion 

4.1 Study 1: Pre-Mixing Inorganic Phosphate Fertilizer with 

Farmyard Manure Enhances Phosphorus Availability to 

Wheat Grown in Calcareous Soil 

4.1.1 Significance of Freundlich Kinetic Model in Studying P 

Transformation 

The process based model, i.e. Freundlich kinetic equation as used in the present 

study is presently considered as the unique model that is capable of accurately 

determining plant available/diffusible P ions (Pr) at soil solid-solution phase. Almost 

all (99%) the plant available P in soil is held by solid phase as diffusible one that can’t 

be precisely determined using chemical reagent for extraction. The existing chemical 

extractions of soil P have been criticized due to their inaccuracy [33]. The chemical 

methods encounter severe discrepancies in accurately quantifying of P fluxes in soil 

corresponding to their plant availability. The chemical extraction may dissolve 

undesired elements or extract the fractions having little contribution to P nutrition of 

crop [124, 125]. These earlier findings justify the use of process based model for 

accurately determining the portion of plant-available P in soil. 

Plant-available P is actually diffusible portion in soil which includes the 

quantity of P ions in soil solution and that adsorbed on soil colloids in easily detachable 

form [126, 127]. Although, addition of soluble P fertilizer instantly increases 

concentration of P ions in soil solution yet this phase is short lived as the concentration 

in solution decreases either because of plant uptake or due to transfer onto soil solid 

[128]. Hence, the diffusion is a major process that regulates  transfer of P ions from soil 

solid to solution and its absorption by roots throughout the crop growth and any 

obstruction in this process affects the growth of a crop  [71]. The earlier studies 

exhibited the successful use of this procedure for quantifying diffusible P ions (Pr) in 

forest soils [94], grassland soils [88, 93] and crop-cultivated soils [78].  

In this study, Freundlich kinetic equation was used to describe Pr across 

different times of isotopic dilution and Cp values (Figure 3-1). The diffusion process 
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continues until reaching an equilibrium, however, some limitations hinder to achieve 

equilibrium, experimentally. Various previous studies couldn’t have achieved 

equilibrium stage even an isotopic dilution of 44 days [75] and 100 days [129]. 

Therefore, fast reactions were also considered in this study to obtain the values of 

constant and to achieve fitted model equation [130].  

As discussed in earlier section, the parameterization of the fitted kinetic 

equation (developed from short-term laboratory experiments) is used to simulate Pr 

values for desired time periods, i.e. from 1 min to 1 year. The Pr values thus achieved 

by manipulating the fitted kinetic equation are known as simulated values. In the 

present study, authenticity of the simulated vs experimental Pr values was ascertained 

by a strong correlation (R2 > 0.99) as provided in Figure 4-1. The earlier studies also 

reported similar results while constructing relationship between simulated vs 

experimental Pr values the earlier researchers [87, 131]. 

 

Figure 4-1 Correlation between experimental Pr values and simulated Pr values 

from the Freundlich kinetic equation (see parameter estimates in Table 3.1). 

4.1.2 Influence of Organic Matter on P Mobility in Soil 

As almost all (99%) the plant available P in soil exist as diffusible P ions (Pr) present 

in association with solid phase, the Pr value is thus an indicator of plant-available P.  

The change in diffusible Pr (ΔPr, relative to control) was therefore increased either 

because of increase in P rates (0 to 54 mg P kg-1 soil) or increase in simulated time 

period (t = 1 week, 1 month & 1 year). However, FYM pre-mixed with inorganic P 

fertilizers exhibited higher ΔPr values compared to their sole application (Table 3.2). 
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Higher P availability in the pre-mix treatments was attributed to presence of temporary 

shielding/barrier around soluble P which could have delayed reactions of applied P with 

soil particles. The favourable physicochemical properties of the soil could be another 

reason of higher P availability [45]. The modification of microsites by organic matter 

could cause dissolution of native Ca-phosphate minerals [132], partial saturation of P 

binding sites [98], reduction in activity of Ca2+ [133] and obstruction of sorption 

phenomena [134]. Therefore, mixing of P fertilizer with manure has been found 

beneficial in sustaining P supply throughout crop growth [50].  

The higher availability of P in manure amended soils is mainly due to lower 

(23%) sorption than TSP applied soils. The sorption models (Langmuir & Freundlich 

model) attributed this lower P sorption to weakly bound P in manured soils. The manure 

applied soil not only decreases P retention but also causes release of native P in soil 

[135]. The application of organic matter was found to increase P fluxes in soils when 

labile P data were elaborated by a power function model [136]. Manure addition along 

with chemical fertilizer improve P supply in soil either by modifying soil properties of 

fertilized zone or supply additional nutrients on mineralization of applied OM. The 

change in sorption-phenomena could be due to modified chemical reactions in soil that 

favored presence of P in soil solution. The sorption reactions in calcareous soils are 

mainly controlled by CaCO3 content [137, 138]. The organic matter decomposition 

cause release of organic acids (humic & fulvic acids) may partially saturate binding 

sites in soil and reduce sorption of applied P on soil particles [139, 140]. Earlier studies 

revealed 2.1-fold higher labile P in surface soil receiving cattle manure than that 

received chemical fertilizers. The higher P availability in soils was attributed to 

decreased P-retention phenomena such as sorption coefficients and buffering capacity. 

Consistent with earlier findings, the present study exhibited higher P availability in soils 

receiving manure amended inorganic fertilizers. Organic matter in soil was also found 

to attract microbe and hence influence the nutrient dynamics in arable soils through 

facilitating soil processes such as decomposition and  mineralization [141] 

4.1.3 The Diffusible P Ions in Soil and Wheat Productivity 

The relationships provided in Figure 4-2 elaborates how an increase Pr value 

(irrespective of treatments) increases P uptake and mentioned crop parameters. The 

effects of the individual treatments have already been provided in Table 3.2.  The 
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established linear regressions from the experimental dataset exhibited significant 

correlation (P < 0.05) of diffusible P ions (Pr) with some crop parameters (Figure 4-2). 

In this study, a strong and positive correlation of Pr value was observed with grain yield 

(r = 0.80), biological yield (r = 0.77), P uptake (r = 0.81) and P use efficiency (r = 0.71). 

The Pr value depicts the total P in soil available for plant-uptake, hence, it contributes 

to crop productivity [142]. Such relationship has been followed by various researchers 

for demonstrating the impact of plant-available pool (diffusible or labile one) on P 

uptake by crop and other agronomic parameters. In an earlier study, relationship 

between Pr values and P uptake by plant was used to explain their strong positive 

correlation. [62]. In other studies, P uptake by corn and soybeans was found to correlate 

well (r = 0.85 & 0.98) with the labile P content in soil, respectively [143, 144]. 

However, some deviations in such correlation were attributed to root exudations as they 

play significant role in mobilizing of soil bound nutrients [145]. 

 

Figure 4-2 Impact of diffusive P ions (Pr) at Cp 0.5 mg P L-1 and time period (t = 

1min) on: (a) grain yield (g pot-1), (b) biological yield (g pot-1), (c) Total P uptake 

(mg pot-1), (d) P use efficiency (%) of wheat described by Pearson correlation. 
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The higher yield and yield parameters under pre-mix fertilizer treatments have 

been linked with the increased P availability to plants in alkaline calcareous soils [146]. 

The formation of protective layer around inorganic phosphate or otherwise overlap of 

exchange sites on soil colloids confines the exposure of soluble P for reaction thus 

enhancing its availability to crop. 

4.1.4 Feasibility of the Technology and its Practical 

Implication 

The earlier experiments involved large amounts of FYM (15 ton ha-1) in relation to the 

relatively low amount of inorganic fertilizer [147]. However, the use of such a high 

quantity of FYM minimizes the practical benefits the technology for adoption at a larger 

scale due to limited availability of FYM at the farm level. The present study suggested 

the use of small amount of FYM (about half ton ha-1) with the inorganic phosphate to 

enhance utilization of inorganic P fertilizers. This approach seems more practical under 

limited availability of fertilizer/organic inputs while other benefits are ease in handling 

and application to soil through broadcast at field preparation for sowing. 

4.2 Study 2: Early Phosphorus Accumulation Improves 

Grain Yield and P Content of Wheat by Manure 

Amended Phosphate Fertilizer 

4.2.1 Proportion of P taken up by Wheat from Native Soil and 

Applied P Fertilizer 

The isotopic exchange of ions occurs between P ions present on the exchange sites of 

soil solid phase (31P) and that present in the soil solution (32P) and results in decreased 

activity of readily available P ions in solution. This phenomena results in less recovery 

of applied fertilizer [148]. Similarly, the role of native P in soil is very important during 

early nutrition of crop which apparently increases proportion of P derived as Pdfs (P 

derived from soil) [57]. In earlier studies, the relative efficiency of P sources was 

compared in wheat and PA was found efficient over DAP in improving P uptake and 

yield parameters of wheat. Lu, et al. [149] reported that acidic P source, i.e. single 

superphosphate showed higher efficiency over the alkaline source, i.e. DAP in 

improving biomass and yield of wheat in alkaline calcareous soil. Whereas, Ahmad, et 

al. [49] revealed that co-application of animal manure with the inorganic phosphate 

fertilizers produced higher P uptake and yield of wheat as compared to sole application 
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of the inorganic fertilizers. These investigations showed better performance of 

integrated use of organic and inorganic P fertilizer sources and higher efficiency of 

acidic fertilizer in calcareous soils. 

4.2.2 Treatments Induced Fluxes of P Ions in Soil 

In calcareous soil, the higher phyto-available P from acidic phosphate fertilizer (i.e. 

PA) has been attributed to its lower fixation when compared to alkaline source i.e. DAP 

[34, 99, 149, 150]. Consequently, there could be a lower conversion of soluble P into 

insoluble compounds of higher Ca-phosphate, i.e. apatite and octa-calcium phosphate 

[151]. Inorganic phosphate fertilizers application along with manure restricts its direct 

exposure to soil that decreases sorption reactions and increases P availability to plant 

[127]. Formation of protective layer around fertilizer particles physically overlap the P 

ions or exchange sites thus reduce their reactivity [152]. The effectiveness of inorganic 

fertilizers increase either because of decreasing exchange sites due to their partially 

saturation by the organic anions produced on organic matter decomposition on soil 

particles [127]. The decomposition of organic matter releases certain organic 

compounds that enhance P availability in soil either keeping applied phosphate in 

soluble form or mobilizing soil bound nutrients due to ligand exchanges. Organic acids 

such as oxalate, malate, citrate produced by the mineralization of farmyard manure 

compete for phosphate adsorption in soil and resultantly reduce sorption sites on soil 

solids. Previous studies revealed that equilibrium activity of orthophosphate ions is 

controlled by any calcium phosphate mineral in alkaline calcareous soils. However, 

organic anions such as oxalates react with free Ca+2 ions in soil and converts it to 

precipitate of calcium oxalate (CaC2O4) which suppress Ca+2 ion activity in soil and 

increase dissolution of mineral bounded P ions in soil solution which will ultimately 

increase P availability to plant [153, 154]. Furthermore, the organic anions production 

in calcareous soil could cause precipitation of free Ca2+ and hence reduce its activity in 

soil for its reaction with soluble phosphates. The mixing of FYM also provides physical 

barrier as its overlapping produce a protective layer of organic material around 

inorganic P fertilizers; this phenomenon may reduce instant sorption reactions [155-

157]. These mechanisms may lower P fixation on soil colloids and thus maintain higher 

P availability to plant in calcareous soils. 



 

60 

 

 In previous studies, the integrated use of P fertilizers with manure significantly 

increased the P availability to plants in calcareous soils [34, 146]. Co-application of 

inorganic mineral fertilizer along with organic manure enhanced biomass production 

and yield of crops [47] due to lower P fixation (i.e. higher availability) from co-

amended fertilizers.  The integrated use of organic and mineral fertilizers has been 

found to enhance crop yields and efficiency of mineral phosphate fertilizers [158, 159]. 

The earlier agronomists tested the application of phosphate enriched manure crop 

production and found significant increases in P uptake by plants [160, 161]. Similarly, 

Haq, et al. [162] also emphasized the significance of co-application of P fertilizer with 

FYM and reported higher efficiency of manure impregnated fertilizer in P accumulation 

by plants, growth and yield of the crop.  

4.2.3 Regression Analysis of L-value vs E-value and L-value 

vs Crop Components 

The L-value indicates fraction of labile P available to plant to meet crop demand and it 

is the actual portion of P accumulated by plant during growth phase. The correlation of 

L-value in soil calculated by isotopic labeling technique with crop parameters showed 

strong correlation as affirmed by linear regression (Figure 4-3) established from the 

experimental data. Irrespective of treatments, the increase in labile P (L-value) was 

strongly correlated with crop parameters such as grain yield (r = 0.86), biological yield 

(r = 0.84) and P use efficiency (r = 0.87). The results showed significant increase in 

labile P, grain yield, biological yield and P use efficiency in wheat on co-application of 

inorganic fertilizer and FYM in calcareous soil environment [62]. 
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Figure 4-3 Impact of Labile P (L-value) on grain yield (g pot-1), biological yield (g 

pot-1) and P use efficiency (%) of wheat described by Pearson correlation. 

 The data on fluxes of P ions as determined in the present study (by involving 

32P isotope to the equilibrated soil suspension) demonstrate the ability of P treated soils 

in modifying the components of readily available P ions (Qw) present in soil solution 

and diffusive P ions (Pr) at soil solid phase; these are collectively denoted as 

exchangeable P or E-value [163, 164]. However, L-value (labile P) was obtained from 

pot culture experiment which depicts P ions actually taken up by the plant and assessed 

by using isotopic labeling technique [62]. Strong positive relationship was found 

between L values and simulated E values obtained for the similar time as witnessed for 

L values (L value assessed in 45 days old plant and hence E-values also determined for 

similar time) (Figure 4-4).  

 The study showed positive and significant relationships between L-values and 

E-values (Figure 4-4). The similar trend has already been reported in previous studies 

[62, 91], however, there were no strict relationships (1:1) observed between L and E 

values for similar time periods. The deviation from the ideal relationship was probably 

due to different experimental conditions in both laboratory and greenhouse studies. The 

strong positive relationship between these two determinants showed that the results 

obtained from incubation study are overall consistent with the results obtained from pot 

experiment in terms of P availability and biomass production. This linear regression 

elaborates consistency of the information on plant available P generated either from 

laboratory (incubation) experiments or greenhouse studies [62, 75, 79, 165]. 
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Figure 4-4 Amount of plant available soil P assessed using plants (L-value) in 

relation with plant available exchangeable P (E-value) assessed in incubation 

study for all treatments at harvest (45 days after sowing). 

4.3 Study 3: Improving Phosphorus Efficiency and 

Productivity of Wheat by Applying Manure Amended 

Phosphate Fertilizer 

4.3.1 Wheat Yield Response to Different P Amendments 

under Field Conditions 

Irrespective of mode of application, liquid phosphate fertilizers (i.e. polyphosphate and 

phosphoric acid) were found more efficient in enhancing wheat productivity when 

compared with the granular fertilizers (i.e., DAP & MAP) under alkaline calcareous 

soil environment [8, 99]. In another study, Holloway, et al. [166] found higher 

efficiency of PA over commercial granular phosphate fertilizers. The integrated use of 

organic source with inorganic phosphate fertilizer was also evaluated in an earlier 

research endeavor and found higher crop response to integrated use of phosphate 

fertilizers on alkaline soils rich in lime content [146]. Aye, et al. [167] revealed that 

application of farmyard manure with half dose of inorganic P fertilizer (TSP) produced 

similar grain yield to that as obtained by full dose of inorganic P fertilizer applied alone.  

4.3.2 Phosphorus Use Efficiency in Wheat 

The earlier researchers reported decreases in P efficiencies on increasing P application, 

this may be related to less plant utilization of applied P at higher rates as described by 
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law of minimum and law of limiting factors [168, 169]. The present study witnessed 

lower P efficiencies under sole P application when compared to manure amended 

treatments. This could be due to lower P availability to plants by conventionally applied 

fertilizers which consequently result in their lower use efficiencies [121].  

 In previous investigations, the co-application of inorganic P fertilizer with 

manure increased plant-available pool in alkaline calcareous soils [34, 158]. In another 

study, Sarwar, et al. [47] suggested integrated use of mineral fertilizer along with 

manure for improving utilization of applied fertilizer and enhancing productivity of the 

crop. Some other studies in this context also reported that manure enriched inorganic P 

fertilizer enhanced P availability in soil for plant uptake and resultantly showed higher 

fertilizer use efficiency [160, 161]. Similarly, Anwar, et al. [162] also reported the 

efficacy of mixing of FYM with inorganic P fertilizers for improving P use efficiency, 

P uptake and yield of the crop. 

4.3.3 Regression Analysis of L-value vs Grain Yield of Wheat 

in Field Study 

In previous studies, the efficiency of acidic P source (i.e. PA) was found greater than 

that of alkaline one (i.e. DAP) in respect of P uptake and yield production [149]. 

Whereas, the co-application of manure along with P fertilizer produced higher P uptake 

and yield of wheat as compared to sole fertilizer application [49]. 

The labile pool or L-value indicated the actual amount of P taken up by plant 

during crop growth [62]. The L- value was calculated by isotopic labelling techniques 

under greenhouse study which had strong co-relation with the crop yield obtained in 

the field experiment. Irrespective of experimental treatments, the increase in L-value 

(plant available P) increase the crop parameter and there was strong correlation 

(R=0.97) between L-value and crop yield data (Figure 4-5). This positive relationship 

showed that the results obtained from short term (45 days) greenhouse experiments are 

reliable and consistent with the results obtained from long term field experiments. 
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Figure 4-5 Impact of L-value (plant available P) on grain yield (kg ha-1) of wheat 

described by Pearson correlation. 

4.4 Conclusions 

Pre-mixing of inorganic phosphorus with FYM before application improves diffusible 

(plant-available) P content in soil and hence seems to be a better approach for enhancing 

agronomic utilization of the fertilizer inputs. The higher P availability from pre-mix 

fertilizer culture results in higher P uptake and increased yield and yield parameters of 

wheat when compared to the sole fertilizer application. As a consequence, P use 

efficiency is greater for pre-mix fertilizers, especially when P source is used in fluid 

form for wheat production in alkaline calcareous soils. These studies suggested that 

FYM-amended inorganic P fertilizer can be a promising technique to optimize supply 

of P from soil, improve efficiency of inorganic P fertilizers and improve wheat yield in 

alkaline calcareous soils. 
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Appendix A: Incubation Study Data 

Table A1 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil with control (zero P applied) treatment. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.07 0.89 0.06 0.86 0.06 0.88 

3 0.28 2.43 0.26 2.32 0.28 2.42 

3 0.40 3.08 0.41 2.99 0.39 3.03 

3 2.26 10.15 2.24 10.25 2.25 10.70 

3 5.91 19.24 5.89 20.32 5.90 19.78 

30 0.06 0.99 0.06 1.07 0.07 1.01 

30 0.26 3.14 0.28 3.04 0.28 3.16 

30 0.41 4.67 0.39 4.21 0.40 4.44 

30 2.24 15.12 2.25 14.09 2.26 15.10 

30 5.89 29.76 5.90 28.04 5.91 28.90 

300 0.06 1.34 0.07 1.48 0.06 1.41 

300 0.28 4.53 0.28 4.44 0.26 4.48 

300 0.39 5.28 0.40 5.62 0.41 5.45 

300 2.25 20.33 2.26 19.56 2.24 20.44 

300 5.90 38.70 5.91 38.85 5.89 37.27 

 

 

Table A2 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with DAP+FYM at 18 mg P kg-1 soil. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.09 0.99 0.09 0.99 0.08 0.99 

3 0.32 2.69 0.31 2.56 0.32 2.63 

3 0.51 3.45 0.51 3.64 0.52 3.54 

3 2.63 13.26 2.68 12.47 2.66 12.86 

3 5.98 24.46 5.99 23.10 6.01 23.78 

30 0.08 1.17 0.09 1.29 0.09 1.23 

30 0.32 3.86 0.32 3.66 0.31 3.76 

30 0.52 5.06 0.51 5.27 0.51 5.17 

30 2.66 18.33 2.63 17.96 2.68 18.15 

30 6.01 32.32 5.98 33.13 5.99 32.73 

300 0.09 2.14 0.08 2.02 0.09 2.08 

300 0.31 5.9 0.32 5.11 0.32 5.50 

300 0.51 7.26 0.52 7.43 0.51 7.34 

300 2.68 26.41 2.66 25.81 2.63 26.11 

300 5.99 46.52 6.01 47.23 5.98 46.87 
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Table A3 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with DAP+FYM at 36 mg P kg-1 soil. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.09 1.22 0.08 1.10 0.08 1.16 

3 0.36 3.52 0.33 3.13 0.35 3.33 

3 0.61 4.92 0.58 4.66 0.59 4.79 

3 2.66 14.55 2.67 14.12 2.67 14.33 

3 6.38 28.35 6.39 27.28 6.41 27.82 

30 0.08 1.27 0.09 1.46 0.08 1.36 

30 0.33 4.58 0.36 4.24 0.35 4.41 

30 0.58 6.89 0.61 6.48 0.59 6.69 

30 2.67 19.20 2.66 20.46 2.67 19.83 

30 6.39 39.07 6.38 39.48 6.41 39.28 

300 0.08 2.17 0.08 2.11 0.09 2.14 

300 0.35 6.79 0.33 6.41 0.36 6.60 

300 0.59 9.12 0.58 9.49 0.61 9.31 

300 2.67 30.83 2.67 29.58 2.66 30.21 

300 6.41 56.08 6.39 57.20 6.38 56.64 

 

 

Table A4 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with DAP+FYM at 54 mg P kg-1 soil. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.20 2.16 0.19 2.19 0.19 1.96 

3 0.38 3.49 0.39 3.77 0.39 3.36 

3 0.72 5.63 0.73 6.06 0.74 5.43 

3 2.80 15.52 2.78 16.60 2.79 14.68 

3 6.79 30.08 6.77 32.47 6.78 28.54 

30 0.19 3.00 0.20 3.30 0.19 2.84 

30 0.39 5.13 0.38 5.35 0.39 4.87 

30 0.73 8.20 0.72 8.66 0.73 7.79 

30 2.78 22.26 2.80 24.12 2.78 21.20 

30 6.77 43.29 6.79 47.04 6.77 41.30 

300 0.19 4.33 0.19 4.59 0.20 4.28 

300 0.39 7.40 0.39 7.89 0.38 6.92 

300 0.74 11.95 0.73 12.65 0.72 11.17 

300 2.79 32.19 2.78 34.68 2.80 30.89 

300 6.78 62.49 6.77 67.84 6.79 59.97 
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Table A5 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with PA+FYM at 18 mg P kg-1 soil. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.08 0.97 0.08 0.91 0.08 0.94 

3 0.36 2.73 0.35 2.81 0.36 2.77 

3 0.52 3.25 0.53 3.71 0.53 3.48 

3 2.71 13.83 2.70 12.82 2.69 13.33 

3 6.13 24.18 6.12 23.69 6.10 23.94 

30 0.08 1.28 0.08 1.30 0.08 1.29 

30 0.35 3.32 0.36 3.94 0.36 3.63 

30 0.53 5.03 0.53 5.38 0.52 5.21 

30 2.70 18.78 2.69 18.32 2.71 18.55 

30 6.12 33.03 6.10 33.89 6.13 33.46 

300 0.08 1.91 0.08 1.86 0.08 1.89 

300 0.36 5.84 0.36 5.76 0.35 5.80 

300 0.53 7.32 0.52 7.71 0.53 7.52 

300 2.69 26.05 2.71 26.16 2.70 26.10 

300 6.10 47.59 6.13 48.42 6.12 48.00 

 

 

Table A6 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with PA+FYM at 36 mg P kg-1 soil. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.09 1.24 0.08 1.11 0.08 1.18 

3 0.39 3.14 0.39 3.35 0.40 3.24 

3 0.66 4.59 0.65 4.97 0.65 4.78 

3 2.68 14.12 2.67 14.26 2.66 14.19 

3 6.53 28.27 6.50 27.86 6.52 28.07 

30 0.08 1.57 0.09 1.47 0.08 1.52 

30 0.40 4.78 0.39 4.94 0.39 4.86 

30 0.65 7.98 0.66 7.12 0.65 7.55 

30 2.66 21.53 2.68 20.55 2.67 21.04 

30 6.52 41.57 6.53 40.32 6.50 40.95 

300 0.08 2.29 0.08 2.13 0.09 2.21 

300 0.39 7.13 0.40 7.03 0.39 7.08 

300 0.65 9.98 0.65 10.32 0.66 10.15 

300 2.67 30.44 2.66 29.85 2.68 30.15 

300 6.50 59.57 6.52 58.28 6.53 58.93 
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Table A7 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with PA+FYM at 54 mg P kg-1 soil. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.21 2.20 0.21 2.36 0.22 2.28 

3 0.46 3.98 0.45 4.21 0.45 3.90 

3 0.80 6.04 0.79 6.46 0.80 6.01 

3 2.87 15.87 2.90 17.33 2.88 15.75 

3 6.96 31.00 7.00 33.82 6.97 30.61 

30 0.21 3.20 0.21 3.45 0.22 3.31 

30 0.45 5.69 0.46 6.25 0.45 5.66 

30 0.79 8.71 0.80 9.51 0.80 8.73 

30 2.90 23.28 2.87 25.08 2.88 22.87 

30 7.00 45.31 6.96 49.13 6.97 44.46 

300 0.22 4.82 0.21 5.03 0.21 4.64 

300 0.45 8.28 0.45 8.97 0.46 8.36 

300 0.80 12.80 0.79 13.74 0.80 12.67 

300 2.88 33.70 2.90 36.88 2.87 33.12 

300 6.97 65.74 7.00 71.98 6.96 64.48 

 

 

Table A8 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with sole FYM. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.07 0.92 0.08 0.89 0.07 0.91 

3 0.30 2.56 0.31 2.47 0.31 2.51 

3 0.52 3.50 0.51 3.62 0.53 3.56 

3 2.31 10.96 2.33 10.29 2.33 10.63 

3 5.91 18.93 5.90 19.86 5.93 19.40 

30 0.07 1.28 0.07 1.23 0.08 1.26 

30 0.31 3.91 0.30 3.49 0.31 3.70 

30 0.53 4.54 0.52 5.08 0.51 4.81 

30 2.33 14.20 2.31 14.32 2.33 14.26 

30 5.93 27.47 5.91 27.55 5.90 27.51 

300 0.08 1.97 0.07 1.87 0.07 1.92 

300 0.31 4.55 0.31 4.83 0.30 4.69 

300 0.51 6.76 0.53 6.84 0.52 6.80 

300 2.33 19.84 2.33 19.82 2.31 19.83 

300 5.90 36.68 5.93 37.98 5.91 37.33 
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Table A9 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with sole DAP at 18 mg P kg-1 soil. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.08 0.88 0.08 0.88 0.08 0.86 

3 0.33 2.55 0.34 2.61 0.34 2.55 

3 0.52 3.59 0.54 3.69 0.53 3.57 

3 2.24 10.78 2.27 10.86 2.25 10.63 

3 5.91 22.36 5.91 22.31 5.93 22.70 

30 0.08 1.24 0.08 1.23 0.08 1.21 

30 0.34 3.69 0.33 3.58 0.34 3.61 

30 0.54 5.22 0.52 5.04 0.53 5.75 

30 2.27 15.38 2.24 15.12 2.25 14.06 

30 5.91 31.58 5.91 31.36 5.93 32.30 

300 0.08 1.75 0.08 1.74 0.08 1.72 

300 0.34 5.21 0.34 5.15 0.33 5.30 

300 0.53 7.27 0.54 7.29 0.52 8.05 

300 2.25 21.58 2.27 21.47 2.24 22.25 

300 5.93 44.72 5.91 44.10 5.91 45.19 

 

 

Table A10 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with sole DAP at 36 mg P kg-1 soil.  

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.09 1.03 0.09 1.02 0.09 1.02 

3 0.35 2.81 0.34 2.74 0.33 2.69 

3 0.63 4.34 0.62 4.28 0.62 4.29 

3 2.62 12.46 2.61 12.50 2.60 12.45 

3 6.32 23.91 6.29 24.06 6.30 24.04 

30 0.09 1.46 0.09 1.45 0.09 1.46 

30 0.34 3.90 0.35 3.99 0.33 3.82 

30 0.62 6.09 0.63 6.18 0.62 6.11 

30 2.61 17.63 2.62 17.87 2.60 17.71 

30 6.29 33.81 6.32 34.43 6.30 34.19 

300 0.09 2.07 0.09 2.07 0.09 2.07 

300 0.33 5.42 0.34 5.56 0.35 5.68 

300 0.62 8.64 0.62 8.70 0.63 8.79 

300 2.60 24.95 2.61 25.40 2.62 25.34 

300 6.30 48.03 6.29 48.91 6.32 48.74 
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Table A11 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with sole DAP at 54 mg P kg-1 soil. 

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.16 1.53 0.16 1.59 0.15 1.46 

3 0.35 2.79 0.34 2.80 0.34 2.71 

3 0.71 4.79 0.70 4.84 0.70 4.69 

3 2.78 13.60 2.77 13.67 2.76 13.28 

3 6.75 26.81 6.73 26.72 6.72 26.09 

30 0.15 2.09 0.16 2.27 0.16 2.20 

30 0.34 3.90 0.35 4.10 0.34 3.89 

30 0.70 6.78 0.71 6.99 0.70 6.73 

30 2.76 19.37 2.78 19.58 2.77 19.12 

30 6.72 38.27 6.75 38.26 6.73 37.50 

300 0.16 3.14 0.15 3.09 0.16 3.15 

300 0.34 5.59 0.34 5.73 0.35 5.71 

300 0.70 9.71 0.70 9.88 0.71 9.76 

300 2.77 27.82 2.76 27.83 2.78 27.52 

300 6.73 54.87 6.72 54.49 6.75 53.95 

 

 

Table A12 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with sole PA at 18 mg P kg-1 soil.  

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.08 0.91 0.08 0.88 0.08 0.92 

3 0.34 2.69 0.34 2.60 0.33 2.67 

3 0.49 3.55 0.47 3.31 0.48 3.54 

3 2.66 12.68 2.68 12.12 2.65 12.87 

3 6.05 23.54 6.06 22.27 6.08 24.10 

30 0.08 1.28 0.08 1.24 0.08 1.30 

30 0.33 3.72 0.34 3.65 0.34 3.88 

30 0.48 4.93 0.49 4.80 0.47 4.95 

30 2.65 17.86 2.66 16.94 2.68 18.43 

30 6.08 33.37 6.05 31.27 6.06 34.12 

300 0.08 1.81 0.08 1.74 0.08 1.85 

300 0.34 5.37 0.33 5.02 0.34 5.50 

300 0.47 6.86 0.48 6.64 0.49 7.25 

300 2.68 25.44 2.65 23.75 2.66 26.00 

300 6.06 47.02 6.08 44.13 6.05 48.35 
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Table A13 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with sole PA at 36 mg P kg-1 soil.  

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.09 0.99 0.08 0.91 0.09 1.00 

3 0.37 2.84 0.36 2.78 0.36 2.83 

3 0.61 4.13 0.60 4.05 0.60 4.15 

3 2.62 12.26 2.60 12.01 2.62 12.58 

3 6.45 24.03 6.48 23.63 6.44 24.74 

30 0.09 1.42 0.09 1.43 0.08 1.32 

30 0.36 4.01 0.37 4.07 0.36 4.08 

30 0.60 5.87 0.61 5.89 0.60 5.99 

30 2.62 17.64 2.62 17.34 2.60 18.04 

30 6.44 34.54 6.45 33.81 6.48 35.85 

300 0.08 1.87 0.09 2.05 0.09 2.07 

300 0.36 5.76 0.36 5.72 0.37 6.00 

300 0.60 8.44 0.60 8.35 0.61 8.74 

300 2.60 25.24 2.62 24.89 2.62 26.16 

300 6.48 49.93 6.44 48.48 6.45 51.51 

 

 

Table A14 Experimental values of Cp and Pr at different time intervals (3, 30 & 

300 min) in soil treated with sole PA at 54 mg P kg-1 soil.  

Time 
Replication 1 Replication 2 Replication 3 

Cp Pr Cp Pr Cp Pr 

3 0.19 1.83 0.20 1.79 0.19 1.96 

3 0.43 3.38 0.43 3.15 0.42 3.56 

3 0.74 5.07 0.72 4.61 0.73 5.39 

3 2.88 14.01 2.86 12.78 2.89 15.16 

3 6.89 26.90 6.92 24.56 6.91 29.18 

30 0.19 2.64 0.19 2.49 0.20 2.94 

30 0.42 4.77 0.43 4.55 0.43 5.23 

30 0.73 7.22 0.74 6.79 0.72 7.70 

30 2.89 20.21 2.88 18.53 2.86 21.69 

30 6.91 38.79 6.89 35.31 6.92 42.13 

300 0.20 3.94 0.19 3.58 0.19 4.08 

300 0.43 6.99 0.42 6.44 0.43 7.54 

300 0.72 10.28 0.73 9.69 0.74 11.33 

300 2.86 28.85 2.89 26.79 2.88 31.45 

300 6.92 55.87 6.91 51.03 6.89 60.55 
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Appendix B: Field Study Data 

Table B1 Grain yield of wheat as affected by different P fertilizer treatments. 

Treatment 
P Rate  

(kg ha-1) 
Replication 2015-2016 2016-2017 Mean 

Control 0 

1 2802 2841 2822 

2 2808 2867 2837 

3 2756 2781 2768 

D
A

P
+

F
Y

M
 

18 

1 3368 3506 3437 

2 3409 3586 3498 

3 3354 3595 3474 

36 

1 3959 4279 4119 

2 4064 4297 4180 

3 3928 4226 4077 

54 

1 4715 4813 4764 

2 4777 4843 4810 

3 4825 4884 4854 

P
A

+
F

Y
M

 

18 

1 3652 3584 3618 

2 3650 3580 3615 

3 3604 3614 3609 

36 

1 4670 4528 4599 

2 4600 4496 4548 

3 4683 4536 4610 

54 

1 5120 5195 5158 

2 5239 5103 5171 

3 5203 5091 5147 

F
Y

M
 

0 

1 2702 2841 2771 

2 2780 2865 2823 

3 2886 2781 2833 

D
A

P
 

18 

1 3427 3370 3399 

2 3519 3408 3463 

3 3448 3382 3415 

36 

1 3851 3945 3898 

2 3894 4079 3986 

3 3995 4026 4011 

54 

1 4127 4201 4164 

2 4162 4197 4179 

3 4143 4281 4212 

P
A

 

18 

1 3396 3477 3436 

2 3379 3441 3410 

3 3397 3498 3448 

36 

1 4109 4252 4180 

2 4023 4224 4124 

3 4043 4297 4170 

54 

1 4262 4364 4313 

2 4199 4385 4292 

3 4213 4418 4316 
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Table B2 Biological yield of wheat as affected by different P fertilizer treatments. 

Treatment 
P Rate  

(kg ha-1) 
Replication 2015-2016 2016-2017 Mean 

Control 0 

1 6750 7438 7094 

2 6875 7581 7228 

3 6963 7344 7153 

D
A

P
+

F
Y

M
 

18 

1 10000 10875 10438 

2 9750 11213 10481 

3 9875 11356 10616 

36 

1 10625 11594 11109 

2 10625 11969 11297 

3 10625 12094 11359 

54 

1 12188 12766 12477 

2 11875 13219 12547 

3 12031 13023 12527 

P
A

+
F

Y
M

 

18 

1 10625 11219 10922 

2 10375 11306 10841 

3 10500 11075 10788 

36 

1 10938 12578 11758 

2 11250 12938 12094 

3 11094 12633 11863 

54 

1 13125 13531 13328 

2 12500 13688 13094 

3 12813 13922 13367 

F
Y

M
 

0 

1 6875 7531 7203 

2 7188 7578 7383 

3 7031 7461 7246 

D
A

P
 

18 

1 9688 10516 10102 

2 9375 10156 9766 

3 9531 10336 9934 

36 

1 10000 10875 10438 

2 10313 11234 10773 

3 10000 11313 10656 

54 

1 10625 11594 11109 

2 10625 11344 10984 

3 10625 11719 11172 

P
A

 

18 

1 9875 10606 10241 

2 10000 10813 10406 

3 9625 10881 10253 

36 

1 10625 11219 10922 

2 10500 11450 10975 

3 10563 11522 11042 

54 

1 10625 11719 11172 

2 10750 11800 11275 

3 10500 11950 11225 
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Table B3 Harvest index of wheat as affected by different P fertilizer treatments. 

Treatment 
P Rate  

(kg ha-1) 
Replication 2015-2016 2016-2017 Mean 

Control 0 

1 41.52 38.20 39.86 

2 40.85 37.81 39.33 

3 39.58 37.87 38.72 

D
A

P
+

F
Y

M
 

18 

1 33.68 32.24 32.96 

2 34.97 31.99 33.48 

3 33.97 31.65 32.81 

36 

1 37.26 36.91 37.08 

2 38.25 35.90 37.08 

3 36.97 34.94 35.96 

54 

1 38.69 37.70 38.19 

2 40.23 36.64 38.43 

3 40.10 37.50 38.80 

P
A

+
F

Y
M

 

18 

1 34.37 31.95 33.16 

2 35.18 31.66 33.42 

3 34.33 32.63 33.48 

36 

1 42.70 36.00 39.35 

2 40.89 34.75 37.82 

3 42.21 35.91 39.06 

54 

1 39.01 38.39 38.70 

2 41.92 37.28 39.60 

3 40.61 36.57 38.59 

F
Y

M
 

0 

1 36.88 36.19 36.53 

2 34.80 35.75 35.27 

3 37.24 37.28 37.26 

D
A

P
 

18 

1 35.38 32.05 33.71 

2 37.53 33.56 35.54 

3 36.18 32.72 34.45 

36 

1 38.51 36.28 37.39 

2 37.76 36.31 37.03 

3 39.95 35.59 37.77 

54 

1 38.84 36.23 37.54 

2 39.17 37.00 38.08 

3 39.00 36.53 37.76 

P
A

 

18 

1 34.39 32.78 33.58 

2 33.79 31.83 32.81 

3 35.30 32.15 33.72 

36 

1 38.68 37.90 38.29 

2 38.32 36.89 37.61 

3 38.28 37.29 37.79 

54 

1 40.11 37.24 38.67 

2 39.06 37.16 38.11 

3 40.12 36.97 38.55 

 

 

 

 



 

75 

 

Table B4 1000 grain weight of wheat as affected by different P fertilizer 

treatments. 

Treatment 
P Rate  

(kg ha-1) 
Replication 2015-2016 2016-2017 Mean 

Control 0 

1 38.49 40.63 39.56 

2 39.65 41.33 40.49 

3 38.24 39.71 38.97 

D
A

P
+

F
Y

M
 

18 

1 44.91 46.75 45.83 

2 45.45 47.82 46.64 

3 44.72 47.93 46.32 

36 

1 49.48 50.34 49.91 

2 50.80 50.55 50.68 

3 49.10 49.71 49.41 

54 

1 51.25 52.31 51.78 

2 51.92 52.65 52.28 

3 52.45 53.09 52.77 

P
A

+
F

Y
M

 

18 

1 48.69 47.79 48.24 

2 48.67 47.73 48.20 

3 48.06 48.18 48.12 

36 

1 51.89 51.45 51.67 

2 51.11 51.09 51.10 

3 52.03 51.55 51.79 

54 

1 52.24 54.12 53.18 

2 53.46 53.16 53.31 

3 53.10 53.03 53.06 

F
Y

M
 

0 

1 39.01 34.23 36.62 

2 38.48 33.98 36.23 

3 40.29 33.55 36.92 

D
A

P
 

18 

1 43.39 42.66 43.02 

2 44.54 43.14 43.84 

3 43.65 42.81 43.23 

36 

1 43.76 44.83 44.30 

2 44.25 46.35 45.30 

3 45.40 45.75 45.57 

54 

1 45.85 46.68 46.26 

2 46.25 46.63 46.44 

3 46.04 47.57 46.80 

P
A

 

18 

1 44.10 45.16 44.63 

2 43.88 44.69 44.29 

3 44.12 45.43 44.78 

36 

1 45.66 47.24 46.45 

2 44.70 46.94 45.82 

3 44.93 47.74 46.33 

54 

1 47.35 48.49 47.92 

2 46.66 48.73 47.69 

3 46.81 49.09 47.95 
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Table B5 Phosphorus uptake by wheat as affected by different P fertilizer 

treatments. 

Treatment 
P Rate  

(kg ha-1) 
Replication 2015-2016 2016-2017 Mean 

Control 0 

1 5.8 6.2 6.0 

2 5.7 6.1 5.9 

3 5.8 6.2 6.0 

D
A

P
+

F
Y

M
 

18 

1 9.0 9.6 9.3 

2 8.6 9.1 8.8 

3 8.8 9.6 9.2 

36 

1 13.0 14.2 13.6 

2 12.2 13.0 12.6 

3 12.2 13.5 12.9 

54 

1 13.9 14.4 14.2 

2 13.9 14.3 14.1 

3 13.9 14.2 14.0 

P
A

+
F

Y
M

 

18 

1 7.7 7.7 7.7 

2 7.4 7.4 7.4 

3 7.4 7.7 7.6 

36 

1 12.8 12.6 12.7 

2 12.5 12.5 12.5 

3 12.5 12.3 12.4 

54 

1 15.7 16.2 16.0 

2 15.7 15.5 15.6 

3 15.6 15.7 15.6 

F
Y

M
 

0 

1 5.8 6.4 6.1 

2 5.6 6.1 5.9 

3 5.7 6.2 6.0 

D
A

P
 

18 

1 7.1 7.2 7.1 

2 7.3 7.2 7.2 

3 7.1 7.1 7.1 

36 

1 10.3 10.7 10.5 

2 9.9 10.6 10.2 

3 10.7 10.9 10.8 

54 

1 11.9 12.4 12.1 

2 12.8 13.1 12.9 

3 12.6 13.2 12.9 

P
A

 

18 

1 6.3 6.8 6.5 

2 6.3 6.8 6.6 

3 6.9 7.1 7.0 

36 

1 12.1 12.7 12.4 

2 12.4 13.2 12.8 

3 12.1 13.0 12.6 

54 

1 13.3 13.8 13.5 

2 12.9 13.7 13.3 

3 13.5 14.5 14.0 
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Table B6 Phosphorus agronomic efficiency of wheat as affected by different P 

fertilizer treatments. 

Treatment 
P Rate  

(kg ha-1) 
Replication 2015-2016 2016-2017 Mean 

D
A

P
+

F
Y

M
 

18 

1 21.17 21.76 21.46 

2 22.19 23.76 22.98 

3 20.82 23.96 22.39 

36 

1 17.96 20.54 19.25 

2 19.28 20.76 20.02 

3 17.58 19.87 18.73 

54 

1 18.28 18.14 18.21 

2 18.80 18.39 18.60 

3 19.20 18.73 18.96 

P
A

+
F

Y
M

 

18 

1 28.26 23.70 25.98 

2 28.21 23.60 25.91 

3 27.07 24.44 25.76 

36 

1 26.86 23.65 25.25 

2 25.98 23.24 24.61 

3 27.02 23.75 25.38 

54 

1 21.65 21.33 21.49 

2 22.65 20.56 21.60 

3 22.35 20.46 21.40 

D
A

P
 

18 

1 22.65 18.35 20.50 

2 24.93 19.30 22.11 

3 23.17 18.64 20.90 

36 

1 16.62 16.36 16.49 

2 17.15 18.04 17.59 

3 18.42 17.38 17.90 

54 

1 13.38 13.04 13.21 

2 13.67 13.01 13.34 

3 13.51 13.71 13.61 

P
A

 

18 

1 21.86 21.03 21.44 

2 21.44 20.14 20.79 

3 21.90 21.56 21.73 

36 

1 19.85 20.20 20.02 

2 18.77 19.85 19.31 

3 19.02 20.76 19.89 

54 

1 14.50 14.40 14.45 

2 13.98 14.58 14.28 

3 14.10 14.85 14.47 
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Table B7 Phosphorus recovery efficiency of wheat as affected by different P 

fertilizer treatments. 

Treatment 
P Rate  

(kg ha-1) 
Replication 2015-2016 2016-2017 Mean 

D
A

P
+

F
Y

M
 

18 

1 8.04 8.75 8.39 

2 6.93 7.48 7.21 

3 7.60 8.62 8.11 

36 

1 8.99 10.06 9.52 

2 7.98 8.61 8.30 

3 8.07 9.20 8.63 

54 

1 6.79 6.88 6.84 

2 6.78 6.80 6.79 

3 6.73 6.73 6.73 

P
A

+
F

Y
M

 

18 

1 4.76 3.84 4.30 

2 4.01 3.10 3.55 

3 4.15 4.00 4.07 

36 

1 8.84 8.11 8.47 

2 8.36 8.00 8.18 

3 8.41 7.68 8.05 

54 

1 8.30 8.36 8.33 

2 8.26 7.78 8.02 

3 8.17 7.92 8.04 

D
A

P
 

18 

1 3.23 2.69 2.96 

2 3.70 2.55 3.13 

3 3.34 2.42 2.88 

36 

1 5.63 5.68 5.66 

2 5.18 5.52 5.35 

3 6.11 5.96 6.03 

54 

1 5.06 5.21 5.14 

2 5.85 5.77 5.81 

3 5.66 5.85 5.75 

P
A

 

18 

1 1.35 1.51 1.43 

2 1.28 1.69 1.48 

3 2.73 2.32 2.53 

36 

1 7.95 8.23 8.09 

2 8.24 8.76 8.50 

3 7.91 8.61 8.26 

54 

1 6.25 6.35 6.30 

2 5.94 6.26 6.10 

3 6.40 6.94 6.67 
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Appendix C: Publication and Conference Presentation 

 

Figure C1 Research article published in Pakistan Journal of Botany. 
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Figure C2 Research article published in Experimental Agriculture. 
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Figure C3 Poster presented in 31st AQSSS conference 2017 at Trois-Rivieres, 

Quebec, Canada.
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Figure C4 First position award in 31st AQSSS conference at Trois-Rivieres, Quebec, Canada.
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