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ABSTRACT 

 
  
 

Effects of inorganic and organic amendments on soil phosphorus  
chemistry in calcareous soils 

 
  
 
Yuki Audette       Advisor: 
University of Guelph, 2015     Professor Paul Voroney 
 
  
      

 Organic amendments provide both plant-available nutrients and organic matter to 

soils, resulting in improvements to soil chemical, physical and biological quality as well as 

fertility. These amendments can directly affect the chemistry of soil phosphorus (P) by 

altering the amounts, distribution and transformations of various soil P fractions. The overall 

goal of this thesis is to understand the effects of inorganic and organic amendments on soil P 

chemistry in calcareous soils for establishing more effective P fertility management. 

Transformations of various P forms in the soils amended with either animal manure compost 

or inorganic P fertilizer and with or without plant growth were studied. The dynamics of P in 

calcareous soils and analytical techniques for quantifying and characterizing forms of 

inorganic and organic P in either calcareous soils or in animal manure composts were also 

studied to assist in designing appropriate experiments to evaluate plant P availability. 

 The highlights of this thesis were (1) forms of P in animal manure composts were 

clearly different from those in inorganic P fertilizers, and mainly associated with calcium and 

magnesium, which were extractable with weak acids, (2) turkey litter compost increased 

weak acid-soluble inorganic P in soils, which transformed into plant available P with plant 

growth, (3) ryegrass took up P from the inorganic P extractable with a weak base extractant 



	  

	  

(NaHCO3) in all soils and from the inorganic P extractable with a weak acid extractant 

(NH4Ac) in the soils rich in P,  (4) ryegrass promoted mineralization of organic P in the soils 

relatively deficient in P, and (5) the plant availability of P in turkey litter compost could be 

equivalent or greater from that in synthetic inorganic P fertilizers in the long term. 

 The current soil P fertility management system in Ontario only considers NaHCO3 

extractable inorganic P (Olsen P) as an indicator of plant available P. This may result in 

significant underestimation of the plant available P in soils where organic amendments, such 

as animal manures and composts, as they affect soil P chemistry differently from that of 

inorganic P fertilizers. This research has shown that weak acid extractable P should be 

considered as an alternative indicator of soil P fertility, especially in soils receiving organic 

amendments.  
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Chapter 1 Introduction 

 

1.1 Phosphorus nutrition in the current agricultural system  

Phosphorus (P) is an essential element for plant growth and is used for 

photosynthesis, respiration, seed production, root growth and other critical functions (Bundy 

et al., 2005). In addition to crop growth, P affects the crop’s maturity date, the plant’s ability 

to deal with environmental stresses, such as drought and diseases, and it interacts with other 

nutrients, especially nitrogen, to increase grain yields (Bundy et al., 2005). Phosphorus is 

known to be chemically reactive, thus large amounts of P bind strongly to minerals existing 

in soils, forming relatively insoluble compounds. Among all the macronutrients in soils, P is 

the most immobile, inaccessible and unavailable nutrients for plants (Holford, 1997). Recent 

demand for P fertilizers to maintain food security for the global population has drastically 

increased its use in agriculture. High-grade phosphate rock reserves are likely to be depleted 

within 50 to 150 years (Schröder et al., 2011). Eutrophication of open waters, mainly 

attributed to agricultural runoff P, is a severe environmental issue worldwide. Effective and 

sustainable P management in agriculture is crucial.  

Organic nutrient management relies on amendments of animal manures and composts 

as alternatives to synthetic P fertilizers. Organic amendments provide both plant-available 

nutrients and organic matter to soils, resulting in improvements both to soil quality 

(chemical, physical and biological) and fertility. These amendments can directly affect the 

chemistry of soil P by altering the amounts, distribution, and transformations of the various P 

fractions. The forms of P present in animal manures and composts are different from those in 

inorganic P fertilizers. However, the transformations of P forms in soils amended with 
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animal manures and composts are not well understood, limiting effective P management in 

these agricultural systems.  

 

1.2 Research goal and objectives 

The overall goal of this thesis is to understand effects of inorganic and organic 

amendments on soil P chemistry to establish more effective P management in the agricultural 

systems. Specific objectives of the research include;  

(1) To examine the forms and distribution of P in animal manure composts, and 

(2) To analyze the effects of inorganic and organic amendments on soil P chemistry 

and on transformations of P forms in a calcareous soil with and without plant growth. 

 

1.3 Thesis format 

This thesis consists of eight chapters, the first of which introduces the topic and 

outlines of the overall research goal and objectives. Chapters five to seven are the main 

topics of this thesis, understanding forms of P in animal manure composts and their 

transformations in a calcareous soil compared to an inorganic P amendment. Chapters two to 

four describe experiments conducted to establish methodologies and research approach 

essential for the research conducted in chapters five to seven. The second chapter reviews the 

chemistry of inorganic P in calcareous soils, using model diagrams of the major P complexes 

in soil solution and the stability of the major P mineral precipitates. The third chapter verifies 

the sequential fractionation method, which is used for characterizing and quantifying 

inorganic and organic forms of soil P. Chapter four evaluates methodologies to characterize 

and quantify organic P in animal manure compost. Based on the results from chapters two to 
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four, chapter five analyzes the forms of P in animal manure composts using a sequential 

fractionation method, x-ray diffraction and solution 31P NMR spectroscopy techniques. 

Chapter six describes the effects of animal manure compost in an incubation experiment on 

transformations of P forms in a calcareous soil, compared to those of inorganic P 

amendment, and chapter seven shows the effects of inorganic and organic amendments on 

soil P chemistry with plant growth in a greenhouse experiment. Since chapters two to seven 

have been written as independent works, it is acknowledged that there are repetitions in the 

introduction, methodology and result sections. Finally, chapter eight provides a summary of 

the implications of the collective research and provides recommendations for future research. 
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Chapter 2 

Understanding a precipitation and dissolution mechanism of inorganic 

phosphorus in calcareous soils using mineral P stability diagrams  
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Abstract 

Phosphorus (P) is chemically reactive, binding strongly to soil minerals and forming 

relatively insoluble compounds, both of which may limit the availability of P for plants. In 

calcareous soils, the fate of P is controlled mainly by interactions with surfaces of clay and 

oxide minerals, and precipitation as secondary calcium phosphates. Using acid dissociation 

constants, formation constants for P complexes, and solubility constants for the major soil P 

minerals, it is possible to predict which minerals precipitate under specific soil chemistries. 

In order to do so, all constants need to be re-calculated to the ionic strength of the soil 

solution (when I > 0.012 M), and include appropriate elements forming P complexes in the 

soil solution. In this study, computer model was developed to predict the proportions of the 

major P complexes and the stability of the major Ca- and Mg-P minerals as a function of soil 

pH. The model can predict which P complexes or mineral P precipitates are predominant and 

how stable they are under specific soil chemistries. The study also showed that excluding the 

effects of ionic strength and elements forming P complexes in soil solution gave erroneous 

predictions of the stability of P minerals. Mineral P stability and P complex diagrams are 

useful predictive tools, especially when selecting the most appropriate extractants for 

extracting target P forms and predicting the effects of soil amendments on soil P chemistry 

under specific soil conditions.   
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2.1 Introduction and literature review   

2.1.1 Basic soil P speciation 

Phosphorus (P) is known to be chemically reactive, thus large amounts of P can bind 

strongly to minerals existing in soils forming relatively insoluble and plant unavailable 

compounds. Among the macronutrients in soils, P is the most immobile, inaccessible and 

unavailable to plants (Holford, 1997). Phosphorus exists in both organic and inorganic forms 

in soil, a major portion of which is as an insoluble mineral phase. Plants take up inorganic P 

from the soil solution, where it can exist in ionic forms. The plant available forms of P, 

inorganic phosphate ions, originate from the dissociation of phosphoric acid, H3PO4, which 

is a triprotic acid with four molecular species in solution; H3PO4
0, H2PO4

- , HPO4
2-, and PO4

3-. 

The speciation of H3PO4 can be predicted using Lowry-Brønsted acidity, Ka value, which is 

defined as the ability to lose or donate protons. Stronger acids have larger Ka values, and tend 

to dissociate completely in water, while weak acids dominate soil solution chemistry and 

contribute to the soil’s buffering capacity (Essington, 2004). In the pH range of soils, 

generally between 4.5 and 8.5, H2PO4
-  and HPO4

2- are the predominant phosphate ion species 

with the latter predominating in soils with pH values greater than 7.2 (Table 2.1.1 and Fig. 

2.1.1).  

 

Table 2.1.1. Speciation of phosphoric acid and acid dissociation constants (pKa values¶) at 
25°C 
Dissociation reaction pKa

¶ 

H3PO4
0 ⇌ H2PO4

-+ H+ 
H2PO4

-  ⇌ HPO4
2-+ H+ 

HPO4
2- ⇌ PO4

3-+ H+ 

  2.15 
  7.20 
12.38 

¶Data from Martell & Smith, 2004  
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Figure 2.1.1. Relative proportions of phosphoric  
acid and its conjugate bases as a function of pH 

 

Since the concentration of these P ions in soil solution can be as low as less than 1% of the 

total quantity of P in the soil (Pierzynski, 1991), P in the soil solution must be continually 

replenished to meet plant P demands (Pierzynski, et al., 2005). Within the soil solution, these 

ions act as hard Lewis bases, which have a tendency to form soluble inner- or outer-sphere 

complexes with hard Lewis acids, such as H+, Ca2+, Mg2+, Fe3+, and Al3+ (Pierzynski et al., 

2005). For instance, the major P complexes in a calcareous soil solution at pH 7.0 would be 

HPO4
2-, H2PO4

- , CaHPO4
0 and MgHPO4

0 ions (when [Ca2+] = 2.2 x 10-3 M, [Mg2+] = 7.2 x 10-4 

M, and [P] = 2.5 x 10-5 M as in Fig. 2.1.2). Relative proportions of the major P complexes in 

the specific soil solution can be predicted from their formation constants, which are shown in 

Table 2.1.2. The main precipitates, which control inorganic P solubility, are Ca-P precipitates 

under neutral and alkaline soil conditions, while Al-P and Fe-P precipitates are the main solid 

phases under acidic soil conditions. Most of the soil inorganic P exists as adsorbed P and as 

primary and secondary P solid phases (Pierzynski et al., 2005).   
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Table 2.1.2. Formation constants of the major Ca- and Mg-P complexes and Ca- and Mg-
carbonate complexes in calcareous soils at 25°C 
Dissociation reactions logβ¶

  (I = 0.0 M) 
 

Ca2++  PO43-  ⇌  CaPO4-    6.46 
Ca2++  PO43-+  H+⇌ CaHPO4

0 15.04 
Ca2++  PO43-+  2H+⇌  CaH2PO4+ 20.92 
Ca2+ + CO3

𝟐- ⇌ CaCO3
0   3.22 

Ca2+ + HCO3
-  ⇌ CaHCO3

+ 11.53 
Mg2++  PO43-⇌  MgPO4-    4.85 
Mg2++  PO43-+  H+⇌ MgHPO4

0 15.17 
Mg2++  PO43-+  2H+⇌  MgH2PO4+ 19.19 
Mg2+ + CO3

𝟐- ⇌ MgCO3
0   2.92 

Mg2+ + HCO3
-  ⇌ MgHCO3

+ 11.34 
¶Data from Martell & Smith, 2004 

 

 
Figure 2.1.2. Predicted relative proportions of the major P 
 complexes in a calcareous soil as a function of pH  

 

 

2.1.2 Solubility reactions and constants 

Precipitation of soluble inorganic compounds occurs when supersaturated conditions 

exist in the soil solution with respect to these compounds, while dissolution occurs when the 

soil solution is undersaturated with respect to the inorganic components. Since soil water 
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content is variable, the soil solution is in a continuous state of dissolution or precipitation and 

changing in composition overtime (Sparks, 2003). The extent of these reactions for specific 

minerals that attain equilibrium can be estimated by considering their solubility product 

constants, Ksp, and the ion activity products, IAP. The solubility constant, Ksp, is mineral 

specific (Table 2.1.3) and both Ksp and IAP have the same mathematical form (Eq. 2.2 and 

2.3).  

 

Table 2.1.3. Solubility reactions and constants (pKsp values¶) at 25°C for the major Ca- and 
Mg-P minerals and calcite 
Phosphate minerals Dissolution reaction pKsp

¶ 

 
Brushite CaHPO4·2H2O s  ⇌  Ca2++PO43-+  H++  2H2O  19.28 
β-tricalcium phosphate β-Ca3 PO4 2(s)    ⇌  3Ca2++  2PO43-  28.92 
Octacalcium P Ca8H2 PO4 6·5H2O s  ⇌  8Ca2++  6PO43-+  2H++  5H2O  94.16 
Hydroxyapatite Ca10 PO4 6(OH)2(s)  +  2H

+⇌  10Ca2++  6PO43-+  2H2O 116.66 
Bobierrite Mg3 PO4 2  ·8H2O  ⇌  3Mg2++  2PO43-+  8H2O  23.28 
Newberyite MgHPO4·3H2O s  ⇌  Mg2++  PO43-+  H++  3H2O  18.17 
Calcite CaCO3(s)    ⇋  Ca2++  CO32-    8.48 
¶Data from Martell & Smith, 2004 

 

The solubility product constant, Ksp, describes the activity ratio of formation of precipitates in 

a soil solution at equilibrium with a mineral (Essington, 2004), while IAP is the actual ratio 

of ion activities in solution, irrespective of the equilibrium status of the mineral and solution 

components (Essington, 2004). Therefore, precipitation occurs when IAP > Ksp and 

dissolution occurs when IAP < Ksp. For instance, the solubility reaction of brushite 

(CaHPO4·2H2O s ) is expressed in the following chemical equation.  

CaHPO4·2H2O s   ⇌ Ca2++  PO4
3-+  H++  2H2O  pKsp = 19.28   (Eq. 2.1) 

This equation can be expressed as a function of Ksp,  
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Ksp = 10-19.28 = [Ca2+][PO4
3-][H+]      (Eq. 2.2) 

 and IAP is the actual product ratio of ion activities in a solution. 

IAP = [Ca2+][PO4
3-][H+]       (Eq. 2.3) 

Similarly, to find the concentration of CaHPO4
0

(aq),  

Ca2++  PO4
3-+  H+⇌ CaHPO4(aq)         logβCa2=15.04     (Eq. 2.4) 

[CaHPO4
0] = 10-15.04[Ca2+][PO4

3-][H+]      (Eq. 2.5) 

Formation of brushite as a function of pH can be predicted when the concentration of 

Ca2+ and PO4
3- ions are known. It is possible to compute total phosphate solubility under 

specific conditions by combining these solubility equilibrium constants; Ksp, the acid 

dissociation constants; Ka, and formation constants of all soluble species;  𝛽. However, both 

positively and negatively charged ions are surrounded by a cloud of oppositely charged ions 

in the soil solution and the effective concentration of species in solution may differ from their 

actual concentration due to these interactions.  

The effective concentration, termed activity (α), can be estimated by the extent of the 

electrostatic field in solution, which is related to the extent of the ionic interactions. A 

divalent HPO4
2- contributes more to the electrostatic field than does a monovalent ion, thus 

the solubility equilibriums of these ions are influenced by the ionic strength (I) of the 

solution (Stumm & Morgan, 1996).  According to Lewis and Randall (1921), the ionic 

strength can be calculated from the equation below: 

I  = 1
2

cii zi2   where z is the valency of the ion and c is the concentration    (Eq. 2.6) 

The activity, α, and the actual concentration, c, are related by the following equation. 

α = Υc          (Eq. 2.7) 
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The most common equation used to calculate activity coefficients, Υ, is the Davies equation 

(Davies, 1962), which has an uncertainty of less than 2% for an ionic strength less than 0.7 M 

(Langmuir, 1997). 

logΥ  =  -AZ2 I
1+ I

  -  0.3I     where A  =  0.511  kg1/2mol-1/2      (Eq. 2.8) 

Ionic strength (I) of soil solutions demonstrates a strong linear correlation with electrical 

conductivity (EC) and can be estimated with the following equation (Wolt, 1994). 

I  = 0.015EC - 0.0006        (Eq. 2.9) 

Although ionic strengths of soil solutions can vary widely, the ionic strength of weathered 

soils is usually I < 0.02 M (Wolt, 1994). Solubility equilibria can be influenced by the ionic 

strength when ionic strength is greater than 0.012 M (Wolt, 1994). Therefore, equilibrium 

constants for both soluble species and for solids should be re-calculated at the ionic strength 

for computing total phosphate concentrations effectively, especially when I  > 0.012 M. 

 

2.1.3 Mineral P stability 

 Phosphorus precipitates vary in solubility as a function of the pH of the soil solution 

and the concentrations of cations in soil solution, such as Ca, Al and Fe that can interact with 

P. The major P precipitates that dominate in acidic soils are Al-P as variscite and Fe-P as 

strengite, while Ca-Ps as brushite, β-tricalcium phosphate (TCP), octacalcium phosphate 

(OCP), and hydroxyapatite (HAP) dominate precipitation reactions in alkaline soils. The 

primary mineral form of P is apatite, originally derived from the remains of aquatic life 

buried on the sea floor over a period of 10 to 15 million years (Ashley, et al., 2011). 

Weathering releases soluble P forms from apatite, which can be taken up by organisms and 

converted into various organic P compounds, or adsorbed onto the surfaces of clay and oxide 



	  

	   13	  

minerals, secondary minerals, and humic substances. The adsorption reactions reduce the 

availability of P to plants. Some of the adsorbed P can become strongly fixed in soils by 

occlusion in amorphous or crystalline oxides (Condron & Newman, 2011; Stewart & 

Tiessen, 1987). In animal manures and composts, which are rich in Ca and Mg, P is mainly 

associated with Ca and Mg (Turner & Leytem, 2004), such as Ca-Ps mentioned above in 

addition to bobierrite (Mg3 PO4 2 ·8H2O s ) and newberyite (MgHPO4·3H2O s ).  

The precipitation of metastable minerals and the transition to relatively more stable 

minerals is described in the step rule, also known as the Gay-Lussac-Ostwald step rule 

(Essington, 2004). Based on the step rule and the fact that metastable phases may remain in 

the soil for extended periods, application of equilibrium solubility requires consideration of 

both the stable minerals and metastable minerals (Essington, 2004). For example, when a 

highly soluble P fertilizer is applied to an alkaline soil, thermodynamics would predict 

precipitation of HAP, one of the most stable Ca-Ps. However, the first mineral observed to 

form is the metastable mineral brushite, and this mineral is transformed into OCP followed 

finally by HAP (Eq 2.10).  

Soluble P 
k1
CaHPO4·2H2O s   

k2
Ca8H2 PO4 6·5H2O s  

k3
Ca10 PO4 6(OH)2(s)  (Eq 2.10) 

The rate constants decrease in the order of k1> k2 >> k3. In alkaline soils, the mineral phase 

that forms after brushite is OCP, which controls the soil solution HPO4
2- activity at pH values 

greater than 7.2 (Essington, 2004). The time required for the complete conversion of brushite 

to OCP can range from a few weeks to several months, depending on soil solution pH, the 

presence of calcite, the concentration of soluble organic C and temperature (Essington, 

2004).   
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2.1.4 Calcium phosphates 

The pH of most surface soils in southern Ontario ranges from 6.5 to 8.5 as their 

parent material is derived from dolomitic and calcic limestone. In calcareous soils, the fate of 

P is controlled mainly by interactions with surfaces of CaCO3(s), clay and oxide minerals and 

precipitation as secondary Ca-Ps (Hedley & McLaughlin, 2005; Olsen et al., 1954; Saavedra 

& Delgado, 2005; Sato et al., 2005; Soils & Torrent, 1989). Soil pH plays a critical role in P 

retention in soils by altering the adsorption capacity of soils, forming CaCO3(s) (if pH > 7.8), 

and changing the solubility of secondary Fe-, Al-, and Ca-Ps precipitates in soils (Sato et al., 

2005). The solubility of P is a function of both the activities of H+ and Ca2+ in calcareous 

soils (Olsen et al., 1954). As the activity of H+ increases, the activities of Al and Fe increase 

by dissolution of hydroxide precipitates whereas increasing the activity of Ca2+ decreases the 

solubility of P by forming Ca-Ps (Olsen et al., 1954). Most Ca-Ps are sparingly soluble in 

water but all dissolve in acids (Wang & Nancollas, 2008). The Ca to P molar ratio (Ca/P) and 

their solubility are important parameters for distinguishing between the phases (Wang & 

Nancollas, 2008). 

Hydroxyapatite (HAP) with a chemical formula, Ca10 PO4 6(OH)2(s), is one of the 

most stable, the densest and the most insoluble among the Ca-Ps (Boanini, et al., 2010), and 

is preferentially formed under neutral or alkaline conditions (Wang & Nancollas, 2008). The 

rate of formation of HAP is much slower than other Ca-Ps (Wang & Nancollas, 2008). When 

the Ca/P is 1.67, HAP precipitates and when the ratio decreases to 1 brushite precipitates. 

Transformation of HAP into brushite occurs when the Ca2+ are consumed in solution (Eq. 

2.11) (Boanini et al., 2010; Oliveira et al., 2007).  

Ca10 PO4 6(OH)2(s)   + 4H++  2H2O ⇌ 2CaHPO4Ŋ2H2O(s)   + 8Ca2++  4PO4
3-

  (Eq. 2.11) 
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Brushite, which has a chemical formula, CaHPO4·2H2O s , consists of chains of CaPO4
-  

arranged in parallel and interlayered with water molecules (Wang & Nancollas, 2008). 

Brushite is the predominant Ca-P phase below pH 6.5 (Freeman & Rowell, 1981; Wang & 

Nancollas, 2008), and easily hydrolyzes to the more stable phases of OCP and HAP (Boanini 

et al., 2010). In soils with pH > 6.3, brushite transforms with time to OCP, which has a 

chemical formula, Ca8H2 PO4 6·5H2O(s) (Grossl & Inskeep, 1991; Hedley & McLaughlin, 

2005; Ippolito et al., 2003). In one highly calcareous soil, OCP appeared to be more rapidly 

formed without brushite appearing as an intermediate crystalline phase (Hedley & 

McLaughlin, 2005). Above pH 6.5, the formation of OCP is more pronounced (Wang & 

Nancollas, 2008). Octacalcium P is frequently encountered in systems containing Ca-Ps and 

appears to have a significant role in the chemistry of precipitated Ca-Ps (Brown, 1962). 

Octacalcium P has a similar structure to HAP due to its layered structure involving apatitic 

and hydrated layers (Wang & Nancollas, 2008), although the two minerals are not iso-

structural, and OCP is composed of apatitic layers that are parallel to the b-c plane and 

separated by hydrated layers (Brown, 1962). The water content of OCP crystals is about 1/5 

that of brushite, and this is partly responsible for its lower solubility (Wang & Nancollas, 

2008). Octacalcium P is unstable relative to HAP and tends to convert to HAP according to 

the chemical equation below (Wang & Nancollas, 2008). 

Ca8H2 PO4 6·5H2O(s)    +    2Ca2+  ⇋  Ca10 PO4 6 OH2 (s)    + 4H++  3H2O (Eq. 2.12) 

It is reported that HAP and OCP were identified by X-ray absorption near-edge structure 

(XANES) spectroscopy and comprised of up to 85% of the total P of slightly alkaline soils at 

pH of  ~7.5 (Beauchemin et al., 2003). 
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Some ions present in the solution phase are effective inhibitors for the formation of 

stable Ca-Ps phases such as HAP, leading to the kinetic stabilization of brushite or OCP 

(Wang & Nancollas, 2008). For example, carbonate ions (CO3
2-) can substitute for PO4

3-  ions 

in HAP (Boanini et al., 2010; Cao et al., 2007), inhibiting HAP crystal growth and its 

incorporation into the mineral structure results in a poorly crystalline phase with an increased 

solubility (Boanini et al., 2010). Because of the similarity of CO3
2- radius and PO4

3- radius, 

substitution of CO3
2- for PO4

3-readily occurs, thus a long-term inhibitory effect of CO3
2- on 

precipitation of HAP is possible (Cao et al., 2007). Carbonate also reacts with Ca to form 

CaCO3(s) (Eq 2.13) at alkaline pH, thus inhibiting formation of not only HAP, but also other 

Ca-Ps. Therefore, the formation of CaCO3 has to be considered when estimating formation of 

Ca-Ps, especially in alkaline soil pHs.  

CaCO3(s)    ⇋    Ca2++  CO3
2-     pKsp  =  8.48            (Eq. 2.13) 

Magnesium ions, Mg2+ are known to significantly inhibit the nucleation and growth of 

crystalline HAP, thus kinetically stabilizing brushite or OCP during precipitation reactions 

(Boanini et al., 2010; Cao et al., 2007; Tas, 2011; Wang & Nancollas, 2008). Boanini et al. 

(2010) reported that the formation of brushite or OCP is less sensitive to the presence of 

CO3
2- and Mg2+, thus they are not as affected as is the formation of HAP. In the presence of 

Zn2+ the growth of HAP is markedly reduced and the structure deformed (Boanini et al., 

2010; Wang & Nancollas, 2008) due to its smaller ionic radius (0.075 nm) with respect to 

Ca2+ ion (0.099 nm) (Boanini et al., 2010). Hydrophilic surfaces in organic matter (OM) may 

induce the nucleation and growth of OCP crystallites under biological conditions, with 

functional groups such as carboxylate serving as active nucleation sites (Wang & Nancollas, 
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2008). Organic acids can also adsorb onto crystals of brushite and create nuclei for new 

brushite crystals to form thus preventing its transformation to OCP or HAP (Hedley & 

McLaughlin, 2005; Inskeep & Silvertooth, 1988). For example, humic acid is dominated by 

carboxyl functional groups, which provide ideal ligands to bind with Ca ions from solutions 

forming Ca-humate complexes (Alvarez et al., 2004). Grossl and Inskeep (1991) reported 

that brushite is able to overgrow adsorbed humic and fulvic acids, therefore, the formation of 

brushite is kinetically favored compared to other Ca-Ps in the presence of organic acids under 

acidic conditions (Grossl & Inskeep, 1991). A variety of Ca-Ps may coexist in soils, and 

brushite and OCP may be predominant minerals for calcareous soils rich in OM below and 

above pH 6.5, respectively. As the stability of Ca-Ps depends on soil pH and ion contents, it 

is important to know the stability of each Ca-Ps in specific soil conditions for understanding 

plant available P in calcareous soils. 

 

2.1.5 Soil P testing methods 

Soil P testing methods were extensively investigated during the 1930’s and those 

currently used were developed in the 1950’s, including Bray P1 and P2, Olsen P and Mehlich 

I and III (Table 2.1.4). A soil P test does not measure the total concentration of P in the soil 

or even the actual concentration of plant-available P, but rather measures the fraction, or is an 

index of the fraction of those compounds that maintain plant-available P in the soil (Holford, 

1997; Watson & Mulen, 2007). Soil test reagents were designed to simulate the mechanisms 

used by plant roots for releasing nutrients from soil minerals including emissions of CO2 and 

excretion of organic acids (Bray & Kurtz, 1945). In general, more acidic reagents extract 

more P forms than less acidic reagents. For instance, stronger reagents will extract not only 
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surface-adsorbed P but also extract occluded P (McGechan, 2002). Numerous soil P testing 

methods have been introduced and each has its advantages and limitations depending on the 

target P forms in different soil types.  

 

Table 2.1.4. Commonly used soil P tests in North America  
Method Extractant Developed by Comments  

Bray P1 0.03 M NH4F + 0.025 M 
HCl 

Bray & Kurts, 1945 For acid soil pH<6.0 

Bray P2 0.03 M NH4F + 0.1 M HCl Bray & Kurts, 1945 A stronger version of P1 
Extracts less soluble P  

Mehlich I 0.05 M HCl + 0.0125 M 
H2SO4 

Mehlich, 1953 For acid, low CEC soils 

Mehlich III  0.015 M NH4F + 0.2 M 
Acetic acid, 0.25 M NH4Cl 
+ 0.013 M HCl 

Mehlich, 1984 A modification of MI for higher 
CEC soils 

Olsen 
Morgan 

0.5 M NaHCO3 at pH 8.5 
0.72 M NaOAc + 0.52 M 
CH3COOH at pH 4.8 

Olsen et al., 1954 
Morgan, 1941 

For both acid and calcareous soils 
Weak acid extraction 

    
 

The Ontario Soil Management Research and Science Committee (OSMRSC) is 

responsible for the plant nutrient and fertilizer recommendations in Ontario, Canada. 

According to Ontario Regulation 267/0, a soil sample should be collected and analyzed prior 

to the completion of each nutrient management plan, and maximum sample intervals would 

be five years. Soil sampling at the same stage of the crop rotation is also recommended, thus 

producers in a corn-soybean-wheat rotation would be encouraged to sample once every three 

years in Ontario (Reid, 2006). When the soil testing programs were started in Ontario in the 

1940s, the Bray P2 test, which is called the strong acid extraction method, was the 

recommended soil test (Miller et al., 1997). The Bray P2 extractant is comprised of 0.1 M 

hydrochloric acid (HCl) and an ammonium fluoride (NH4F), which extract Ca-Ps, Al-P and 

Fe-P complexes (Bray & Kurtz, 1945). However, this method underestimates plant available 
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P in calcareous soils and may not be ideal because HCl will be neutralized by CaCO3 in 

calcareous soils, thus an acidic condition may not be established (Ebeling et al., 2008; Fixen 

& Grove, 1990; Holford, 1997). In 1969, the Olsen soil P test, which is better suited for 

calcareous soils, especially soils containing more than 2% of CaCO3 (Fixen & Grove, 1990), 

was introduced and it is the current accredited method in Ontario.  

The Olsen soil P test has been used widely throughout the world, especially for 

calcareous soils. It has been well studied in that the extractant, sodium bicarbonate 

(NaHCO3), extracts plant available P forms including P adsorbed on the surfaces of clay and 

oxide minerals, Ca-Ps that are easily dissolved, such as monetite and brushite, and labile 

organic P (Mostashari et al., 2008; Sims et al., 2000). Sodium bicarbonate decreases the 

solution concentration of soluble Ca ions by forming a precipitate of CaCO3, and also 

decreases soluble Al and Fe ions through the formation of Al and Fe hydroxides (Sims et al., 

2000). At pH 8.5, the ratio of HCO3
-  and CO3

2- is 68 to 1, where the activity of Ca2+ is 

decreased by HCO3
-  both by solution complexation and by precipitation resulting in 

increasing solubility of P. Calcium phosphates, such as brushite, would become more soluble 

in the presence of NaHCO3 by possible formation of CaCO3 (Olsen et al., 1954). At pH 8.5, 

where there are less positively charged sites on clays, retention of P is less likely to occur, 

however, anion retention occurs also in neutral charged sites around its pKa (Hingston et al., 

1967). Hingston et al. (1967) showed a correlation between the pKa of the acid and the 

amount of anion specifically adsorbed. The net effect of HCO3
- on the amount of P in the 

extract is because of the similarity of their pKa’s (Barrow & Shaw, 1976; Hingston et al., 

1967). The extractant, 0.5 M NaHCO3 buffered at pH 8.5, was chosen because displacement 

of P from soil is greatest as a result of competition from OH- and at this pH, HCO3
-  restricts P 
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from re-adsorption and secondary precipitation (Olsen et al., 1954). Although the Olsen soil 

P extractant removes labile organic P from the soil the concentration of P in this extract is 

usually measured colorimetrically, where only inorganic orthophosphates will be detected. 

Therefore, even though labile organic P is extracted by the Olsen soil P test, it is not 

measured in this test. 

 

2.1.6 Objectives 

In order to understand the major inorganic P complexes in soil solution and the 

stability of the major Ca- and Mg-P precipitates, including brushite, OCP, TCP, HAP, 

bobierrite, and newberyite, in a calcareous soil, a computer model was developed by 

combining the solubility equilibrium constants (Ksp) of the soil mineral P species, the acid 

dissociation constants (Ka) of phosphoric acid and carbonic acid, and the formation constants 

of the main soluble species (β) in this study. Effects of soil solution ionic strength and 

considering of elements that form P complexes were also studied by comparing the diagrams 

of stability of Ca-Ps (brushite and HAP) in the 0.25 M NaHCO3 extract or in the 0.5 M 

NH4Ac extract in the two different settings, (1) ignoring the ionic strength and the elements 

in the extracts, and (2) including effects of an appropriate ionic strength and elemental 

composition in the extracts. To verify the diagrams, solubility tests of brushite and HAP were 

performed.  
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2.2 Methodology 

2.2.1 Modification of acid dissociation, formation, and solubility constants 

To calculate an activity coefficient, Υ, the Davies equation (Davies, 1962) was used. 

logΥ  =  -AZ2 I
1+ I

  -  0.3I         (Eq. 2.14) 

For instance, the solubility constant of brushite when I = 0.01 M can be calculated by using 

re-calculated values for the activity coefficients of H+, Ca2+, and PO4
3-. 

The hydrogen ion has a valency (Z) of +1 and its activity coefficient at ionic strength of 0.01 

M can be calculated as follows. 

logΥ  =  -0.511 (1)2 0.01
1+ 0.01

  -  0.3 0.01 ;  Υ  =  0.902   (Eq. 2.15) 

Similarly, Ca2+ has Z = +2 and PO4
3- has Z = -3, where Υ = 0.661 and 0.394, respectively.  

Ksp = 10-19.28 = [Ca2+][PO4
3-][H+] becomes 

Kc sp=
{C!!!}{P!!!!}{!!}
0.661 0.394 0.902

 = 10-19.28

0.661 0.394 0.902
 = 10-18.67     (Eq. 2.16) 

Therefore, the solubility constant (Ksp) for brushite at I = 0.01 M is 10-18.67.  All appropriate 

constants were calculated in the same manner. 

 

2.2.2 Calculating stabilities of the major Ca- and Mg-P minerals  

By employing solubility equilibrium constants, acid dissociation constants, and 

formation constants, it is possible to compute P mineral stabilities under specific conditions 

(pH and ionic concentrations, etc.). For example, the stability of brushite (CaHPO4·2H2O s ), 

when the major elements in soil solution is Ca2+ and Mg2+, was calculated using the 

following equations: 



	  

	   22	  

CaHPO4·2H2O s  ⇌ Ca2++ PO4
3-+ H++ 2H2O          𝑝 Ksp!  = 18.67 (Eq. 2.17) 

cK!" = 10!! !sp!
  and    cKsp=10

-18.67 = [Ca2+][ PO4
3-][H+]    (Eq. 2.18) 

∴[PO4
3-]  =   10-18.67

Ca2+ [H+]
           (Eq. 2.19) 

P Total =  [H3PO40]  +  [H2PO4- ]  +  [HPO42-]  +  [PO43-]  +  [CaHPO40]  +  [CaPO4- ]  +  [CaH2PO4+]  +  [MgPO4- ]   

                                +  [MgHPO40]  +  [MgH2PO4
+] 

=    !"!!".!"

!"!!".!" [!!]2
  +    !"!!".!"[!!]

!"!!".!" [!!!!]
  + !"!!".!"

(!"!!".!!)[!!!!]
+ !"!!".!"

[!!!!][!!]
+ 10!!".!" 10!!".!" +

(!"!!.!")(!"!!".!")
[!!]

+ (10!!".!") 10!!".!" [H!] +   !"
!!".!"[!"!!]!!!!.!"

[!!!!][!!]
+ !"!!".!"[!"!!]!!!!".!!

[!!!!]
+

!"!!".!"[!"!!]!!!!".!"[!!]
[!!!!]

          (Eq. 2.20) 

 

Therefore, if the concentrations of calcium ion [Ca2+] and magnesium ion [Mg2+] in 

soil solution are known, the total concentration of dissolved P, at the equilibrium between 

precipitation and dissolution of brushite as a function of pH can be calculated. The 

equilibrium of other soil mineral P species, such as TCP, OCP, HAP, bobierrite, and 

newberyite were also calculated. Using these chemical equations, a computer program was 

written using Microsoft Visual Basic software 6.0, where each equilibrium point as function 

of 0.01 unit of pH was plotted (Detailed equations are shown in the supplemental materials).  

 

2.2.3 Modification of the amount of Ca available for the Ca-P formations 

 Calcium will react with CO3
!- to form CaCO3(s) at alkaline pHs above 7.8. This 

reaction will compete with the formations of Ca-Ps, therefore, the amount of Ca forming 

CaCO3(s) should be subtracted from the amount of total Ca when pH > 7.8. The amounts of 

Ca forming CaCO3(s) can be estimated by the following equation. 

pCa2+ =  -13.16  +  2pH       (Eq. 2.21) 
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This equation (Eq. 2.21) was included in the computer program and the calculated amount of 

Ca was subtracted from the total amount of Ca when pH is greater than 7.8 (Detailed 

equations are shown in the supplemental materials). 

 

2.2.4 Solubility test for brushite and hydroxyapatite  

Brushite and HAP were purchased from Fisher Scientific Canada and Sigma Aldrich 

Canada, respectively. The amount of each sample equivalent to the concentration of P of 50 

mg L-1 (Table 2.2.1) was weighed out into a 50 mL polyethylene centrifuge tube. The 

extractants used for analysis of the solubility of brushite and HAP were 0.25 M NaHCO3 (pH 

8.0) and 0.5 M NH4Ac (pH 4.2), respectively. Each extractant (25 mL) was added to a 50 mL 

centrifuge tube, which were then placed in an automated mechanical reciprocating shaker at 

25°C with 110 rpm shaken for 1 h, followed by being centrifuged at 11,000 x g (9350 rpm) 

for 15 min at 0°C. The supernatant was filtered through a 0.45 µm Millipore polycarbonate 

membrane to remove any suspended solids. Extracts were then diluted 10 times with 

Nanopure water and the extracts of brushite with NaHCO3 were acidified using 2.5 M 

H2SO4. The concentrations of inorganic P in the extracts were analyzed colorimetrically by 

the molybdate blue method (Murphy & Riley, 1962) set up on a Technicon Autoanalyzer II.  

 

Table 2.2.1. The amount of brushite and hydroxyapatite equivalent of 50 mg P L-1  
Type of Ca-P The amount of Ca-

P (mg) 
The volume of 
extractant (mL) 

The concentration of Ca2+ 
(mg L-1) 

Brushite 6.9  25.0 (0.25 M NaHCO3)   64.7 
Hydroxyapatite 6.4 25.0 (0.5 M NH4Ac§) 107.7 
§Ammonium acetate 
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2.2.5 Soil characteristics  

The surface (0-15 cm) layer of a calcareous soil, classified as a Brunisolic Gray 

Brown Luvisol (Breton series), was collected from an organically-managed farm field 

located near Scotland, Ontario. The field moist soil was passed through a 2 mm sieve. 

Analyses of chemical and physical properties of the soil were performed (SGS Agri-food 

Laboratories, Guelph Ontario). 

 

2.3 Results and discussion 

2.3.1 Re-calculation of required constants according to ionic strength 

Acid dissociation constants, formation constants and solubility constants for the major 

species interacting with P, carbonate and acetate were re-calculated at I = 0.25 M and 0.5 M 

as shown in Table 2.3.1, 2.3.2 and 2.3.3.  

 

Table 2.3.1. Acid dissociation constants of phosphoric acid and carbonic acid at I = 0.00 M 
(pKa values¶), at I = 0.25 M (pcKa values) and at I = 0.5 M (pcKa values) at 25°C 
Dissociation reaction pKa

¶
  (I = 0.00 M) pcKa  (I = 0.25M) pcKa  (I = 0.5M) 

 

H3PO4
0  ⇌  H2PO4-+ H+   2.15   1.89   1.88 

H2PO4
-   ⇌  HPO42-+ H+   7.20   6.67   6.66 

HPO4
2-  ⇌  PO43-+ H+ 12.38 11.59 11.57 

H2CO3
0  ⇌  HCO3-+ H+   6.35   6.09   6.08 

HCO3
-   ⇌  CO32-+ H+ 10.33   9.80   9.79 

¶Data from Martell & Smith, 2004  
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Table 2.3.2. Formation constants of the major P complexes and carbonate complexes at I = 
0.00 M (logβ values¶), at I = 0.25 M (logcβ values) and at I = 0.5 M (logcβ values) at 25°C 
Dissociation reactions logβ¶

   
(I = 0.00 M) 

logcβ   
(I = 0.25 M) 

logcβ   
(I = 0.5M) 

Ca2++  PO43-  ⇌  CaPO4-    6.46   4.89   4.85 
Ca2++  PO43-+  H+⇌ CaHPO4

0 15.04 13.20 13.15 
Ca2++  PO43-+  2H+⇌  CaH2PO4+ 20.92 19.09 19.04 
Mg2++  PO43-⇌  MgPO4-    4.85   3.28   3.24 
Mg2++  PO43-+  H+⇌ MgHPO4

0 15.17   3.34 13.30 
Mg2++  PO43-+  2H+⇌  MgH2PO4+ 19.19 17.35 17.31 
Na++  PO43-+  H+⇌ NaHPO4

-  13.44 12.13 12.10 
Na++  PO43-+  2H+⇌  NaH2PO40 19.87 18.30 18.26 
NH3+  PO43-+  3H+⇌  H3PO3NH30 28.96 27.38 27.35 

Ca2+ + CO3
𝟐- ⇌ CaCO3

0   3.22   2.17   2.15 
Ca2+ + HCO3

-  ⇌ CaHCO3
+ 11.53 10.48 10.46 

Mg2+ + CO3
𝟐- ⇌ MgCO3

0   2.92   1.87   1.85 
Mg2+ + HCO3

-  ⇌ MgHCO3
+ 11.34 10.29 10.27 

Ca2++  2CH3COO-⇌  Ca(CH3COO)2
0   1.18   0.65   0.64 

¶Data from Martell & Smith, 2004 

 
 
Table 2.3.3. Solubility constants of the major Ca- and Mg-P minerals, and calcite at I = 0.00 
M (pKsp values), at I = 0.25 M and I = 0.5 M (pcKsp values) at 25°C 

¶Data from Martell & Smith, 2004 

 

2.3.2 Verification of the model diagrams by solubility tests 

The solubility of brushite in 0.25 M NaHCO3 (pH 8.0) and HAP in 0.5 M NH4Ac (pH 

4.2) was tested. Almost all brushite dissolved in the NaHCO3 extract (Table 2.3.4). Diagrams 

of the stability of brushite and the major P complexes in the NaHCO3 extract with the effects 

Phosphate precipitate pKsp
¶ 

(I = 0.00 M) 
pcKsp 
(I = 0.25 M) 

pcKsp 
(I = 0.5 M) 

Brushite    
β-tricalcium P 
Octacalcium P 
Hydroxyapatite 
Bobierrite 
Newberyite 
Calcite 

  19.28 
  28.92 
  94.16 
116.66 
  23.28 
  18.18 
    8.48 

  17.44 
  24.98 
  82.61 
104.64 
  19.34 
  16.33 
    7.43 

  17.40 
  24.89 
  82.35 
103.78 
  19.25 
  16.29 
    7.41 
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of Na+ and ionic strength (Fig. 2.3.1 (a)) predicted that brushite should dissolve in 0.25 M 

NaHCO3 at pH 8.0 and the major P complex in the extract should be NaHPO4
- . Without the 

effects of Na+ and the ionic strength, the diagrams (Fig. 2.3.1 (b)) predicted that brushite 

should not dissolve in the NaHCO3 extract and the major P complex in the extract should be 

HPO4
2- at pH 8.0. Similarly, almost all HAP dissolved in the NH4Ac extract (Table 2.3.4). 

The diagrams of the stability of HAP and the major P complexes in the NH4Ac extract with 

the effects of NH4+, acetate, and ionic strength (Fig. 2.3.2 (a)) predicted that HAP should 

dissolve in 0.5 M NH4Ac at pH 4.2 and the major P complex in the extract should be 

NH4H2PO4
0. Without those effects, the diagrams (Fig. 2.3.2 (b)) predicted that HAP should 

not dissolve in the NH4Ac extract and the major P complex in the extract should be H2PO4
-‐  at 

pH 4.2. They clearly show that effects of elements that complex with P, and ionic strength in 

the soil solution should be considered when the diagrams are constructed. In addition, these 

diagrams show that NH4+ should complex with P in a wide range of pH, however, Na+ should 

complex with P only pH greater than ~6 (Fig. 2.3.1). These predictions are useful when 

selecting appropriate extractants for extracting target P forms (i.e. soil P test). 

 

Table 2.3.4. Proportion of either brushite or hydroxyapatite (HAP) dissolved in 0.25 M 
NaHCO3 (pH 8.0) or the 0.5M NH4Ac (pH 4.2) extracts (n=3) 

§Ammonium acetate 
  

Ca-Ps Proportion of dissolved P (%) in the extracts 

Brushite    
Hydroxyapatite 

86-100% (NaHCO3) 
86-98% (NH4Ac§) 
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Figure 2.3.1. Diagrams of the stability of brushite in 0.25 M NaHCO3 at  
pH 8.0 and the major P complexes in the extract either (a) with or (b)  
without effects of Na+ and the ionic strength  
(Stars represent the specific solution chemistries in the extracts) 

  

(a)$

(b)$
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Figure 2.3.2. Diagrams of the stability of hydroxyapatite in 0.5 M NH4Ac at pH 4.2 
and the major P complexes in the extract either (a) with or (b) without effects of 
elements (NH4

+ and acetate) and ionic strength  
(Stars represent the specific solution chemistries in the extracts) 

 

 

2.3.3 Prediction of the major Ca- and Mg-P minerals in the calcareous soil  

 The physical and chemical properties of the soil are shown in Table 2.3.5. The soil 

contained acid-soluble Ca2+ and Mg2+ of 90.0 mg Ca L-1 and 17.6 mg Mg L-1 (Table 2.3.5), 

which are equivalent to pCa = 2.65 and pMg = 3.14, respectively. Electrical conductivity of 

the soil was 0.48 dS m-1, corresponding to the ionic strength of ~0.007 M (Eq. 2.9). Using 

these data combined with the acid dissociation, the formation and solubility constants (Table 

(c)$

(d)$

(a)$

(b)$
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2.3.1, 2.3.2 and 2.3.3), the stabilities of Ca-and Mg-P minerals, as well as the relative 

proportions of the major P complexes in the soil were predicted. The diagrams (Fig. 2.3.3) 

show that the Mg-Ps (bobierrite and newberyite) and labile Ca-P (brushite) should not form, 

but OCP, TCP and HAP potentially form in the calcareous soil, where the major P complexes 

in the soil at pH ~7.2 should be HPO4
2-and H2PO4

-‐ . 

 

Table 2.3.5. Physical and chemical properties of a calcareous soil  
 Texturea  

(Sand: Clay: Silt)           
pHb 
(n=5) 

Organic Cc 
(n=5) 

[Ca2+] 
at pH 2.0 
(mg L-1) 
(n=2) 

[Mg2+] 
at pH 2.0 
(mg L-1) 
(n=2) 

Total Pd 
(mg kg-1) 
(n=1) 

EC 
(dS m-1) 
(n=3) 

Soil Sandy Loam 
75:5:20 

7.18 ±0.04 1.3 ±0.1% 90.0 ±0.5 17.6 ±0.6 343.0 0.48 ±0.03 

aTexture was determined by the Bouyoucos Hydrometer Method (Bouyoucos, 1962) 
bpH was measured by using a 1:2 ratio of soil and Nanopure water 
cOrganic C was measured by the wet-oxidation technique (Shaw, 1959) 
dTotal P was measured by the perchloric acid digestion method (Olsen & Sommers, 1982) 
  

 
 

Figure 2.3.3. Diagrams of the stability of the major Ca- and Mg-P minerals and the 
major P complexes in a calcareous soil (Star represents the specific soil chemistry) 
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2.4 Conclusion 

 In this study, dynamics of inorganic P in calcareous soils were examined. In order to 

understand a precipitation and dissolution mechanism of P, a computer model was developed 

to predict the proportions of the major P complexes and the stability of the major Ca- and 

Mg-P minerals in calcareous soils, including brushite, β-tricalcium P (TCP), octacalcium P 

(OCP), hydroxyapatite (HAP), bobierrite, and newberyite as a function of soil pH, using acid 

dissociation, formation, and solubility constants. The model predicts which P complexes or P 

minerals are predominant and how stable they are under specific soil chemistries. This study 

also showed that excluding the effects of ionic strength and elements forming P complexes in 

soil solution gave erroneous predictions of the stability of Ca-P minerals. The mineral P 

stability diagram should be prepared considering each specific soil chemistry, as it is critical 

to understand the reactivity of soil P as well as a specific soil chemistry of sample soil to 

construct the mineral P stability diagram effectively. Mineral P stability and P complex 

diagrams are useful predictive tools, especially when selecting the most appropriate 

extractant for extracting target P forms and predicting the effects of soil amendments on soil 

P chemistry under specific soil conditions.   
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Supplemental materials 

2-1 Codes for a computer modeling of a stability of the major Ca- and Mg-P precipitates  

By employing solubility equilibrium constants, acidity constants, and formation 

constants, it is possible to compute phosphate mineral stabilities under specific conditions 

(pH and ionic concentrations, etc.). For example, the stability of brushite (CaHPO4·2H2O s ) 

was calculated using the following equations:  

P Total =  [H3PO40]  +  [H2PO4- ]  +  [HPO42-]  +  [PO43-]  +  [CaHPO40]  +  [CaPO4- ]  +  [CaH2PO4+]  +  [MgPO4- ]   

                                +  [MgHPO40]  +  [MgH2PO4
+] 

CaHPO4∙2H2O s   ⇌  Ca2++  PO4
3-‐+  H++  2H2O;     𝑝 𝐾sp

! = 18.67 

c𝐾!" = 10!! !sp
!  

𝑐𝐾!" = 10!!".!"   =    𝐶𝑎!!   𝑃𝑂!!! 𝐻!    

∴ [𝑃𝑂!!!] =
!"!!".!"

[!"!!][!!]
     or    p𝑃𝑂!!! = 𝑝𝐾!" − 𝑝𝐶𝑎!! − 𝑝𝐻 

Having calculated the PO!!! activity, this value can then be used to calculate the activities of 

all the soluble Ca-and Mg-P species. 

𝐶𝑎!! + 𝑃𝑂!!! ⇌ 𝐶𝑎𝑃𝑂!!(aq);     𝑝c𝛽Ca1 = 5.92 

∴ [𝐶𝑎𝑃𝑂!!] = 10!!.!" 𝐶𝑎!! 𝑃𝑂!!!    

𝐶𝑎!! + 𝑃𝑂!!! + 𝐻! ⇌ 𝐶𝑎𝐻𝑃𝑂!!(aq);     𝑝c𝛽Ca2 = 14.41 

∴ [𝐶𝑎𝐻𝑃𝑂!!] = 10!!".!" 𝐶𝑎!! 𝑃𝑂!!! [𝐻!]       

𝐶𝑎!! + 𝑃𝑂!!! + 2𝐻! ⇌ 𝐶𝑎𝐻!𝑃𝑂!!(aq);     𝑝c𝛽Ca3 = 20.30 

∴ [𝐶𝑎𝐻!𝑃𝑂!!] =   10!!".!" 𝐶𝑎!! 𝑃𝑂!!! [𝐻!]2 

𝑀𝑔!! + 𝑃𝑂!!! ⇌ 𝑀𝑔𝑃𝑂!!(aq);     𝑝c𝛽Mg1 = 4.31 

∴ [𝑀𝑔𝑃𝑂!!] = 10!!.!" 𝑀𝑔!! 𝑃𝑂!!!      

𝑀𝑔!! + 𝑃𝑂!!! + 𝐻! ⇌ 𝑀𝑔𝐻𝑃𝑂!!(aq);     𝑝c𝛽Mg2 = 14.55 

∴ [𝑀𝑔𝐻𝑃𝑂!!] = 10!!".!! 𝑀𝑔!! 𝑃𝑂!!! [𝐻!]       

𝑀𝑔!! + 𝑃𝑂!!! + 2𝐻! ⇌ 𝑀𝑔𝐻!𝑃𝑂!!(aq);     𝑝c𝛽Mg3 = 18.57 

∴ [𝑀𝑔𝐻!𝑃𝑂!!] =   10!!".!" 𝑀𝑔!! 𝑃𝑂!!! [𝐻!]2 

𝐻!𝑃𝑂!!   ⇌   𝑃𝑂!!! +   3𝐻!;       𝑝c𝛽3 = 21.19   
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∴ [𝐻!𝑃𝑂!!] =   
𝑃𝑂!!! [𝐻!]3

10!!".!"
         

𝐻!𝑃𝑂!!   ⇌   𝑃𝑂!!! +   2𝐻!;       𝑝c𝛽2 = 19.13 

∴ [𝐻!𝑃𝑂!!] =   
𝑃𝑂!!! [𝐻!]2

10!!".!"
 

𝐻𝑃𝑂!!!   ⇌   𝑃𝑂!!! +   𝐻!;       𝑝c𝛽1 = 12.11 

∴ [𝐻𝑃𝑂!!!] =   
𝑃𝑂!!! [𝐻!]
10!!".!!

                   

∴ [𝑃]Total =   
10!!".!"

10!!".!" [H!]2
  +   

10!!".!"[H!]
10!!".!" [Ca!!]

  +
10!!".!"

(10!!".!!)[Ca!!]
+

10!!".!"

[Ca!!][H!]

+ 10!!".!" 10!!".!" +
(10!!.!")(10!!".!")

[H!]
+ (10!!".!") 10!!".!" [H!]

+   
10!!".!"[Mg!!]10!!.!"

[Ca!!][H!]
+
10!!".!"[Mg!!]10!!".!!

[Ca!!]

+
10!!".!"[Mg!!]10!!".!"[H!]

[Ca!!]
 

 

2-2 Modification of the amount of calcium available for the Ca-P formations 

 Calcium will react with carbonate to form calcium carbonate at alkaline pHs. This 

reaction will compete some formations of Ca-Ps, therefore, the amount of calcium forming 

calcium carbonate should be subtracted from the amount of acid dissolved calcium. The 

amounts of calcium forming calcium carbonate can be estimated by the following equations. 

[𝐻!C𝑂!!∗]   = [𝐶𝑂!(!")] + [𝐻!C𝑂!!],          𝑤ℎ𝑒𝑟𝑒  [𝐻!C𝑂!!]  𝑖𝑠  𝑣𝑒𝑟𝑦  𝑠𝑚𝑎𝑙𝑙, 

∴ [𝐻!C𝑂!!∗]   ≅ [𝐶𝑂!(!")]       

𝐾! =   
[𝐶𝑂!(!")]
𝑝𝐶𝑂!(!)

  ,      𝑝𝐾! = 1.47       

∴ [𝐻!C𝑂!!∗] =   𝐾!𝑝𝐶𝑂!(!) 

𝐻!𝐶𝑂!!∗   ⇌   𝐻𝐶𝑂!! +   𝐻!;       𝑝c𝐾a1 = 6.26   

∴ [HC𝑂!!] =   
[𝐻!C𝑂!!∗]c𝐾a1

[𝐻!]
    =   

𝐾!c𝐾!!𝑝𝐶𝑂2(g)
[𝐻!]

   

𝐻𝐶𝑂!!   ⇌   𝐶𝑂!!! +   𝐻!;       𝑝c𝐾a2 = 10.15 
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∴ [C𝑂!!!] =   
[HC𝑂!!]c𝐾a2

[𝐻!]
=   
𝐾!c𝐾!!c𝐾a2𝑝𝐶𝑂2(g)

[𝐻!]2
 

    ∴ 𝑝𝐶𝑂!!!   = 𝑝𝐾! + 𝑝𝐾!! + 𝑝𝐾!! + 𝑝𝑝𝐶𝑂! ! − 2𝑝𝐻 

𝑝𝐶𝑂!(!) = 4.00  𝑥  10!!𝑎𝑡𝑚,        𝑤ℎ𝑒𝑟𝑒    𝑝𝑝𝐶𝑂! ! = 3.40     

    ∴ 𝑝𝐶𝑂!!!   = 1.47 + 6.26 + 10.15 + 3.40 − 2𝑝𝐻 =   21.283 − 2𝑝𝐻 
 𝐶𝑎𝐶𝑂!(s) ⇋ 𝐶𝑎!! + 𝐶𝑂!!!  ,        𝑝!𝐾!" = 8.12 

[𝐶𝑎!!] =
𝐾𝑠𝑝!

[C𝑂!!!]
   , 𝑝𝐶𝑎!! = 8.12 − 𝑝𝐶𝑂!!!     

    ∴ 𝑝𝐶𝑎!!   = 8.12 − 21.283 − 2𝑝𝐻  

     ∴ 𝑝𝐶𝑎!!   = −13.16 + 2𝑝𝐻      
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Chapter 3 

Validation of a sequential fractionation method to study phosphorus chemistry 

in a calcareous soil  
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Abstract 

A sequential fractionation method proposed by Jiang and Gu (1989) distinguished three types 

of calcium phosphates (Ca-Ps) according to their different plant availabilities. Three 

extractants, NaHCO3, NH4Ac, and H2SO4 were used to extract Ca2-P, Ca8-P, and Ca10-P 

types, respectively, from soil. This sequential fractionation method was tested and modified 

for analyzing the P chemistry of a calcareous soil. The solubility test and the model diagrams 

of the stability of the major Ca-P minerals showed that NaHCO3 was able to extract brushite 

(Ca2-P type), however, NH4Ac extracted brushite and β-tricalcium P (Ca8-P type), as well as 

hydroxyapatite (Ca10-P type). Therefore, the target P forms extractable with NH4Ac should 

include both Ca8- and Ca10-P types. The sum of the extractable P with each extractant by the 

sequential fractionation method in the calcareous soil was in agreement with the total P 

measured by a perchloric acid digestion method. A proportion of organic P measured by the 

sequential fractionation method was in agreement with the result from solution 31P NMR 

spectroscopy. This study showed that the modified sequential fractionation method and its 

target P forms would be useful for quantifying and characterizing P in a calcareous soil. Even 

though it should be used in combination with other techniques, such as solid or solution 31P 

NMR spectroscopy, the sequential fractionation method is able not only to distinguish 

inorganic P fractions, but also to distinguish acid soluble and alkaline soluble organic P 

fractions in soils.  
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3.1 Introduction and literature review 

3.1.1 Sequential fractionation methods 

Sequential fractionation methods have been used widely to distinguish various 

phosphorus (P) forms in soil. In this approach, extractants selected to solubilize groups of P 

forms usually associated with Al, Fe, Ca or residual forms are used in sequence (Condron & 

Newman, 2011; Pierzynski et al., 2005; Turner et al., 2005). Although fractionation schemes 

have limitations, especially in their selectivity of P species, their use with other quantitative 

data can provide a powerful tool for the study of soil P chemistry (Pierzynski et al., 2005). 

The selection or development of an appropriate fractionation scheme must fit with the stated 

research objectives (Pierzynski et al., 2005). Sequential fractionation methods have been 

moderately successful for evaluating organic P (Tiessen & Moir, 2007). Due to difficulties in 

the identification and quantification of the various components, the organic P fraction is often 

divided into operational groups, such as labile organic fraction, humic and fulvic substances, 

acid soluble organic fraction, and phosphate esters (Barbanti et al., 1994). Since 

mineralization of organic P frequently depends on the mineralization of organic C, during 

which inorganic P is released as a side product, it is often more appropriate to determine 

organic P in physical soil fractions than try to relate a chemically-extracted organic fraction 

to a specific biological function (Tiessen & Moir, 2007). Therefore, sequential fractionation 

methods often focus on quantifying and analyzing soil inorganic P forms only. 

Chang and Jackson (1957) proposed the first sequential fractionation method, in 

which the soil inorganic P fraction was classified into five groups: labile P, Al-P, Fe-P, Ca-P, 

and the reductant-soluble P. The extractants used in this method were NH4Cl, NH4F, NaOH, 

H2SO4 and Na citrate-dithionite-bicarbonate (DCB), respectively (Table 3.1.1). Several 
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modifications of this method were proposed by several researchers including Fife (1959, 

1962), Williams et al. (1967, 1971), and Jiang and Gu (1989). The Hedley fractionation 

method  (Hedley et al., 1982), which has been widely practiced in many countries, assigned 

inorganic P fractions on the basis of their different solubility in the extractants of increasing 

strength of acid or base. The P fractions extracted with the Hedley’s method are comprised of 

the following three major categories; (1) labile P, which is extractable with a resin strip and 

0.5 M NaHCO3, (2) moderately labile P, which is extractable with 0.1 M NaOH, and (3) 

stable P, which is extractable with 1.0 M HCl or 1.0 M H2SO4 (Negassa & Leinweber, 2009). 

The Hedley fractionation method was a valuable tool to indicate the relative importance of 

biological processes to soil P in soils of different weathering (Pierzynski et al., 2005). Like 

the Hedley’s method, in most methods, Ca-P is used as one component (Hedley et al., 1982; 

Petersen & Corey, 1966; Tiessen & Moir, 2007) focusing on apatite type minerals. However, 

it is well known that several types of Ca-Ps are present in soils and that there is a great 

difference in plant P availability among different types of Ca-Ps. 

Jiang and Gu (1989) introduced a fractionation method for calcareous soils based on 

the method by Chang and Jackson (1957) and Hedley et al. (1982). In their method, Ca-P 

was further divided into three types; (i) Ca2-P, including monetite and brushite, extractable 

with a weak alkaline extractant, NaHCO3, (ii) Ca8-P, including octacalcium P (OCP) and β-

tricalcium P (TCP), extractable with a weak acid extractant, NH4Ac (ammonium acetate), 

and (iii) Ca10-P, such as hydroxyapatite (HAP) extractable with a strong acid extractant, 

H2SO4. An additional three P fractions, including Al-P extractable with NH4F, Fe-P 

extractable with NaOH-Na2CO3, and occluded P extractable with CD (sodium citrate – 

dithionite - sodium hydroxide), are distinguished in their scheme. There was no significant 
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difference of the total amounts of P extracted by this method compared to the method 

proposed by Chang and Jackson, and the sum of P fractions extracted with NH4Cl and H2SO4 

in the method proposed by Chang and Jackson was equivalent to the sum of P fractions 

extracted with NaHCO3, NH4Ac and H2SO4 in the method proposed by Jiang and Gu (Jiang 

& Gu, 1989). The method proposed by Jiang and Gu has been tested by several researchers 

(Guo et al., 2008; Ma et al., 2009; Samadi & Gilkes, 1998; Shen et al., 2004; Shen et al., 

2011; Song et al., 2007; Than & Egashira, 2008; Wang et al., 2010) and has been modified 

(Adhami et al., 2006; Ruttenberg, 1992; Samadi & Gilkes, 1998). Various extractants and 

their target P fractions for the sequential fractionation methods proposed by Chang and 

Jackson (1957), Hedley et al. (1982) and Jiang and Gu (1989) are shown in Table 3.1.1. 

 



	  

	   43	  

Table 3.1.1. Extractants used and target P fractions extracted in the various sequential 
fractionation methods 
Methods Extractants Target P fractions 

 
Chang and Jacksona 1.0 M NH4Cl Labile P 
 0.5 M NH4F Al-bound P 
 0.1 M NaOH Fe-bound P, organic P 
 0.5 M H2SO4 Ca-bound P 
 0.3 M DCBd Reductant-soluble P  

(Fe oxide occluded) 
 0.1 M NaOH Refractory P 

 
Hedleyb 0.5 M HCl, resin strip Labile P (inorganic P) 
 0.5 M NaHCO3 Labile P 
 Fumigation, 0.5 M NaHCO3 Microbial P (organic P) 
 0.1 M NaOH Fe-bound P, organic P 
 Conc. HCl Ca-bound P, occluded P 
 Digestion, conc. H2SO4, H2O2 Residual P 
   
Jiang and Guc 0.25 M NaHCO3 Ca2-P (i.e. brushite) 
 0.5 M NH4Ace Ca8-P (i.e. octacalcium P) 
 0.5 M NH4F Al-bound P 
 0.1M NaOH- Na2CO3 Fe-bound P 
 0.3 M CDf Reductant-soluble P 
 0.25 M H2SO4 Ca10-P (i.e. hydroxyapatite) 
aChang & Jackson, 1957, bHedley et al., 1982, cJiang & Gu, 1989 
dSodium citrate-dithionite-bicarbonate, eAmmonium acetate 
fSodium citrate-dithionite-sodium hydroxide 
 

3.1.2 Extractants and their target P in the method proposed by Jiang and Gu   

In the sequential fractionation method proposed by Jiang and Gu (1989), P fractions 

are extracted in the order of labile to stable P, beginning with weaker base/acid extractants 

and followed by stronger base/acid extractants as well as a reductant. The first extractant is 

0.25 M NaHCO3 with pH adjusted to 7.5. The expected inorganic P forms extracted by this 

extractant are adsorbed P onto the surface of clay and oxide minerals, and easily dissolved 

Ca-Ps, such as brushite and monetite (Adhami et al., 2006; Chang & Jackson, 1957; Jiang & 

Gu, 1989; Mostashari et al., 2008). This labile P fraction is comparable to the P fraction 

extracted by Olsen P (Jiang & Gu, 1989; Samadi & Gilkes, 1998; Wang et al., 2010). The 
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extractant is also known to extract easily mineralizable organic P, such as orthophosphate 

diesters including nucleic acids (DNA and RNA) and phospholipids (Negassa & Leinweber, 

2009; Turner et al., 2005). The second extractant is a weak acid, 0.5 M NH4Ac with pH 

adjusted to 4.2. The target P forms extracted include moderately labile inorganic Ca-Ps, such 

as OCP, TCP (Adhami et al., 2006; Jiang & Gu, 1989; Samadi & Gilkes, 1999), and acid 

soluble organic P, such as Ca(Mg)-phytates (Celi et al., 2000). Many of the common 

sequential fractionation methods do not include a weak acid extractant, such as NH4Ac, thus 

most Ca-Ps are often extracted with a strong acid, such as 1 M HCl or 0.5 M H2SO4, after 

extracting with a strong alkaline extractant. Re-adsorption and/or precipitation of Ca-Ps, as 

well as hydrolyzation of organic P can occur during extraction with strong alkaline 

extractants, such as 0.1 M NaOH (Barbanti et al., 1994) and this would lead to an 

underestimation of Fe-P or organic P, and to overestimation of Ca-Ps (Barbanti et al., 1994). 

Therefore, the inclusion of an extraction with weak acid prior to the extraction with a strong 

alkaline extractant can prevent both underestimation of Fe-P and organic P, as well as 

overestimation of Ca-Ps. The third step, the extraction with MgCl2 recovers P re-adsorbed to 

the unattached substrates by means of a dual action, competition by Cl- and complexion by 

Mg2+ (Barbanti et al., 1994; Ruttenberg, 1992). This step is critical, especially when it is 

followed by acidic extractants, such as NH4Ac (Barbanti et al., 1994; Ruttenberg, 1992). 

Analysis of re-adsorbed P after the extraction steps with NH4Ac, NH4F, NaOH –Na2CO3 and 

CD was further studied by Adhami et al. (2006). They found that a significant amount of P 

was detected only after extraction with NH4Ac, because NH4Ac removes CaCO3 in solution 

and thus eliminates re-adsorption of P onto CaCO3 in the subsequent extraction steps 

(Adhami et al., 2006). The fourth step, the extraction with NH4F, targets Al-P. The fluoride 
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ion reacts with Al or Ca ions to form AlF3 or CaF2 (Pierzynski et al., 2005). However, CaF2 

strongly sorbs P, which will not be recovered until extraction with the reductant soluble or 

acid soluble P forms, and thus resulted in these two P fractions being overestimated, and as a 

consequence, an underestimation of Al-P (Pierzynski et al., 2005). If the previous extractants 

(NH4Ac and MgCl2) are able to extract the readily soluble Ca, an overestimation of both 

reductant and acid soluble P fractions, as well as an underestimation of Al-P can be 

prevented. The fifth and sixth steps are the extraction with NaOH-Na2CO3, and CD, which 

target Fe-P and occluded P, respectively. Occluded P refers to P fractions associated with 

crystalline Fe oxides such as goethite (Adhami et al., 2006). Citrate is a chelating agent and 

dithionite is a strong reducing agent that reduces amorphous Fe(OH)3 to soluble Fe2+ ion, and 

therefore releases Fe-bound P (Barbanti et al., 1994; Ruttenberg, 1992; Zhang et al., 2010). 

These strong alkaline extractants also extract organic P associated with humic acids (humic 

P) and orthophosphate monoesters, such as phytic acids (Negassa & Leinweber, 2009). The 

seventh and final step is extraction with H2SO4, targeting stable apatite P type that are 

considered to be not available for plants. 

 

3.1.3 Potential Errors 

 There are significant potential errors associated with accurately distinguishing 

between inorganic and organic forms of P using the current sequential fractionation methods. 

The three major areas of concerns are (1) interference by humic acid precipitation, (2) 

hydrolysis of organic P, and (3) presence of non-reactive inorganic P forms (Condron & 

Newman, 2011). Firstly, humic acid precipitates can cause interference in quantifying 

inorganic P in alkaline extracts. The amount of inorganic P in extracts is commonly 
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measured colorimetrically by the acid molybdate method (Murphy & Riley, 1962). In this 

method, the acid-molybdate reagent decreases the solution pH and this resulted in 

precipitation of humic acid complexes, which can cause a significant interference (Condron 

& Newman, 2011). Even though an acid pretreatment of samples with alkaline pH is often 

recommended, this procedure may cause co-precipitation of inorganic P, which resulted in an 

overestimation of the amounts of organic P in extracts (Condron & Newman, 2011). The 

molybdate blue complex can be measured at both 660 and 880 nm, and less interference is 

observed when measurements are conducted at 880 nm (Condron & Newman, 2011). 

Secondly, strong acid or alkaline extracts can cause hydrolysis of organic P (Cade-Menun & 

Lavkulich, 1997; Turner et al., 2005), which will result in an overestimation of inorganic P. 

Thirdly, in soils there are types of inorganic P other than orthophosphate, including 

pyrophosphates, polyphosphates and inorganic P interacting with organic matter or mineral 

colloids. These inorganic P forms will not react with the acid-molybdate colorimetric 

reagents. While the concentrations of polyphosphates in soil have been found to be very low, 

some soils may contain significant amounts of pyrophosphates (Condron & Newman, 2011; 

Turner et al., 2003) as well as inorganic P interacting with organic matter. Ignoring these 

amounts causes overestimation of the proportions of organic P. Thus, interpreting organic P 

forms by sequential fractionation methods has to be done with caution, since their 

bioavailability is not based only on chemical solubility (Turner et al., 2005). 

 
3.1.4 Objective 

 In this chapter, the sequential fractionation method proposed by Jiang and Gu (1989) 

and modified by Adhami et al. (2006) was tested and modified for analyzing the P chemistry 

of a calcareous soil. In addition, this method was studied for its ability to extract three types 
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of inorganic Ca-Ps (brushite as Ca2-P type, TCP as Ca8-P type and HAP as Ca10-P type) 

using the extractants, NaHCO3, NH4Ac and H2SO4, respectively, and two types of organic P, 

phytic acid and CaMg-phytate, using acid and alkaline extractants, NH4Ac (pH 4.2) and CD 

(pH 13.0), respectively.  

 

3.2 Methodology 

 The surface (0-15 cm) layer of a calcareous soil, classified as a Brunisolic Gray 

Brown Luvisol (Breton series), was collected from an organically-managed farm field 

located near Scotland, Ontario. The field moist soil was passed through a 2 mm sieve and 

stored in a refrigerator at ~5°C until the experiment was conducted. The soil was not air-

dried to minimize the potential increase in dissolved organic P caused by rewetting of dry 

soils (Turner et al., 2005). The sequential fractionation method proposed by Jiang and Gu 

(1989) and modified by Adhami et al. (2006) was tested and modified accordingly (Table 

3.2.1) (Detailed results are shown in the supplemental materials). Each P fraction was 

extracted as follows; 1.25 g (oven-dry weight) of sample soil was weighed out into a 50 mL 

polyethylene centrifuge tube. A volume of 25 mL of each extractant was added and placed in 

an automated mechanical reciprocating shaker at 25°C with 110 rpm to allow time for the 

solution to equilibrate. The tubes were then centrifuged at 11,000 x g (9350 rpm) for 15 min 

and the supernatant was carefully filtered through a 0.45 µm Millipore polycarbonate 

membrane with minimum loss of soil. This extraction procedure was repeated sequentially 

with seven different extractants with their required shaking/standing time as in Table 3.2.1. 

The amount of P in each extract was stored in a refrigerator at ~5°C until being analyzed by 

inductively coupled plasma optical emission spectrometer (ICP-OES) (Perkin Elmer 5300 
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DV), and colorimetrically using the molybdate blue method (Murphy & Riley, 1962) on a 

Technicon Autoanalyzer II set at 880 nm to determine the concentration of total P and 

inorganic P present in each extract, respectively. The amount of the organic P was calculated 

by subtracting the amount of inorganic P from total P. In addition, the organic P in the soil 

was characterized using solution 31P NMR spectrometer of an extract with NaOH-EDTA, 

which was performed (NMR center at University of Guelph).  

 
Table 3.2.1. A modified sequential fractionation method based on the method proposed by 
Jiang and Gu (1989) and modified by Adhami et al. (2006) 
Step Inorganic P fractions Extractants pH Shaking time 

 
1a Ca2-P type  0.25 M NaHCO3   8.0 1 h 
2 Ca8-P type  0.5 M NH4Acb   4.2 16 h stand, 1 h 
3 Prevent re-adsorption 1.0 M MgCl2   8.0 2 h 
4 Al-P 0.5 M NH4F   8.2 1 h 
5 Fe-P 0.1 M NaOH-Na2CO3 12.0 2 h, 16 h stand, 2 h 
6 Occluded P 0.3 M CDc 13.0 16 h 
7 Ca10-P type  0.25 M H2SO4   1.0 1 h 
aEthanol wash after step 1, bAmmonium acetate 
c0.3 M Sodium citrate (20 mL) – dithionite (1.0 g) - 1.0 M sodium hydroxide (5 mL) 
  

 The amounts of dissolved cations including Ca, Al, and Fe in each extract were 

measured by ICP-OES. Chemical and physical properties of the soil were analyzed (SGS 

Agri-food Laboratories, Guelph, Ontario). 

The solubility of the four different P complexes with Ca, including brushite, TCP, HAP, 

phytin (Ca-Mg-phytate), and phytic acid (IP6) was tested. Brushite was purchased from 

Fisher Scientific Canada. Hydroxyapatite, TCP, phytic acid and phytin were purchased from 

Sigma Aldrich Canada. The amount of each sample equivalent to the concentration of P of 50 

mg L-1 (Table 3.2.2) was weighed out into a 50 mL polyethylene centrifuge tube. The 

extractants used for analysis of the solubility of inorganic Ca-Ps (brushite, TCP and HAP) 
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were 0.25 M NaHCO3 (pH 8.0), 0.5 M NH4Ac (pH 4.2), and 0.25 M H2SO4 (pH 1.0). The 

extractants used for analysis of the solubility of organic P (phytic acid and phytin) were 0.5 

M NH4Ac and 0.3 M CD (pH 13.0). Each extractant (25 mL) was added to a 50 mL 

centrifuge tube, which were then placed in an automated mechanical reciprocating shaker at 

25°C with 110 rpm for an appropriate time for each extractant (Table 3.2.3), followed by 

centrifugation at 11,000 x g (9350 rpm) for 15 min at 0°C. The supernatant was filtered 

through a 0.45 µm Millipore polycarbonate membrane to remove any suspended solids. 

Extracts of Ca-Ps were diluted 10 times with Nanopure water and the extract of Ca-P with 

NaHCO3 were acidified using 2.5 M H2SO4 prior to measurement of the concentration of 

inorganic P in the extracts colorimetrically by the molybdate blue method (Murphy & Riley, 

1962) set up on a Technicon Autoanalyzer II. The amounts of total P in extracts of organic P 

(PA and phytate) were measured by an ICP-OES. 

 

Table 3.2.2. The amount of each Ca-P equivalent of 50 mg P L-1  
Type of Ca-P The amount of Ca-

P (mg) 
The volume of 
extractant (mL) 

The concentration of Ca2+ 
(mg L-1) 

Brushite 6.9  25.0   64.7 
β-tricalcium P 6.3  25.0   97.0 
Hydroxyapatite 6.4 25.0 107.7 
Phytic acid 4.4 25.0 None 
Phytin 4.7 25.0   10.5 
 
 
 
Table 3.2.3. The shaking/standing time for each extractant  
Extractant Solid Shaking time (h) Standing time (h) 

 
0.25 M NaHCO3  Ca-P   1 None 
0.5 M NH4Aca  Ca-P, Phytic acid/Phytin   1 16 
0.25 M H2SO4  Ca-P   1 None 
0.3 M CDb  Phytic acid/Phytin 16 None 
aAmmonium acetate, bSodium citrate-dithionite-sodium hydroxide  
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By combining the acid dissociation of phosphoric acid, the formation constants of P 

complexes, and the solubility constants of the major Ca- and Mg-P minerals, the diagrams of 

the major P complexes and the stability of the major Ca- and Mg-P minerals were made 

using Microsoft Visual Basic 6.0 computer program. All constants were re-calculated to the 

appropriate ionic strength of soil solution and elements that react with P to form aqueous P 

complexes were included in the computer program.  

Statistical analyses were performed using SAS Version 9.3 (SAS Institute, 2011). The 

Type I error rate of 0.05 was used for all statistical tests. Least square means and standard 

errors were computed by the Proc Mixed procedure. The residual test was performed to 

review the error assumptions including normality by the Shapiro-Wilk test.  

 

3.3 Results 

 The soil characteristics were summarized in Table 3.3.1. Approximately 343 mg P kg-

1 soil of total P was measured by the perchloric acid digestion method (Table 3.3.1), which 

was comparable to the sum of each P fraction extracted by the sequential fractionation 

method (348 ± 15 mg P kg-1 soil) (Table 3.3.2). The amounts of inorganic P and organic P 

found were ~165 ± 7 mg P kg-1 soil and ~170 ± 12 mg P kg-1 soil, respectively. The largest P 

fraction in this soil was the organic P fraction extracted with CD (~130 mg P kg-1 soil), and 

this was followed by the inorganic P fraction extracted with CD (~79 mg P kg-1 soil), the 

organic P fraction extracted with H2SO4 (~37 mg P kg-1soil), the inorganic P fraction 

extracted with NH4F (~29 mg P kg-1 soil), and inorganic P fraction extracted with NH4Ac 

(~25 mg P kg-1 soil) (Table 3.3.2). The sum of the labile to moderately labile P fractions 

extracted with NaHCO3 and NH4Ac was ~39 mg P kg-1 soil, which was all inorganic P (Table 
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3.3.2). The sum of the moderately stable to stable fractions extracted with NH4F, NaOH-

Na2CO3, CD and H2SO4 was ~309 mg P kg-1 soil, and they accounted for ~89% of the total 

extractable P measured by the sequential fractionation method (Table 3.3.2). 

 

Table 3.3.1. Physical and chemical properties of a calcareous soil 
 Gravimetric soil  

water content at  
field capacity 

Texturea  
(Sand: Clay: Silt)  
          

pHb 
(n=5) 

Organic Cc 
(%) 
(n=5) 

Total Pd 
(mg kg-1) 
(n=1) 

CECe 
(cmolc kg-1) 
(n=5) 

Soil 17 ~ 18% Sandy Loam 
75:5:20  

7.16 ±0.04 1.3 ±0.1 343.0 13.3 ±0.6 

aTexture was determined by the Bouyoucos Hydrometer Method (Bouyoucos, 1962) 
bpH was measured using a 1:2 ratio of soil to Nanopure water 
cOrganic C was measured by the wet-oxidation technique (Shaw, 1959) 

dTotal P was measured by the perchloric acid digestion method  (Olsen & Sommers, 1982) 
eCEC was measured by the ammonium acetate (pH 7) method (Chapman, 1965) 
 

 
Table 3.3.2. The amounts of various inorganic and organic P fractions in a calcareous soil 
analyzed by the sequential fractionation method (n=3) 
Extractant NaHCO3 NH4Aca NH4F NaOH-Na2CO3 CDb H2SO4 

 
 ---------------------------------- mg P kg-1 soil ------------------------------- 
Inorganic Pd  14.0 ±2.3 24.7 ±4.1 29.3 ±3.2 4.8 ±0.9 79.1 ±5.7 12.7 ±1.2 
Organic Pe n.dc n.d n.d 16.7 ±4.9 129.9 ±8.4 36.6 ±2.5 
Total 14.0 ±2.3 24.7 ±4.1 29.3 ±3.2 21.3 ±4.9 209.1 ±7.7 49.3 ±3.0 
aAmmonium acetate (including MgCl2 extractable P), bSodium citrate–dithionate–sodium hydroxide 
cnot detected, dReactive P measured by the molybdate blue method using a Technicon Autoanalyzer II 
set up, eNon-reactive P measured by the molybdate blue method 
 
  

Solution 31P NMR spectra (Fig. 3.3.1) showed that there were four types of the major 

P forms presented in the soil, including orthophosphate (at 6.03 ppm), orthophosphate 

monoesters (5.85 to 4.43 ppm, sharp peaks), choline phosphate (3.95 ppm, sharp peak), and 

humic P (3.95 to 5.85 ppm, broad peak). The proportion of the inorganic P accounted for 

~48.5% and the proportion of the organic P accounted for ~51.5% of the total P. 
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Figure 3.3.1. Solution 31P NMR spectra of a calcareous soil in  
the NaOH-EDTA extract 

 

 

Calcium was mainly extracted with NH4Ac (pH 4.2), which removed ~97% of the 

total extractable Ca. Approximately 3% of the total extractable Ca was removed by H2SO4. 

Aluminum was mainly extracted with H2SO4, accounting for ~90% of the total extractable 

Al, followed by NH4F (5%) and CD (3%). Iron also was mainly extracted with H2SO4, 

accounting for ~95% of the total extractable Fe, and followed by CD (5%) (Fig. 3.3.2).   
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Figure 3.3.2. The concentration of cations (Ca, Al, and Fe) in each  
extract measured by the sequential fractionation method in a  
calcareous soil (Error bars represent standard errors) (n=3) 

 

 

The acid dissociation constants, formation constants, and solubility constants were 

calculated according to the ionic strength of each extractant (0.25 M NaHCO3, 0.5 M NH4Ac 

and 0.25 M H2SO4), which are shown in Tables 3.3.3, 3.3.4, and 3.3.5.  

  

Table 3.3.3. Acid dissociation constants of phosphoric acid and carbonic acid at I = 0.00 M 
(pKa values¶), at I = 0.25 M (pcKa values) and at I = 0.5 M (pcKa values) at 25°C 
Dissociation reaction pKa

¶
  (I = 0.00 M) pcKa  (I = 0.25M) pcKa  (I = 0.5M) 

 

H3PO4
0  ⇌  H2PO4-+ H+   2.15   1.89   1.88 

H2PO4
-   ⇌  HPO42-+ H+   7.20   6.67   6.66 

HPO4
2-  ⇌  PO43-+ H+ 12.38 11.59 11.57 

H2CO3
0  ⇌  HCO3-+ H+   6.35   6.09   6.08 

HCO3
-   ⇌  CO32-+ H+ 10.33   9.80   9.79 

¶Data from Martell & Smith, 2004 

  



	  

	   54	  

Table 3.3.4. Formation constants of the major P complexes and carbonate complexes at I = 
0.00 M (logβ values¶), at I = 0.25 M (logcβ values) and at I = 0.5 M (logcβ values) at 25°C 
Dissociation reactions logβ¶

   
(I = 0.00 M) 

logcβ   
(I = 0.25 M) 

logcβ   
(I = 0.5M) 

Ca2++  PO43-  ⇌  CaPO4-    6.46   4.89   4.85 
Ca2++  PO43-+  H+⇌ CaHPO4

0 15.04 13.20 13.15 
Ca2++  PO43-+  2H+⇌  CaH2PO4+ 20.92 19.09 19.04 
Mg2++  PO43-⇌  MgPO4-    4.85   3.28   3.24 
Mg2++  PO43-+  H+⇌ MgHPO4

0 15.17   3.34 13.30 
Mg2++  PO43-+  2H+⇌  MgH2PO4+ 19.19 17.35 17.31 
Na++  PO43-+  H+⇌ NaHPO4

-  13.44 12.13 12.10 
Na++  PO43-+  2H+⇌  NaH2PO40 19.87 18.30 18.26 
NH3+  PO43-+  3H+⇌  H3PO3NH30 28.96 27.38 27.35 

Ca2+ + CO3
𝟐- ⇌ CaCO3

0   3.22   2.17   2.15 
Ca2+ + HCO3

-  ⇌ CaHCO3
+ 11.53 10.48 10.46 

Mg2+ + CO3
𝟐- ⇌ MgCO3

0   2.92   1.87   1.85 
Mg2+ + HCO3

-  ⇌ MgHCO3
+ 11.34 10.29 10.27 

Ca2++  2CH3COO-  ⇌  Ca(CH3COO)2
0   1.18   0.65   0.64 

¶Data from Martell & Smith, 2004 

 

Table 3.3.5. Solubility constants of the major Ca- and Mg-P minerals, and calcite at I = 0.00 
M (pKsp values) and at I = 0.25 M and I = 0.5 M (pcKsp values) at 25°C 

¶Data from Martell & Smith, 2004 

 

The diagrams of the major P complexes and the stability of the major Ca- and Mg-P 

minerals in the soil in either the NaHCO3 or the NH4Ac extracts (Fig. 3.3.3) predicted that 

the bobierrite, newberyite, brushite should be dissolved, but OCP, TCP or HAP in the soil 

Minerals pKsp
¶ 

(I = 0.00 M) 
pcKsp 
(I = 0.25 M) 

pcKsp 
(I = 0.5 M) 

Brushite    
β-tricalcium P 
Octacalcium P 
Hydroxyapatite 
Bobierrite 
Newberyite 
Calcite 

  19.28 
  28.92 
  94.16 
116.66 
  23.28 
  18.18 
    8.48 

  17.44 
  24.98 
  82.61 
104.64 
  19.34 
  16.33 
    7.43 

  17.40 
  24.89 
  82.35 
103.78 
  19.25 
  16.29 
    7.41 
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should not be dissolved in the NaHCO3 extracts, while, all Ca- and Mg-Ps in the soil should 

be dissolved in the NH4Ac extracts. 

 

 

 
 
 

Figure 3.3.3. Diagrams of the stability of the major Ca- and Mg-P minerals and  
relative proportions of the major P complexes in soil extracted with (a) 0.25 M 
NaHCO3 (pH 8.0) and (b) 0.5 M NH4Ac (pH 4.2)  
(Stars represent the specific solution chemistries in the extracts) 
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The solubility of brushite, TCP and HAP in each extractant (NaHCO3, NH4Ac or 

H2SO4) was tested. Brushite dissolved in all three extractants, whereas TCP and HAP 

dissolved in both NH4Ac and H2SO4, but not in NaHCO3 (Table 3.3.6). The solubility of 

phytin and phytic acid in each extractant (NH4Ac and CD) was also tested (Table 3.3.7). 

Approximately 85% and 65% of the total phytin dissolved in NH4Ac and CD, respectively, 

and ~58% of the total phytic acid dissolved in NH4Ac and CD (Table 3.3.7). The diagram 

(Fig 3.3.4) shows that when the concentration of P is 10-2.79 M, only brushite will dissolve in 

NaHCO3 (pH 8.0), while all Ca-Ps (brushite, TCP, OCP and HAP) will dissolve in both 

NH4Ac (pH 4.2) and H2SO4 (pH 1.0). The diagrams (Fig. 3.3.4) confirmed the solubility test 

results.  

 
 
Table 3.3.6. The proportion of Ca-Ps dissolved in various extractants; 0.25 M NaHCO3 (pH 
8.0), 0.5M NH4Ac (pH 4.2), and 0.25 M H2SO4 (pH 1.0) (n=3) 

 aAmmonium acetate 
 

 
Table 3.3.7. The proportion of phytin and phytic acid dissolved in various extractants; 0.25 
M EDTA-NaOH (pH 13.0), 0.5M NH4Ac (pH 4.2), and 0.3 M CD (pH 13.0) (n=3) 

aAmmonium acetate, bNa-citrate-dithionite-NaOH  
  

Ca-Ps/extractant NaHCO3 NH4Aca 
------- % -------- 

H2SO4 

Brushite    
β-tricalcium P 
Hydroxyapatite 

86-100 
  0-4 
  0-2 

98-100 
98-100 
86-98 

98-100 
98-100 
96-100 

Organic P/extractant NH4Aca 
------- % -------- 

CDb 

Phytin 
Phytic acid 

76-92 
54-62 

62-70 
54-62 
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Figure 3.3.4. Diagrams for the stability of the major Ca-P minerals and the major P 
complexes in the extractants, (a) 0.25 M NaHCO3, and (b) 0.5 M NH4Ac  
(Stars represent the specific soil chemistries in the extracts) 

 

 

3.4 Discussion 

 The sum of the amount of each P fraction in a calcareous soil measured by the 

sequential fractionation method was in agreement of the total P measured by the perchloric 

acid digestion method. Approximately 47% of the total extractable P was inorganic P, and 

~89% of the total extractable P was moderately stable to stable P (Table 3.3.2). The 

proportions of inorganic P forms were in the following order: Occluded P > Al-P ~ Ca-P > 

Labile-P > Stable P > Fe-P. A larger proportion of inorganic P in this soil was considered to 

be associated with Al or Fe rather than Ca. Several studies have shown that the predominant 

primary Ca-P (apatite) in a calcareous soil parent material was rapidly transformed by 

weathering into secondary adsorbed and mineral forms of inorganic P associated with Al and 

Fe, followed by transformation to occluded forms of P with further weathering (Condron & 

Newman, 2011; Stewart & Tiessen, 1987). Thus, larger amounts of occluded P could be 
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present in calcareous soils. In addition, the inorganic P fraction extracted with CD may also 

include P related to organically complex with Fe (Gerke & Hermann, 1992; Ruiz et al., 

1997). Organic P was only detected in extracts with NaOH-Na2CO3 (alkaline), CD (alkaline), 

and H2SO4 (acid), accounting for ~5%, 37%, and 11% of the total extractable P, respectively 

(Table 3.3.2). Solution 31P NMR spectra (Fig 3.3.1) showed that ~49% of the total P was 

inorganic P, which was comparable with the result from the sequential fractionation method 

(47%). The three major organic P forms identified by solution 31P NMR spectra (Fig 3.3.1) 

included phytic acids, choline P (phospholipids), and humic P. The presence of these organic 

P forms have frequently been reported in soils and animal manures (Condron et al., 2005; 

Doolette et al., 2011; McLaren et al., 2014). Since solution 31P NMR spectroscopy was 

performed on an extracts with NaOH-EDTA, which is a strong alkaline extractant, these 

forms of organic P should have been extracted with both NaOH-Na2CO3 and CD, but might 

not be extracted with H2SO4 by the sequential fractionation method. In addition, it is 

considered that the two extractants, CD and NaOH-EDTA would perform similarly because 

both have a strong alkaline pH, and the citrate in CD and EDTA is a chelating agent forming 

polydendate complexes (Barbanti et al., 1994; Ruttenberg, 1992; Zhang et al., 2010).  

Even though the sequential fractionation method targeted extraction of Ca-Ps with 

NaHCO3, NH4Ac and H2SO4, no Ca was detected in the first extract, NaHCO3 at pH 8.0. 

This might be attributed to the potential formation of CaCO3 at alkaline pH or no trace labile 

Ca-Ps, such as brushite, existing in this soil. Approximately 97% of the total extractable Ca 

by the sequential fractionation method was extracted with NH4Ac (pH 4.2). Only 3% of the 

total extractable Ca was measured in the H2SO4 (pH 1.0) extract. The diagrams of the 

stability of the major Ca- and Mg-P minerals and the proportions of the major P complexes in 
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the soil in the two extracts, 0.25 M NaHCO3 and 0.5 M NH4Ac, are shown in Fig. 3.3.3. 

These diagrams predicted that only the bobierrite, newberyite and brushite should dissolve in 

NaHCO3 at pH 8.0, where NaHPO4
-‐  and HPO4

2-‐ should be the major P complexes in the 

extract (Fig 3.3.3 (a)), while all Ca- and Mg-Ps should dissolve in NH4Ac at pH 4.2, where 

NH4H2PO4
0, H2PO4

-  and CaH2PO4
+ should be the major P complexes in the extract (Fig. 3.3.3 

(b)). The results of the solubility tests, and the diagrams of their stability were in the 

agreement, which showed that only brushite dissolved in 0.25 M NaHCO3 extract, while all 

Ca-Ps including brushite, TCP, OCP and HAP dissolved in 0.5 M NH4Ac extract. It is known 

that NaHCO3 extracts not only labile Ca-Ps, but also dissolved P and adsorbed P. It is 

considered that there was none or only trace amounts of labile Ca-Ps (i.e. brushite) present in 

the soil, and therefore P extracted with NaHCO3 were mainly dissolved P and adsorbed P. 

The majority of Ca-Ps would be extracted with NH4Ac including HAP. Even though phytin 

and phytic acid were also extracted with NH4Ac in the solubility test (Table 3.3.7), the P 

fraction extracted with NH4Ac was found to be all inorganic P. Thus, a large amount of Ca 

extracted with NH4Ac can be attributed to mostly mineral Ca-Ps or other Ca-minerals, such 

as CaCO3, and exchangeable Ca2+. There was no Ca detected in extracts with NH4F, NaOH-

Na2CO3 or CD. It is known that NH4F reacts with Ca2+ to form CaF2, which can adsorb P 

(Pierzynski et al., 2005). However, since large amounts of Ca were extracted with NH4Ac 

and MgCl2, there should be minimal formation of CaF2. Therefore, the extraction step with 

NH4Ac prior to extraction with NH4F is critical for minimizing the formation of CaF2.  

At alkaline pH, Al(OH)3(s) and AlF3(s) form, and they would dissolve at acidic pH. 

Dithionite would reduce Fe3+ to Fe2+, which would react with H2S to form ferrous sulfide, 

FeS(s). Ferrous sulfides would then dissolve in acidic pH (Eq. 3.1). 
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FeS(s) + 2H+ ⇋ Fe2+ + H2S(g)      (Eq. 3.1) 

 Therefore, Al and Fe were mainly extracted with H2SO4 (pH 1.0). Zhang et al. (2004) 

recommended that for determination of the amount of Fe, the CD extracts should be prepared 

separately from that for P analysis, and analyze Fe immediately after the extraction in order 

to avoid sulfur precipitation. Since citrate tends to interfere with spectrophotometric 

determination of P causing poor analytical precision, they recommended that the CD extracts 

should be left open to the air for ~72 h to allow complete decomposition of excess dithionite 

to SO2 after extraction (Zhang et al., 2004). According to Mehra and Jackson (1959), 

addition of NaOH to CD would increase pH rapidly, whereas, NaHCO3 would maintain pH 

in the CD extracts around 8.0, where an ideal pH to dissolve iron oxides in soils is ~ 7.3. 

They reported that addition of NaHCO3 instead of NaOH removed slightly higher amounts of 

Fe in soils (Mehra & Jackson, 1959). However, it is assumed that a larger amount of organic 

P would be extracted with CD (i.e. addition of NaOH) than with BCD (i.e. addition of 

NaHCO3) due to their pH difference.    

The target P fractions for each extractant in the sequential fractionation method can 

be modified for the soil as outlined in Table 3.4.1 based on the results of this study.  
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Table 3.4.1. A modified sequential fractionation method for a calcareous soil 
Step P fractions Extractants pH Shaking time 

 
1a Labile P, Ca2-P type  0.25 M NaHCO3   8.0 1 h 
2 Ca-Ps (i.e. Ca8- and Ca10-P types) 0.5 M NH4Acc   4.2 16 h stand, 1 h 
3 Prevent re-adsorption 1.0 M MgCl2   8.0 2 h 
4 Al-P 0.5 M NH4F   8.2 1 h 
5 Fe-P 

Alkaline soluble organic P 
0.1 M NaOH-Na2CO3 12.0 2 h, 16 h stand, 2 h 

6 Occluded P, OM-Fe-Pb 0.3 M CDd 13.0 16 h 
 Alkaline soluble organic P including humic P   
7 Stable Ca-P  

Acid soluble organic P 
0.25 M H2SO4   1.0 1 h 

aEthanol wash after step 1, bP complexes with organic matter thought Fe, cAmmonium acetate,  
d0.3 M Sodium citrate (20 mL) – dithionite (1.0 g) - 1.0 M sodium hydroxide (5 mL) 
 

 

3.5 Conclusion 

In the sequential fractionation method proposed by Jiang and Gu (1989), three 

extractants, NaHCO3, NH4Ac, and H2SO4, were used to extract three types of Ca-P; Ca2-P, 

Ca8-P, and Ca10-P types, respectively. The solubility tests and the model diagrams showed 

that NaHCO3 extracts Ca2-P type (brushite), and NH4Ac extracted Ca2-P and Ca8-P (TCP), as 

well as Ca10-P (HAP) types. Therefore, the target P forms extractable with NH4Ac should 

include both Ca8- and Ca10-P types. The total extractable P by the sequential fractionation 

method in the soil was comparable to the total P measured by the perchloric acid digestion 

method. The proportion of organic P measured by the sequential fractionation method was 

also comparable to that measured by solution 31P NMR spectroscopy. The extractant used for 

solution 31P NMR spectroscopy was NaOH-EDTA, which was considered to perform 

similarly to CD in the sequential fractionation method. This study showed that the modified 

sequential fractionation method was useful for analyzing the P chemistry of a calcareous soil. 

Although it is still recommended that a combination of techniques be used for 
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characterization of organic P, the sequential fractionation method would be useful for 

quantifying and characterizing both inorganic and organic soil P fractions. 
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Supplemental materials 
 
 
Table 3-1. Trial lists for testing the procedures of the sequential fractionation method 
proposed by Jiang and Gu (1982) and modified by Adhami et al. (2006) 
Trial Tests Results 

1 The soil to solution ratio 
(1:25/3:25/5:25) 

The amounts of extractable P increased with 
increasing the soil to solution ratio (Fig. 3-1) 
 

2 
 
 
 
3 
 
 
 
4 
 
 
 
5 

The different amounts of soil 
with the same soil to solution 
ratio (1.5 g or 8.0 g) 
 
Different techniques to measure 
the amount of total P  
 
 
Different standing time  (None, 
4 h or 16 h) in the extraction 
with NH4Ac§ 
 
Different pH (7.5, 8.0 or 8.5) in 
the extraction with NaHCO3 

There was no significant difference of the 
amounts of extractable P in each extract between 
the different amounts of soil used  (Fig.3-2)  
 
There was no significant difference of the 
amounts of P extracted by the digestion method 
and by ICP-OES (Table 3-2)  
 
There was no significant difference of the 
amounts of P extracted with NH4Ac among three 
different standing time (Table 3-3) 
 
There was no significant difference of the 
amounts of P extracted with NaHCO3 among 
three different pH (Table 3-4)  

§Ammonium acetate 
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Figure 3-1. Comparison of the amounts of P extracted among the  
different soil to solution ratios in each extract by the sequential 
fractionation method (n=2, error bars represent standard errors) 

 
 

 
Figure 3-2. Comparison of the amounts of P extracted by the  
sequential fractionation method with the different amounts  
of soil utilized (n=3, error bars represent standard errors) 
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Table 3-2. The comparison of the amount of P extracted two different methods (n=3) 

Means followed by the same letter are not significantly different according to Tukey’s multiple range 
test (P = 0.05) 
 
 
Table 3-3. The comparison of the amount of P extracted with NH4Ac among different 
standing time (n=3) 

Means followed by the same letter are not significantly different according to Tukey’s multiple range 
test (P = 0.05) 
 
 
Table 3-4. The comparison of the amount of P extracted with NaHCO3 among different pH 
(n=3) 

Means followed by the same letter are not significantly different according to Tukey’s multiple range 
test (P = 0.05) 
  

 Digestion ICP-OES 

P extracted (mg P kg-1 soil) 400 ±10a 375 ±10a 

Standing time None 4 h 16 h 

P extracted (mg P kg-1 soil) 27.5 ±1.9a 23.6 ±1.9a 24.1 ±1.9a 

pH 7.5 8.0 8.5 

P extracted (mg P kg-1 soil) 13.1 ±0.9a 11.2 ±0.9a 12.2 ±0.9a 
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Chapter 4 

Comparison of the methods for quantifying and characterizing organic 

phosphorus in animal manure composts 
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Abstract 

Various methods for quantifying and characterizing organic phosphorus (P) in turkey litter 

compost (TLC) were compared. The NaOH-EDTA method is a highly recommended simple 

extraction method for quantifying organic P in soils, however this method underestimated 

organic P in TLC compared to the ignition and the sequential fractionation methods. Solution 

31P NMR spectroscopy on the NaOH-EDTA extract also underestimated the proportion of 

organic P compared to the other two methods. Approximately 83% of the total organic P was 

extracted with a weak acid extractant, NH4Ac, by the sequential fractionation method. Acid 

soluble phytates, such as Ca(Mg)-phytates, present in TLC would be insoluble at pHs above 

6.0. These organic P fractions can be important sources of plant available P, however, neither 

direct quantification nor solution 31P NMR spectroscopy of organic P extracted by the 

NaOH-EDTA would be able to detect them. In order to prevent underestimation of organic P 

in animal manure composts, it is recommended to analyze organic P in both alkaline and acid 

extracts by solution 31P NMR spectroscopy. With cautious interpretation of organic P 

fractions, the sequential fractionation method can be useful for quantifying and 

characterizing organic P for calcium-rich and high-pH conditions, such as animal manures 

and composts.  
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4.1 Introductions and literature review 

4.1.1 Soil organic P  

Organic phosphorus (P) commonly comprises between 30 and 65% of total P in soils 

(Condron et al., 2005) and from 10 to 50% of total P in animal manures and composts (He et 

al., 2006; Leytem & Westermann, 2005; Leytem & Thacker, 2008; Pagliari & Laboski, 2012; 

Takahashi, 2013). Significant amounts of organic P are returned to soils annually as plant, 

animal, and microbial detritus (Condron et al., 2005). Transformations of organic P in soil 

are important in determining the overall biological availability of P, which in turn influences 

ecosystem productivity (Condron et al., 2005). Changes in the amounts of organic P in soils 

occur as a result of mineralization and immobilization processes. Mineralization of P is the 

transformation of organic P into inorganic P, which is controlled by biological and 

biochemical processes. Biochemical mineralization is the process of hydrolysis of organic P 

esters by extracellular phosphatase enzymes, while biological mineralization involves the 

release of N, P and S as a consequence of microbial oxidation of organic C to provide energy 

(Condron et al., 2005). Significant amounts of inorganic P can be released in response to 

various conditions affecting microbial biomass and activity, when either substrate C becomes 

limiting, or soils undergo cycles of wetting and drying (Richardson & Simpson, 2011). Up to 

58% of soil microbes could be killed by rapid hydration through osmotic shock and cell 

rupture (Worsfold et al., 2005) and their biomass subsequently mineralized. Even though 

organic P usually accounts for ~ 1 to 3% of soil organic matter (Essington, 2004), a negative 

correlation of the amounts of organic C and organic P was reported, where the organic C to 

organic P ratios varied along a pH gradients from 70 for soils in the pH range 5 and 8, and 

less than 50 in soils at soil pHs below 5 (Turner & Blackwell, 2013). This may be partially 
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due to the increasing stabilization of inositol hexakisphosphate in acidic soils (Turner & 

Blackwell, 2013), which has a narrow C to P ratio. Organic P is the one of the key factors 

affecting P bioavailability in soils, however, its chemical nature and dynamics remain poorly 

understood. In addition, less information is available on the characteristics of organic P in 

organic amendments, such as animal manures and composts.  

 

4.1.2 Types of organic P in soils, and animal manures and composts 

Based on the nature of the P bonds, organic P compounds can be classified into three 

forms; orthophosphate esters, phosphonates, and anhydrides (Condron et al., 2005). It is 

known that these P forms are present both in soils and animal manures and composts. 

Phosphate associated with humic compounds through bridging by metals is not usually 

classified as organic P (Turner et al., 2005). Orthophosphate esters are relatively stable in the 

pH range of most soils, but hydrolyze readily at extremes of pH or in the presence of 

phosphatase enzymes, such as phytase (Condron et al., 2005). Orthophosphate monoesters, 

which have one C moiety per P (Turner et al., 2005), are the dominant forms of organic P in 

most soils and animal manures and composts (Condron et al., 2005). They occur mainly as 

inositol phosphates, most commonly as the myo-Inositol hexakisphosphate or phytic acid. 

Inositol phosphate is synthesized by plants and is stored in seeds where it can represent 60% 

to 80% of total plant P, and can enter the soil through direct deposition of plant residues 

(Nash et al., 2014). Inositol phosphate is a potential source of plant available P following 

enzymatic degradation, where a conversion of inositol phosphate to orthophosphate occurs 

through microbial activities (Martin et al., 2004). However, inositol phosphate also sorbs 

strongly to clays and reacts with metals to form relatively insoluble precipitates known as 
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phytates (Turner et al., 2005). It is known that phytates have a greater affinity than 

orthophosphate for goethite, calcite and organic matter since the high anionic charges of 

inositol phosphates facilitates the formation of strong electrostatic bonds (Nash et al., 2014; 

Turner et al., 2002). In the presence of an excess of the respective cations, Fe-, and Al-

phytates are insoluble under acidic conditions, from pH 2.5 to 8, and from pH 3 to 9, 

respectively, while Ca-, and Mg-phytates are insoluble under alkaline conditions, above pH 

6, and above pH 9.7, respectively (Celi et al., 2001; Jackman & Black, 1951). Therefore, 

phytates can accumulate in soils with different forms under both acidic and alkaline 

conditions. Phytase, the enzyme involved in the hydrolysis of inositol phosphate, is most 

active under acidic conditions (George et al., 2005), but rapid mineralization of phytates have 

been reported in manured soils (Doolette et al., 2010), which usually have neutral to alkaline 

pH. The phytate derivatives are relatively more soluble than the phytates, especially their 

calcium and magnesium salts (Jackman & Black, 1951). The efficacy of phytase is also 

influenced by companion cations, where hydrolysis of Ca-phytates can be prevented with the 

presence of Al3+, Fe2+, Fe3+, Cu2+, or Zn2+ ions (Nash et al., 2014). Sugar phosphates, 

phosphoproteins and mononucleotides are also present in small amounts in soil as phosphate 

monoesters (Turner et al., 2005).  

Soil concentrations of phosphate diesters have been strongly correlated with the 

microbial biomass (Turner et al., 2003). They have two C moiety per P, which include 

nucleic acids (DNA and RNA), phospholipids, and teichoic acids (Turner et al., 2005). 

Phosphate diesters can accumulate in soils as they become stabilized primarily through 

adsorption onto clay and oxide minerals or by association with humic compounds (Turner et 

al., 2003). However, they occur in much smaller concentrations than phosphate monoesters, 
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typically less than 10% of the total organic P in agricultural soils (Condron et al., 2005). 

Concentrations of DNA and phosphonates are greatest in acidic soils, where they can be 

stabilized by adsorption to the surfaces of clay and oxide minerals (Turner & Blackwell, 

2013). Thus, acidic soils contain a greater portion of the organic P as phosphodiesters, 

mainly DNA, while in neutral and alkaline soils contain a greater portion of 

phosphomonoesters, such as inositol phosphates (Turner & Blackwell, 2013).  

Phosphonates exist predominantly in nature as 2-aminoethylphosphonic acids and 

accumulate in wet, cold, or acidic soils (Turner et al., 2005). Polyphosphates are linear 

polymers of orthophosphate residues linked with phosphoanyhydride bonds (Condron et al., 

2005). Most polyphosphates in soils are inorganic, but organic orthophosphate anhydrides 

are also present including adenosine diphosphate (ADP) and adenosine triphosphate (ATP), 

that are involved in energy transfer in biological systems (Condron et al., 2005). Organic 

polyphosphates are rarely detected in soil, since they are thermodynamically unstable in 

aqueous solutions (Condron et al., 2005). Therefore, it can be assumed that phytic acids or 

phytates, such as inositol phosphates and Ca(Mg)-phytates, are the predominant species of 

organic P in high-pH and calcium-rich environment, such as calcareous soils and animal 

manures and composts other than humic P. 

 

4.1.3 Analysis of organic P 

There is no direct way to quantify organic P in either soils or organic amendments. 

Numerous procedures for quantifying and characterizing soil organic P have been developed, 

however, these procedures can yield profoundly different results (Turner et al., 2005).  
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The ignition method (Saunders & Williams, 1955) has long been used to estimate the 

amounts of organic P, where soil organic matter is destroyed prior to acid extraction. 

However, this method can overestimate the proportion of organic P due to volatilization 

losses and incomplete recovery of inorganic P by acid extraction prior to ignition (Cade-

Menun & Lavkulich, 1997; Turner et al., 2006), or can underestimate the proportion of 

organic P due to incomplete extraction of phosphate released during ignition, and hydrolysis 

of organic P during the initial acid extraction (Cade-Menun & Lavkulich, 1997; Turner et al., 

2005). The amount of organic P is often determined by subtracting inorganic P from total P 

measured colorimetrically with the molybdate blue method (Murphy & Riley, 1962). Total P 

is measured by the same procedure following a suitable digestion step to convert organic P to 

inorganic P, or measured by inductively coupled plasma optical-emission spectrometer (ICP-

OES). The molybdate blue method measures only the orthophosphate in the extracts. This 

can lead to significant errors since the presence of inorganic P complexes, such as 

pyrophosphate and polyphosphate, and inorganic P complexed with organic matter, are not 

measured. It has been reported that polyphosphates are rarely detected in soils (Turner et al., 

2003). Approximately half of the apparent overestimation of organic P by the molybdate blue 

method may be attributed to the presence of pyrophosphate, while the rest may be attributed 

to inorganic P complexed with organic matter (Condron & Newman, 2011). There are also 

various limitations on the accuracy of procedures for extracting soil organic P. These range 

from artifacts induced during soil preparation to problems with the determination of organic 

P in the extracts (Condron & Newman, 2011; Turner et al., 2005). The physical stresses 

induced by soil air-drying disrupt organic matter coatings on clay and mineral surfaces, and 

this may contribute to organic phosphorus solubilisation (Turner et al., 2005). Drying, in 
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particular, can increase the amount of organic P extracted with water and bicarbonate, 

because rewetting releases compounds from microbial cells that lyse during rapid rehydration 

(Turner et al., 2005). Lyophilizing is suggested to be the preferred pretreatment providing the 

best compromise for longer sample storage, and oxidation of reduced Fe-phases is limited 

(Condron & Newman, 2011).  

The NaOH-EDTA extraction method (Bowman & Moir, 1993) is assumed to extract 

soil organic P quantitatively, because it extracts concentrations of soil organic P that are 

similar to those from other methods, such as the ignition method, considered to provide the 

most accurate measure of soil organic P (Bowman & Moir, 1993; Turner et al., 2005). 

Sodium hydroxide as an alkaline solvent creates electrostatic repulsion by increasing the 

negative charge of both organic and mineral components and replaces polyvalent bridging 

cations with less effective monovalent sodium cation (Turner et al., 2005). 

Ethylenediaminetetraacetic acid (EDTA) is a very powerful complexing agent and forming a 

hexadendate, which has two nitrogen donor atoms and four oxygen donor atoms from the 

four-carboxyl groups (Stumm & Morgan, 1996). For instance, EDTA dissolves hydrous 

ferric oxide (Fe(OH)3) and Fe-P complexes, such as strengite, to form FeEDTA- complexes 

(Stumm & Morgan, 1996). Phosphorus complexes, such as inorganic orthophosphate 

occluded within high molecular weight humic complexes, P bound to humic complexes 

through cation bridges, or EDTA-metal-phosphate complexes, would be extracted by the 

NaOH-EDTA (Turner et al., 2003).  

The sequential fractionation methods separate soil P into fractions based on chemical 

solubility. However, they may not be reliable for the determination of organic P, especially 

when the strong alkaline or acidic extractans are used to extract P and hydrolysis of organic P 
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occurs (Condron et al., 2005). The various extractants are not specific for any particular 

group of organic P compounds, so that the inorganic P compounds within a fraction may be 

labile whereas the organic P compounds in that fraction may not be labile (Condron et al., 

2005). Hayes et al. (2000) characterized soil organic P using phytase from Aspergillus niger 

to determine the amounts of enzyme-labile organic P. They concluded that citric acid (pH 

2.3) and NaHCO3 (pH 8.5) extracts contain different types of organic P, where up to 79% of 

organic P extracted by citric acid was enzyme-labile, which can potentially become plant 

available P (Hayes et al., 2000). In contrast, most of the organic P extracted by NaHCO3 was 

not enzyme-labile (Hayes et al., 2000). They also showed that the amount of extractable 

enzyme-labile organic P increased with lower pH (Hayes et al., 2000). He et al. (2004) 

reported that a weak acid extractant, sodium acetate (0.1 M, pH 5.0) extracted phytate-like 

organic P using wheat phytase, Triticum aestivum (He et al., 2004). According to Turner & 

Leytem (2004), phytic acid or phytates, which is the major component of the organic P in 

most animal manures, can be measured as acid-soluble P. Interpreting organic P forms by 

sequential fractionation methods should be done with caution, since the bioavailability of 

organic P is not based on chemical solubility (Turner et al., 2005). Characterizing organic P 

by sequential fractionation methods may be more reliable when coupled with a second 

technique for organic P characterization, such as solution 31P NMR spectroscopy.  

Solution 31P NMR spectroscopy has been used to characterize organic P species in 

soils and animal manures and composts. This technique can potentially detect all P species 

within a sample, since 31P is 100% naturally abundant, and is the only naturally occurring P 

isotope (Cade-Menun, 2005). The most effective extractant used in solution 31P NMR 

analysis has been a combination of 0.25 M NaOH and 0.05 M EDTA (Giles et al., 2011). 
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Extracts and concentrated samples are typically reconstituted in NaOH and deuterium oxide 

(D2O) for signal lock, and the NaOH raises the pH to greater than 13 to ensure consistent 

chemical shifts and optimum spectral resolution (O'Halloran & Cade-Menun, 2007; Turner et 

al., 2006). Nuclei in solutions averages the shielding factor to a single value because of their 

rapid motion, however, nuclei are fixed in all possible orientations in solids resulted in non-

uniform shielding, which cause small changes in chemical shifts for nuclei with the same 

chemical structure (Cade-Menun, 2005). EDTA is used to release P from paramagnetic ions, 

thereby, reducing line broadening and improving spectral quality. The alkaline conditions 

required for NMR experiments can result in the hydrolysis of some labile organic P species 

(Leinweber et al., 1997). To prevent hydrolysis, samples should be analyzed as soon as 

possible after dissolution (Cade-Menun, 2005). The proportion as a percent of the total height 

of the integral is determined, which is the percent of the total sample P in each P species 

(Cade-Menun, 2005). Even though solid-state 31P NMR spectroscopy can be analyzed with 

minimal sample preparation, it is limited by the low natural concentrations of P, and the 

spectral resolution is poor compared to solution 31P NMR spectroscopy (Cade-Menun, 2005).  

 

4.1.4 Objective 

 The objective of this chapter was to study analytical techniques for quantifying 

organic P in animal manure compost in order to select the most appropriate technique. In this 

chapter, organic P in turkey litter compost (TLC) was quantified by various different 

methods, including the sequential fractionation method, the NaOH-EDTA method, the 

ignition method, and solution 31P NMR spectroscopy. Characterization of organic P in TLC 

was also performed by solution 31P NMR spectroscopy and the sequential fractionation 
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method. The results from various methodologies were compared and an appropriate method 

for quantifying and characterizing organic P in TLC in the future experiments was 

determined.   

 

4.2 Methodology  

4.2.1 Characterization of turkey litter compost  

Turkey litter compost (TLC) was produced from the litter of turkeys fed corn/soy- 

based pellets and composted with softwood savings, wheat straw bedding, and spent 

mushroom substrate. The compost was thoroughly mixed and stored in a plastic bag in a 

refrigerator at ~5°C. Nutrient contents in TLC were analyzed by SGS Agri-food laboratories, 

Guelph Ontario. Total N was measured by the Dumas method (Dumas, 1831) and total P was 

measured by the perchloric acid digestion method (Olsen & Sommers, 1982). Cations (K, Mg 

and Ca) were extracted with 1.0 M NH4Ac (pH 7.0) and measured by a Perkin Elmer 

5300DV inductively coupled plasma optical emission spectrometer (ICP-OES). In 

preparation for chemical analysis TLC was lyophilized and ground to < 0.15 mm. 

 

4.2.2 NaOH-EDTA method  

Organic P was extracted using the NaOH-EDTA method (Bowman & Moir, 1993) as 

follows: 0.5 g lyophilized TLC was weighed into a 50 mL polyethylene centrifuge tube. A 

volume of 25 mL of extractant (1:50 solid to solution ratio), containing a mixture of 0.25 M 

NaOH and 0.05 M Na2EDTA, was added and placed in an automated mechanical 

reciprocating shaker for 16 h at 25°C and 110 rpm to allow time for the solution to 

equilibrate. The tubes were centrifuged at 8000 x g for 30 min and the supernatant filtered 
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through a 0.45 µm Millipore polycarbonate membrane filter to remove suspended solids. The 

filtered solution was stored in a refrigerator at ~5°C until being analyzed using an ICP-OES 

to determine the concentration of total P present in each extract. Duplicates of each extract 

were diluted 10 times with Nanopure water followed by adding 3 to 5 drops of 2.5 M H2SO4 

for acidifying the solution to a pH below 4.0. The concentration of inorganic P in each 

acidified extract was measured colorimetrically by the molybdate blue method (Murphy & 

Riley, 1962) using an Autoanalyzer II. The proportion of organic P in each extract was 

calculated as the difference between the amount of measured total P and inorganic P. All 

samples were performed in triplicate. 

 

4.2.3 Solution 31P NMR spectroscopy 

Characterization of organic P in lyophilized TLC was conducted by solution 31P 

NMR spectroscopy (Agriculture and Agri-Food Canada, Swift Current, SK). Approximately 

10 mL of extracts from the NaOH-EDTA were frozen at -80°C followed by lyophilization. 

Each lyophilized sample (~ 100 mg) was re-dissolved in 1.5 mL of D2O/H2O, and 0.75 mL of 

the NaOH-EDTA followed by addition of 0.4 mL of NaOH. Samples were centrifuged for 20 

min and then decanted into 10 mm NMR tubes.  NMR parameters were set as follows: pulse 

width 14.5 µs with 90 degrees, acquisition 0.625 s, delay 4.3 s, there was no proton 

decoupling, sweep width 12136, and ~ 2200 scans were conducted for 3 h. After the samples 

were analyzed, they were spiked with phytate and choline P, followed by spiking with α- and 

β-glycerophosphate, to confirm peak identifications. The spectra were processed with 7 Hz 

line broadening to assess the overall spectra, and then with 1 Hz line broadening to identify 

specific peaks in the monoester region. 
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4.2.4 Ignition method  

The amount of organic P in TLC was measured using a modification of the ignition 

method of Saunders & Williams (1955). Lyophilized TLC (0.5 g) was weighed in a porcelain 

crucible and placed in a cool muffle furnace. The temperature of the muffle furnace was 

slowly raised to 550°C over a period of 2 h, followed by continued heating of the sample at 

550°C for 1 h. The ignited sample was transferred to a 50 mL centrifuged tube. To a separate 

tube, 0.5 g of un-ignited compost was weighed as a control. To each sample, 25 mL of 0.5 M 

H2SO4 was added and the tube contents well mixed. The lid was slightly opened for a few 

minutes to release CO2 followed by shaking in an automated reciprocating shaker at 110 rpm 

for 16 h. The samples were then centrifuged at 11,000 x g for 15 min and filtered with a 0.45 

µm Millipore polycarbonate membrane. Extracts were diluted 100 times with Nanopure 

water. Dissolved P in each filtrate was stored in a refrigerator at ~5°C until being measured 

colorimetrically by the molybdate blue method (Murphy & Riley, 1962) the following days 

using a Technicon Autoanalyzer II. All sample analyses were conducted in triplicate. The 

organic P was calculated as the difference in measured extracted inorganic P of the ignited 

and unignited samples.  

 

4.2.5 Sequential fractionation method 

Various P forms in TLC were extracted using a modified sequential fractionation 

method based on the scheme of Jiang and Gu (1989) as shown in Table 4.2.1.  Each P 

fraction was extracted sequentially from step 1 to 7 (Table 4.2.1) as follows: 0.25 g of 

lyophilized TLC was weighed out into a 50 mL polyethylene centrifuge tube. A volume of 25 

mL of the first extractant (NaHCO3) was added and placed in an automated mechanical 
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reciprocating shaker at 25 °C to allow time for the solution to equilibrate. The tubes were 

centrifuged at 11,000 x g at 0°C for 15 min and the supernatant filtered through a 0.45 µm 

Millipore polycarbonate membrane filter carefully in order to prevent any sample compost 

loss for the next steps. This extraction procedure was repeated sequentially with seven 

different extractants. The filtered solutions were stored in a refrigerator at ~5°C until the 

further analysis. Samples were then analyzed by ICP-OES to measure concentration of total 

P, and a Technicon Autoanalyzer II using the molybdate blue method (Murphy & Riley, 

1962) to measure the concentration of inorganic P (non-orthoP). The amount of each organic 

P fraction was calculated by subtracting the amount of inorganic P from total P. The total P, 

total inorganic P, and total organic P were calculated as a sum of each fraction.  

 
 
Table 4.2.1. A modified sequential fractionation method based on the method proposed by 
Jiang and Gu (1989)  
Step P fractions Extractants pH Shaking time 

 
1a Labile P, Ca2-P type  0.25 M NaHCO3   8.0 1 h 
2 Ca-P  

(Ca8- and Ca10-P type)  
0.5 M NH4Acb   4.2 16 h stand, 1 h 

3 Prevent re-adsorption 1.0 M MgCl2   8.0 2 h 
4 Al-P 0.5 M NH4F   8.2 1 h 
5 Fe-P 

Alkaline soluble organic P 
0.1 M NaOH-Na2CO3 12.0 2 h, 16 h stand, 2 h 

6 Occluded P 0.3 M CDc 13.0 16 h 
 Alkaline soluble organic P including humic P   
7 Stable Ca-P  

Acid soluble organic P 
0.25 M H2SO4   1.0 1 h 

aEthanol wash after step 1, bAmmonium acetate 
 c0.3 M sodium citrate (20 mL) – dithionite (1.0 g) – 1.0 M sodium hydroxide (5 mL) 
 
 

4.2.6 Data Analysis 

Statistical analyses were performed using SAS Version 9.3 (SAS Institute, 2011). The 

Type I error rate of 0.05 was used for all statistical tests. Least square means and standard 
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errors were computed by the Proc Mixed procedure. The residual test was performed to 

review the error assumptions including normality by the Shapiro-Wilk test. The method 

means were compared using Tukey’s multiple means comparison test.  

 

4.3 Results 

 The recovery rates of total P relative to the perchloric acid digestion method by the 

sequential fractionation method, by the NaOH-EDTA method, and the ignition method were 

~82%, 63%, and 96%, respectively (Fig. 4.3.1). The amounts of inorganic P found in TLC 

measured by the sequential fractionation method, the NaOH-EDTA method, and the ignition 

method were 18.9, 20.5, and 27.9 g P kg-1 TLC, respectively (Fig. 4.3.1). The amounts of 

organic P found in TLC measured by the sequential fractionation method, the NaOH-EDTA 

method, and the ignition method were 9.2, 0.9, and 6.4 g P kg-1 TLC, respectively (Fig. 

4.3.1). The proportions of inorganic P were ~67%, 96%, 93%, and 81% by the sequential 

fractionation method, the NaOH-EDTA method, the solution 31P NMR spectroscopy, and the 

ignition method, respectively (Table 4.3.2). The proportions of organic P in TLC were ~33%, 

4%, 7%, and 19% by the sequential fractionation method, the NaOH-EDTA method, the 

solution 31P NMR spectroscopy, and the ignition method, respectively. There was not a 

significant difference in the amounts of the total P measured between by the perchloric acid 

digestion method and by the ignition method. The amounts of total P and inorganic P 

measured by the ignition method were greatest, while, the amount of organic P measured by 

the sequential fractionation method was the greatest. On the other hand, the amounts of total 

P and organic P measured by the NaOH-EDTA method were the smallest (Fig 4.3.1). Despite 

the small proportions of organic P in TLC measured by the NaOH-EDTA method, the 
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amounts of inorganic P measured by the sequential fractionation method and the NaOH-

EDTA method were not significantly different. 

 The largest amount of organic P was extracted with a weak acid extractant, NH4Ac 

(pH 4.2) followed with NaHCO3 (pH 8.0), accounting for ~83% and 11% of total organic P 

by the sequential fractionation method, respectively (Table 4.3.2).  

 

Table 4.3.1. Chemical properties of lyophilized turkey litter compost (TLC) (n=5) 
 pHa Total Nb Total Pc  Kd Mgd Cad 

 
  ------------------------------------ g kg-1 ------------------------------------- 
TLC 7.06 ±0.05 26.6 ±1.5 34.1 ±2.6 18.7 ±2.1 23.7 ±5.2 96.8 ±7.8 
apH was measured using a 1:2 ratio of soil to Nanopure water 
bTotal N was measured by the Dumas method (Dumas, 1831) 
cTotal P was measured by the perchloric acid digestion method (Olsen & Sommers, 1982) 
dCations were extracted with 1.0 M NH4Ac (pH 7.0) and measured by ICP-OES  
 
 
Table 4.3.2. The proportions of inorganic and organic P in lyophilized turkey litter compost 
(TLC) measured by various methods 
 Inorganic P (%) Organic P (%) 

 
Sequential Fractionation 67 33 
NaOH-EDTA 96 4 
Ignition 81 19 
31P NMR Spectroscopy 93 7 
 
 
 
Table 4.3.3. The amounts of P fractions in lyophilized turkey litter compost (TLC) measured 
by the sequential fractionation method (n=3)  
Extractant NaHCO3 NH4Aca NH4F NaOH-Na2CO3 CDb H2SO4 

 
 ------------------------------------ mg P kg-1 TLC ----------------------------------- 
Inorganic Pc  4880 ±359 12350 ±784 701 ±58 5.0 ±0.6 63 ±3 900 ±110 
Organic Pd 993 ±184 7598 ±139 0 ±0 26 ±4 396 ±24 143 ±28 
Total 5873 ±268 19948 ±655 701 ±58 30 ±4 459 ±27 1043 ±130 
aAmmonium acetate (including MgCl2 extractable P), bSodium citrate–dithionate–sodium hydroxide 
cReactive P measured by the molybdate blue method 
dNon-reactive P measured the molybdate blue method  
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Figure 4.3.1. The amounts of P in lyophilized turkey litter compost  
(TLC) measured by different methodologies; by the perchloric acid  
digestion method (Digestion), the sequential fractionation method  
(SEQ), the NaOH-EDTA method, and the ignition method  
(Error bars represent standard errors and the same letters on the  
bars are not significantly different according to Tukey’s multiple  
range test at p = 0.05). 

 
 
 
 

Solution 31P NMR analysis indicated that the 93.5% of total P in the TLC was present 

as inorganic P, and this was mainly orthophosphate (92%) with a small portion of 

pyrophosphate (1%). The small proportion of total organic P present in TLC (7% of total P) 

included phytic acid (4%), other monoesters (2%) and traces of DNA (< 0.5%) (Fig. 4.3.2).	  	  
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Figure 4.3.2 Organic P species in lyophilized turkey litter compost (TLC) characterized  
     by solution 31P NMR spectroscopy 
 

 

4.4 Discussion 

Underestimation of the concentration of the total P measured by the NaOH-EDTA 

method was significant. It has been reported that recovery of total soil P in extracts obtained 

by the NaOH-EDTA method varies widely, from as little as 12% to greater than 90%, with ~ 

50% greater amounts in very acidic soils (Turner & Blackwell, 2013) and the lower 

recoveries of P have been observed for calcareous soils ranging from 12 to 45% (Doolette et 

al., 2011a; Giles et al., 2011; McLaren et al., 2014). In the presence of excess amounts of 

Ca2+, which is typical of calcareous soils or animal manures and composts, Ca2EDTA is 

formed (Stumm & Morgan, 1996) and EDTA in the presence of an excess amount of Ca2+ 

has little effect in dissolving Fe-Ps above pH 7.0 (Stumm & Morgan, 1996). This may 

explain the lower recovery rates of P by the NaOH-EDTA method in TLC. According to 

Turner and Blackwell (2013), the low total P recovery of the NaOH-EDTA method could be 

accounted for almost entirely by variation in inorganic P, particularly in high-pH soils. 
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However, the amounts of inorganic P in TLC measured by the sequential fractionation 

method and the NaOH-EDTA method were not significantly different in this experiment, the 

difference was mainly due to the amounts of organic P extracted. According to Doolette et al. 

(2011a), the extraction efficiency of total NaOH-EDTA extractable P in 18 Australian soils 

was 21 to 89% with an average of 64%, where the lower extractability was found in 

calcareous soils with high Ca contents. They reported that the extraction efficiency of 

inorganic P was greater (~82%) than for organic P (~47%) and that approximately half of the 

organic P was not extractable and therefore was not able to be identified by solution 31P 

NMR analysis in their experiment (Doolette et al., 2011a). The inorganic ortho P in 

complexed forms in NaOH-EDTA extracts could include P occluded within high molecular 

weight humic complexes (Turner et al., 2003). It has been reported that phytates or inositol 

phosphates constitute a large proportion of the organic P extracted from soils with citric acid 

at low pH (Hayes et al., 2000). Ca(Mg)-phytates are insoluble in alkaline conditions, thus 

they may also not be extracted by NaOH-EDTA. Acid pretreatment may require for the 

extraction of phytates, especially Ca-phytates, prior to extract with NaOH-EDTA, which has 

pH of 13.0. However, this step may cause hydrolysis of organic P resulted in overestimation 

of inorganic P. The amount of organic P measured by the sequential fractionation method 

was the highest among three methods. The largest amount of organic P was extracted with 

NH4Ac (pH 4.2) followed with NaHCO3 (pH 8.0), and accounted for 83% and 11% of the 

total organic P extracted by the sequential fractionation method, respectively (Table 4.3.4). 

The possible explanations for the difference in the amounts of organic P measured by the 

three methods, the NaOH-EDTA, the sequential fractionation, and the ignition methods, 

include (1) the weak acid extractable organic P forms, such as Ca(Mg)-phytates, extracted 
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with NH4Ac by the sequential fractionation method may not be dissolved by the alkaline 

NaOH-EDTA (pH 13.0) extractant, (2) the concentration of EDTA (0.05 M) was too weak or 

the soil to solution ratio of 1:50 was too small to chelate all Ca and Mg present in the TLC, 

(3) some of the organic P extracted with NH4Ac by the sequential fractionation method was 

not organic P, but inorganic P forms other than orthophosphate, such as polyphosphates and 

pyrophosphates, or (4) overestimation of the proportion of inorganic P due to hydrolysis of 

organic P during initial acid extraction by the ignition method. The solution 31P NMR 

spectroscopy indicated that the major organic P form in TLC was orthophosphate 

monoesters, such as phytic acids, and the amounts of pyrophosphate or polyphosphate in 

TLC were negligible (Fig. 4.3.2). The organic P forms extracted with NH4Ac by the 

sequential fractionation method might have included acid extractable orthophosphate 

monoesters, such as Ca(Mg)-phytates, which might not be detected by either the NaOH-

EDTA method or the solution 31P NMR spectroscopy. These organic P forms can be 

important plant available P sources. The ignition method showed good indication for 

quantifying total P, however it might underestimate the amounts of organic P in TLC due to 

potential hydrolysis of organic P during the initial acid extraction. In addition, the ignition 

method only quantifies organic P and requires combining other techniques to characterize 

organic P.  

 

4.5 Conclusion 

 The NaOH-EDTA method significantly underestimated the organic P in TLC 

compared to the ignition and the sequential fractionation methods. Approximately 83% of the 

total organic P was extracted in a weak acid extractant, NH4Ac (pH 4.2) by the sequential 
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fractionation method. A large amount of Ca in TLC may form Ca-phytates, which are 

insoluble at pHs greater than 6.0. These organic P forms can be important sources of plant 

available P, however, neither the NaOH-EDTA method nor solution 31P NMRP spectroscopy 

on the NaOH-EDTA extract appear to be able to detect them. In order to prevent 

underestimation of organic P in animal manure composts, it is recommended to analyze 

organic P in both alkaline and acid extracts by solution 31P NMR spectroscopy. With 

cautious interpretation of organic P fractions, the sequential fractionation method would be 

useful for quantifying and characterizing organic P in Ca-rich and high-pH conditions, such 

as animal manures and composts. There is no consensus as to the most appropriate method 

since each methodology has its own limitations. However, by understanding their limitations, 

the ideal method for quantifying and characterizing organic P in soils and organic 

amendments for a specific condition may be selected. 
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Chapter 5 

Forms of phosphorus in animal manure composts  



	  

	   96	  

 

 

Abstract 

The amounts and distribution of various phosphorus fractions (P) in three types of animal 

manure composts were analyzed by a modified sequential fractionation method. The amounts 

of total P present in the three animal manure composts were varied, but the distribution of the 

P fractions was similar. A majority of the P fraction presented in the three animal manure 

composts was extracted with a weak acid extractant (0.5 M NH4Ac, pH 4.2). X-ray 

diffraction analysis and the model diagram of the stability of the major P minerals for turkey 

litter compost (TLC) showed that brushite and newberyite were the major forms of inorganic 

P in TLC, and they should be extracted with NH4Ac. Both of these inorganic P forms are 

potential sources of plant available P. Acid soluble organic P was also present in TLC, which 

are also potential sources of plant available P via enzymatic degradation through microbial 

activities. The target TLC-P forms in the sequential fractionation method were modified, 

since P chemistry in TLC was different from those in soils. When using solution 31P NMR 

spectroscopy, it is recommended to analyze both extracts with alkaline and acid extractants in 

order to prevent underestimation of organic P. Well-established soil P techniques can be used 

for characterizing and quantifying forms of P in animal manure composts, however, to do so 

effectively, it is critical to understand the different P chemistries between animal manures, 

composts and soils, and make appropriate modifications to the methodology, if necessary. 
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5.1 Introduction and literature review 

5.1.1 Usage of animal manures and compost as organic amendments 

Organic amendments, such as animal manures and composts, are potential 

alternatives to synthetic mineral P fertilizers for use in enhancing soil fertility. Organic 

amendments provide both plant-available nutrients and organic matter to soils, resulting in 

improvements both to soil physical properties and soil fertility. However, they can be a 

serious environmental concern when inappropriately managed. Organic producers raising 

livestock rely on their animal manures and composts for supplying crop nutrients (He et al., 

2006a). Beef and dairy cattle, swine, and poultry operations generate 160 to 180 Tg of 

manure annually (dry matter basis) in North America (Cromwell, 2005; Woodley et al., 

2014). Land applications of animal manures and composts for use in crop production is the 

common fate of the large amounts of manure that are produced (Pagliari & Laboski, 2012). 

However, repeated application of animal manures and composts to agricultural fields can 

increase risks of nutrient runoff and leaching, especially P (Hunger et al., 2004; Hunger et al., 

2005; Sims et al., 2000). In areas of intensive livestock production, the inefficient transfer of 

fertilizer nutrients from manures to crops has been the primary concern for accumulation of P 

in soils, because manure P addition invariably exceeds crop P requirements when manure is 

applied to meet crop N requirements (Sharpley et al., 2013). While, the average N/P ratios 

for liquid and solid manures and compost are ~2.3, 1.0 and 0.5, respectively (Woodley et al., 

2014), however, typical N/P uptake ratios for crops such as corn are > 7.5 (Sato et al., 2005). 

Therefore, if manure or compost is applied to meet the N requirement for corn production, a 

surplus of P is applied resulting in accumulation of P in soil. The timing, rate, and method of 

application of animal manures and composts must strive to minimize runoff in surface water 
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and have minimal contribution to groundwater contamination (Woodley et al., 2014). The 

timing of manure application depends on various factors, including weather, stage of crop 

growth, storage capacity, etc., and it is usually recommended to apply outside of the frost 

season (Beaulieu, 2004). For instance, ~35% of the manure is applied in the fall, followed by 

~33% in the spring, ~26% in the summer, and ~6% in the winter in Canada (Beaulieu, 2004).  

Sharpley and Moyer (2000) reported that C contents were not significantly different 

among five varieties of manures and composts, including dairy manure, dairy compost, 

poultry manure, poultry litter, and swine slurry. However, the amounts and distribution of 

organic and inorganic P forms in animal manures and composts varies widely depending on 

its source, the animal’s physiology and diet, bedding material, and the method of storage and 

preparation. Pagliari and Laboski (2012) analyzed 42 manure samples from 7 animal species 

including beef and dairy cattle, swine, chicken, turkey, dairy goat, horse, and sheep, and 

found that litter and manures from non-ruminant animal species, such as poultry litter and 

swine manure, had greater total P contents than other species. They also reported a large 

fraction of manure-P was moderately stable or stable in non-ruminant animal species, which 

is extractable either by strong base or acid extractants, such as 0.1 M NaOH or 0.1 M HCl, in 

non-ruminant animal species, while labile P, which is extractable with water or a weak base 

extractant, such as 0.5 M NaHCO3, was the dominant form of P in ruminant animal species 

and horses (Pagliari & Laboski, 2012). Cooperband and Ward Good (2002) compared water-

extractable P (WEP) in soils amended with poultry manure and dairy manure during a 36-

week incubation period. They concluded that WEP was controlled by solid mineral P phases 

in the poultry manure-amended soils, while sorption-desorption processes controlled WEP in 

dairy manure-amended soils (Cooperband & Ward Good, 2002). The magnitude of P 
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surpluses on farms are usually in the following order, poultry > swine > dairy > beef > mixed 

farms (Sharpley & Moyer, 2000; Sims et al., 2000). It has been reported that inorganic P 

constitutes an important proportion in animal manures and composts, followed by residual P, 

acid-soluble organic P such as phytic acid or phytates (He et al., 2004; Turner & Leytem, 

2004). Phytate exists predominantly as mineral-phytate complexes with Ca, Mg or Na 

contained in animal feedstuffs and guts in animals, especially swine and poultry (Selle et al., 

2009). The acid soluble organic P fraction, including hydrolysable organic P forms such as 

phytates, is considered a potential source of P for plants (Baxter et al., 2003). Plant available 

P in animal manures and composts has been shown to be related to particular P forms present 

in soils, and they interact with the soil matrix (He et al., 2006b; He et al., 2004; Sharpley & 

Moyer, 2000; Waldrip et al., 2011). Amendments with animal manures and composts affect 

the chemistry of the soil, which alters both the amount and distribution of the various soil P 

fractions (He et al., 2004; He et al., 2009; Pagliari & Laboski, 2012; Sato et al., 2005). An 

understanding of the composition of P in animal manures and composts is critical for 

developing effective manure management in agriculture. 

 

5.1.2 Dairy Manure  

Phosphorus is frequently has been added to forage and grain-based ruminant diets in 

the form of mineral supplements, such as dicalcium phosphate, phosphoric acid, or bone 

meal (Satter et al., 2005). These dietary P forms in excess of the animal’s requirements are 

simply excreted in the manure (Satter et al., 2005). Predominant P forms in dairy manure 

have been known to be labile inorganic P, which is extractable with water or weak base 

extractants, such as NaHCO3, and moderately labile P, which is extractable with strong base 
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extractants, such as NaOH (Dou et al., 2000; He & Honeycutt, 2001; Sharpley & Moyer, 

2000). Up to 80% of the total P in dairy manures can be extracted with water (Dou et al., 

2000; He et al., 2004; Satter et al., 2005; Sharpley & Moyer, 2000). In an analysis of solution 

31P NMR spectroscopy, orthophosphate comprised the greatest fraction of the P in dairy 

manures, accounting for ~90 % of the total P, while phytic acid and other orthophosphate 

monoesters comprised less than 5%, and 9% of the total P, respectively (Leytem & 

Westermann, 2005). He et al. (2009) reported that in organic production systems, dairy 

manure contained more moderately stable Ca- and Mg-P forms compared manure in 

conventional production systems, which contained relatively higher contents of soluble 

inorganic P species and stable multivalent metal-phytate species. They concluded that P 

availability from manures might differ between organic and conventional dairy production 

systems (He et al., 2009). 

 

5.1.3 Swine Manure 

Both P and Ca are predominant elements in pig’s feces (Cromwell, 2005). Adding 

large amounts of Ca in their feces into soil can raise the soil pH and increase the formation of 

various secondary Ca-P in soils (Sato et al., 2005). The high P content of swine manure is the 

result of two major factors; (1) diets are often over supplemented with P, and (2) most of the 

P in cereal grains and oilseed meals is in the form of indigestible phytic acid and thus 

excreted in the manure (Baxter et al., 2003; Cromwell, 2005). However, it has been reported 

that only small amounts of phytate are found in swine manure, except when fed corn (Leytem 

& Thacker, 2010). The amounts of phytate in swine manure decreases with increasing 

storage time (Baxter et al., 2003). Approximately 80% of total P in swine feces was inorganic 
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orthophosphate form, and 10 to 17% of total P was as phosphate monoesters (Leytem & 

Thacker, 2008).  

 

5.1.4 Poultry litter  

  Poultry litter is generally considered to be synonymous with both broiler litter and 

turkey litter as both are meat-type birds raised on bedding, which tends to keep this mixture 

dry (Patterson et al., 2005). Poultry feed contains mineral supplements of both dicalcium 

phosphate and CaCO3, which dissolve during digestion, resulting in both Ca and P being 

excreted in some form (Hunger et al., 2004), thus Ca is also abundantly available in poultry 

litter (Sato et al., 2005). Poultry litter is generally considered to be the most valuable animal 

manure with respect to its fertilizer value; however, its relatively high P content can lead to 

high levels of P in runoff water (Patterson et al., 2005).  Although P runoff from poultry litter 

has received an enormous amount of attention in the past several years, the amount of P in 

runoff from commercial P fertilizers is actually higher than that with poultry litter when 

applied at the same rate of total P (Patterson et al., 2005). Only 2 to 4% of the total P in the 

poultry litters has been reported to be water-soluble, on the other hand, 94% of the P in the 

triple superphosphate was soluble (Patterson et al., 2005). He et al. (2006b), however, found 

that 23% of the total P was water extractable P in poultry manure using a Hedley sequential 

extraction method (He et al., 2006b). They also showed 8, 10, 36, and 24% of the total P was 

found to be NaHCO3, NaOH, and HCl extractable, and in residue fractions, respectively (He 

et al., 2006b). In addition, the majority of the stable P, extractable with strong base and acid 

extractants, such as NaOH and HCl, was in organic forms; accounting for 82% and 75% of 

the total stable P, respectively, mainly as a form of phytates, in poultry litter (He et al., 
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2006b). This result was comparable to other studies (He et al., 2006a; Turner & Leytem, 

2004). According to Turner and Leytem  (2004), phytic acid accounted for 86% of the sum of 

P extracted with NaOH and HCl with the latter had much greater concentrations in their 

experiment using solution 31P NMR spectroscopy.  

 

5.1.5 Compost 

 Composting is a popular method for addressing many of the nuisance issues 

associated with fresh animal manures, including reducing the number of pathogens (Patterson 

et al., 2005). There are three typical stages in the composting process; in the first mesophilic 

stage, large quantity of labile organic C undergoes rapid decomposition by mesophilic 

bacteria and fungi, in the second thermophilic stage, where the temperature reaching up to 60 

°C, the maximum breakdown of organic material occur and human pathogens are destroyed, 

and in the final maturing stage, decomposition of more resistant materials, such as lignin and 

cellulose, occur (Woodley et al., 2014). In horticulture, the use of fresh manures is not 

recommended due to possible bacterial contamination of edible plant parts (Larney et al., 

2003; Neilsen et al., 2009), thus application of composts are often practiced. During 

composting, nutrients are biologically stabilized (Larney et al., 2006), however, large 

amounts of N can be lost via ammonia volatilization. Therefore, it is common to co-compost 

with a feedstock that has a high C/N ratio, when composting animal manures with high 

inorganic N contents (Woodley et al., 2014). Composts generally show high P availability 

with more than 70% of total P as inorganic forms (Gagnon et al., 2012; Sharpley & Moyer, 

2000; Ylivainio et al., 2008). Gagnon et al. (2012) reported that more than 50% of the total 

inorganic P was found to be in labile fractions, which was extractable with resin and weak 
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base extractants, such as NaHCO3, in composts of dairy manure, beef manure, swine manure, 

and potato processing residues. More than 40% of the total inorganic P was found to be in 

moderately stable fractions, which was extractable with strong basic and acidic extractants, 

such as NaOH and HCl, in composts of lobster wastes and poultry manures. Ylivainio et al. 

(2008) found that more than 80% of the total P was found to be in water soluble P in dairy 

manure compost, while 65 to 90% of the total P was in acid soluble P forms in meat and bone 

meal composts, and in fox manure composts.  

 

5.1.6 Analysis of animal manures and composts 

 Several methods and techniques have been introduced or adapted to help identify P 

forms in animal manures and composts including sequential fractionation methods, solution 

31P NMR spectroscopy, and x-ray diffraction. X-ray diffraction (XRD) is a technique that 

provides detailed information about the atomic structure of crystalline substances (Harris & 

White, 2008), however, XRD analysis cannot be used to identify non-crystalline species 

(Hettiarachchi et al., 2001; Ippolito et al., 2003). X-ray diffraction has been used for the 

identification of clay-sized minerals in soils, as well as coarser soil fractions (Harris & 

White, 2008). X-rays, which are electromagnetic rays with wavelength ranging between 10-3 

to 10 nm, are produced by the rapid deceleration of fast-moving electrons as they impinge on 

matter (Harris & White, 2008). Each mineral contains a unique set of atomic planes, which 

will diffract X-rays at characteristic wavelengths. Identification of minerals is carried out by 

comparing detected diffraction lines to those of known minerals. The detection limits for 

most mineral phases are ~1 to 5% by weight (Ippolito et al., 2003). The XRD patterns of Ca-

Ps have been well studied and reported in the literature and include reports of monocalcium 
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P, β-tricalcium P (TCP), calcium pyroP (Boanini et al., 2010; McIntosh & Jablonski, 1956), 

octacalcium P (OCP) (Alvarez et al., 2004; Boanini et al., 2010; Freeman & Rowell, 1981; 

LeGeros, 1985; Suzuki, 2010), brushite (Boanini et al., 2010), and hydroxyapatite (HAP) 

(Alvarez et al., 2004; Boanini et al., 2010). 

 

5.1.7 Hypothesis and objectives 

The objective of this study was to examine the composition of P in animal manure 

composts. In this study, various inorganic and organic P forms and their distribution in TLC, 

as non-ruminant animal manure compost, and two types of cattle manure composts (CMC), 

as ruminant animal manure composts, were analyzed. The sequential fractionation method 

was used for quantifying the various inorganic and organic P forms in the composts, and the 

XRD was used for inorganic P characterization of TLC-P. Solution 31P NMR spectroscopy 

technique was used for organic P characterization of TLC-P. Since the chemistries of animal 

manure composts are different from those of calcareous soils (i.e. higher contents of Ca, Mg 

and P, and lower contents of Fe and Al), the target P forms in the sequential fractionation 

method for a calcareous soil should differ from those in animal manure composts. Therefore, 

the target P forms in the sequential fractionation method were modified to accommodate for 

analyzing P forms present in the TLC used in this study. 
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5.2 Methodology 

5.2.1 Chemical analyses of animal manure composts 

Turkey litter compost, obtained from the litter of turkeys fed corn/soy-based pellets 

composted with softwood savings, wheat straw bedding, and spent mushroom substrate (~ 

25%), and two types of cattle manure composts (CMC 1 and 2) were thoroughly mixed and 

kept in plastic bags in a refrigerator at ~5°C prior to being lyophilized. Chemical properties 

in each animal manure compost were analyzed (SGS Agri-food Laboratories, Guelph 

Ontario). A proportion of organic matter was measured by the weight loss on ignition method 

(Schulte & Hopkins, 1996), total N was measured by the Dumas method (Dumas, 1831), and 

total P was measured by the perchloric acid digestion method (Olsen & Sommers, 1982). 

Cations (K, Mg and Ca) were extracted with 1.0 M NH4Ac (pH 7.0) and measured by a 

Perkin Elmer 5300DV inductively coupled plasma optical emission spectrometer (ICP-OES). 

The contents of Fe and Al were measured by the DTPA method (Legget & Argyle, 1983) and 

the Mehlich III method (Mehlich, 1984), respectively.  

 

5.2.2 Phosphorus fractionations 

The various P fractions present in each compost were extracted using a modified 

sequential fractionation method based on the scheme proposed by Jiang and Gu (1989), 

which was modified by several researchers previously (Adhami et al., 2006; Samadi & 

Gilkes, 1999) as shown in Table 5.2.1.  
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Table 5.2.1. A modified sequential fractionation method based on the method proposed by 
Jiang and Gu (1989)  
Step P fractions Extractants pH Shaking time 

 
1a Labile P, Ca2-P type  0.25 M NaHCO3   8.0 1 h 
2 Ca-P  

(Ca8- and Ca10-P type) 
0.5 M NH4Acb   4.2 16 h stand, 1 h 

3 Prevent re-adsorption 1.0 M MgCl2   8.0 2 h 
4 Al-P 0.5 M NH4F   8.2 1 h 
5 Fe-P 

Alkaline soluble organic 
P 

0.1 M NaOH-Na2CO3 12.0 2 h, 16 h stand, 2 h 

6 Occluded P 0.3 M CDc 13.0 16 h 
 Alkaline soluble organic P including humic P   
7 Stable Ca-P  

Acid soluble organic P 
0.25 M H2SO4   1.0 1 h 

aEthanol wash after step 1, bAmmonium acetate 
c0.3 M sodium citrate (20 mL) – dithionite (1.0 g) – 1.0 M sodium hydroxide (5 mL) 
 

The P fractions in animal manure composts were sequentially extracted as follows: 0.25 g of 

lyophilized compost was weighed out into a 50 mL polyethylene centrifuge tube. A volume 

of 25 mL of the first extractant, 0.25 M NaHCO3, was added and placed in an automated 

mechanical reciprocating shaker at 25°C for 1 h to allow time for the solution to equilibrate. 

Tubes were centrifuged at 11,000 x g at 0°C for 15 min and the supernatant was filtered 

through a 0.45 µm Millipore polycarbonate membrane filter with care to prevent losses of the 

compost sample. This extraction procedure was repeated sequentially using different 

extractants and their shaking time (step 1 to 7) as outlined in Table 5.2.1. The extracts were 

stored in a refrigerator at ~5°C until being analyzed by an ICP-OES to determine the total P 

concentration, and by a Technicon Autoanalyzer II using the molybdate blue method 

(Murphy & Riley, 1962) to determine the inorganic P. The amount of the organic P was 

calculated by subtracting the amount of inorganic P from the total P in each extract. 

Lyophilized TLC was analyzed with XRD (Actlab, Ancaster, ON) for characterization of 
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inorganic P. Characterization of organic P in TLC in the NaOH-EDTA extract was conducted 

by solution 31P NMR spectroscopy (Agriculture and Agri-Food Canada, Swift Current, SK). 

The stability of the major inorganic P minerals in TLC was studied using P model diagrams, 

which were made specific to the chemistry of the TLC. 

 

5.2.3 Data analysis 

Statistical analyses were performed using SAS Version 9.3 (SAS Institute, 2011). 

Least square means, standard errors were computed by the Proc Mixed procedure. The 

residual test was performed to review the error assumptions including normality by the 

Shapiro-Wilk test and heterogeneity by reviewing residual plots. The Type I error rate of P = 

0.05 was used for all statistical tests. 

 

5.3 Results 

Turkey litter compost, CMC1 and CMC 2 had neutral pHs (Table 5.3.1) and 

contained large amounts of Ca; 96.8, 57.3, and 32.9 g Ca kg-1 compost, respectively (Table 

5.3.2). The amounts of total P in TLC, CMC 1, and CMC 2 were 34.1, 2.4, and 12.5 g P kg-1 

compost as measured by the perchloric acid digestion method, respectively (Table 5.3.2).  

The P/Ca ratios were 0.35, 0.04 and 0.38 in TLC, CMC 1 and CMC 2, respectively. The 

apparent recovery of total P with the sequential fractionation method for TLC, CMC 1, and 

CMC 2, relative to that measured by the perchloric acid digestion method, was ~82%, 112%, 

and 64%, respectively. Large proportions of P were extracted with the first two extractants; 

NaHCO3 (0.25 M, pH 8.0) and NH4Ac (0.5 M, pH 4.2) in all three composts, accounting for 

~92%, 77%, and 94% of the total extractable P by the sequential fractionation method in 
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TLC, CMC 1, and CMC 2, respectively (Fig. 5.3.1). The largest proportion of P was 

extracted with a weak acid extractant (NH4Ac, pH 4.2) in all composts, accounting for ~71%, 

65%, and 87% of the total extractable P by the sequential fractionation method in TLC, CMC 

1, and CMC 2, respectively (Fig. 5.3.1). The proportions of inorganic P were ~67%, 52%, 

and 44% of the total extractable P by the sequential fractionation method, whereas the sum of 

the P fractions extracted with the first two extractants; NaHCO3 and NH4Ac accounted for 

~91%, 83%, and 92% of the total extractable inorganic P in TLC, CMC 1, and CMC 2, 

respectively. While, the proportions of organic P were ~33%, 48%, and 56% of the total 

extractable P by the sequential fractionation method, the P fractions extracted with the first 

two extractants accounted for ~94%, 70%, and 96% of the total extractable organic P in TLC, 

CMC 1, and CMC 2, respectively (Fig. 5.3.1). Turkey litter compost contained large amounts 

of Ca and Mg (96.8 g Ca kg-1 TLC, and 23.7 g Mg kg-1 TLC) and small amounts of Al and 

Fe (1.7 g Al kg-1 TLC, and 4.1 g Fe kg-1 and TLC). The recovery % of Ca, Al, and Fe by the 

sequential fractionation were ~54%, 9%, and 42%, respectively (Table 5.3.3). 

 

Table 5.3.1. Select properties of turkey litter compost (TLC) and cattle manure composts 
(CMC 1 and CMC 2)  
Parameter TLC (n=5) CMC 1 (n=1) CMC 2 (n=1) 

 
Dry Matter (%) 38.4 ±2.1 40.6 32.1 
Organic mattera (%) 49.6 ±0.8 60.6 70.3 
pHb 7.06 ±0.05   7.3   7.0 
aProportion of organic matter was measured with the weight loss on ignition method (Schulte & 
Hopkins, 1996) 
bpH was measured using a 1:2 ratio of soil to Nanopure water  
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Table 5.3.2. The amounts of nutrients present in animal manure composts; turkey litter 
compost (TLC) and cattle manure composts (CMC 1 and CMC 2)  

aTotal N was measured by the Dumas method (Dumas, 1831) 
bNH4-N was measured by the KCl method (Dahnke, 1990) 
cTotal P was measured by the perchloric acid digestion method (Olsen & Sommers, 1982) 
dFe was measured by the DTPA method (Legget & Argyle, 1983) 
eAl was measured by the Mehlich III method (Mehlich, 1984) 
fCations were extracted with 1.0 M NH4Ac (pH 7.0) and measured by ICP-OES 
gnot measured 
 
 
Table 5.3.3. The amount of the major cations detected in each extract in turkey litter compost 
(TLC) by the sequential fractionation method (n=3)  

Extractants Ca Al Fe 
 

 ------------------------------- g kg-1 TLC ------------------------------------- 
NaHCO3 1.2 ±0.1 n.dc 0.106 ±0.003 
NH4Aca 42.3 ±1.1 0.012 ±0.001 0.108 ±0.007 
NH4F n.d 0.016 ±0.004 0.32 ±0.04 
NaOH n.d n.d 0.0277 ±0.0006 
CDb 4.0 ±0.5 n.d 0.69 ±0.05 
H2SO4 
Total  

4.8 ±0.6 
52.3 (54)d 

0.129 ±0.002 
0.15 (9) 

0.48 ±0.03 
1.7 (42) 

aAmmonium acetate (NH4CH3COO), including MgCl2 extractable P 
bNa3C6H5O7 - Na2S2O4 – NaOH (sodium citrate - dithionite - sodium hydroxide) 
cn.d = not detected 
dNumbers in parentheses represent the recovery % of the total concentration of each cation (%) 
  

Nutrient TLC (n=5) CMC 1 (n=1) CMC 2 (n=1) 
 

 -------------------------------- g kg-1 compost ------------------------------- 
Total Na 26.5 ±1.5 19.5 21.0 
NH4-Nb 3.5 ±0.5 n.mg n.m 
Total Pc 34.1 ±2.6 2.4 12.5 
Fed 4.1 ±0.7 7.7 6.7 
Ale 1.7 ±0.3 6.8 7.5 
Kf 18.7 ±2.1 18.8 16.5 
Mgf 
Caf 

23.7 ±5.2 
96.8 ±7.8 

17.3 
57.3 

7.3 
32.9 
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Figure 5.3.1. The amounts of inorganic and organic P fractions in (a) Cattle manure 
compost 1 (CMC 1), (b) Cattle manure compost 2 (CMC 2), and (c) Turkey litter 
compost (TLC) in each extract by the sequential fractionation method  
(Error bars represent standard errors) 

  



	  

	   111	  

The x-ray diffraction pattern showed that brushite and newberyite were the main 

inorganic P forms presented in TLC as shown in Fig 5.3.2 (Major peaks of various minerals 

are shown in the supplemental materials). The diagrams of the stability of the major 

inorganic P minerals and P complexes in TLC (Fig 5.3.3) predicted that all of the major Mg- 

or Ca-P precipitate in TLC.  The stability diagrams of TLC-P in either 0.25M NaHCO3 (Fig. 

5.3.4 (a)) or 0.5 M NH4Ac (Fig. 5.3.4 (b)) predicted that newberyite and brushite should 

dissolve in 0.5 M NH4Ac at pH 4.2.  

 

 

 

Figure 5.3.2. X-ray diffraction pattern of inorganic P in lyophilized turkey 
litter compost (TLC) 
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Figure 5.3.3. Diagrams of the stability of the major Ca- and Mg-P minerals, and the 
major P complexes in turkey litter compost (TLC)  
(Star represents the specific chemistry in TLC) 

 

 

 
Figure 5.3.4. Diagrams of the stability of the major Ca- and Mg-P minerals in turkey 
litter compost (TLC) in extracts, (a) 0.25 M NaHCO3 at pH 8.0, and (b) 0.5 M NH4Ac 
at pH 4.2 (Stars represent the specific chemistries in extracts) 
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Solution 31P NMR spectra (Fig. 5.3.5) of TLC-P in the NaOH-EDTA extract 

indicated that ~93.5% of the total P in TLC was present as inorganic P, and this was mainly 

orthophosphate (92%) with a small portion of pyrophosphate (1%). The small proportion of 

organic P present in TLC (~7% of total TLC-P) included phytic acid (4%), other monoesters 

(2%) and traces of DNA (< 0.5%).	  	  

	  

 
Figure 5.3.5. Organic P species in lyophilized turkey litter compost (TLC) characterized by 
solution 31P NMR spectroscopy 
 

 

5.4 Discussion 

 The concentrations of total P present in the three animal manure composts varied; 

TLC contained a much higher amount of P (34.1 g P kg-1 TLC) compared to the two types of 

CMC 1 and 2 (2.4 and 12.5 g P kg-1 CMC) used in this study. The sequential fractionation 

method recovered ~82% of TLC-P, and 64 to 112% of CMC-P relative to those measured by 

the perchloric acid digestion method. Pagliari and Laboski (2012) reported that the recoveries 

of total P from turkey litter (n=3) and beef manure (n=8) by the Hedley sequential 
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fractionation method (Hedley et al., 1982)	  relative to those measured by the digestion method 

were 70 to 90%, and 59 to 94%, respectively. Their findings were comparable to those in this 

study. The proportions of inorganic P in TLC and CMC were ~67%, and 44 to 52% of the 

total extractable P measured by the sequential fractionation method, respectively. These 

results were also comparable to the findings by Pagliari and Laboski (2012) who reported 

that the proportions of inorganic P were 51 to 73%, and 48 to 67% of the total extractable P 

in turkey litters (n=3), and, cattle manures (n=8), respectively. Takahashi (2013) reported that 

the proportion of inorganic P in poultry litter compost was ~60% of the total P extracted by 

the sequential fractionation method based on He et al. (2006), which was also comparable to 

the finding in this study.  

 All three animal manure composts contained large amounts of Ca and had an 

alkaline pH > 7.0, thus the major inorganic P forms present in theses composts are expected 

to be complexes with Ca. Most Ca-Ps and Ca-phytates are acid soluble, thus they should be 

extractable with acid extractants, such as NH4Ac (pH 4.2), and H2SO4 (pH 1.0) in the 

sequential fractionation method. The proportions of the sums of acid extractable inorganic P 

accounted for ~63%, 60%, and 77% of the total inorganic P, and the sum of acid extractable 

organic P accounted for ~85%, 66% and 88% of the total organic P in TLC, CMC 1, and 

CMC 2, respectively. These P forms were almost all extracted with a weak acid extractant, 

NH4Ac. The proportion of NH4Ac extractable inorganic P fraction accounted for ~65%, 64%, 

77% of the total inorganic P, and its organic P fraction accounted for 83%, 66% and 95% of 

the total organic P in TLC, CMC 1 and CMC 2, respectively. The largest proportion of P was 

extracted with NH4Ac (pH 4.2) in all three composts. This finding was comparable to the 

study by von Wandruszka (2006), in which a large amount of P in animal manures, 
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especially broiler litter, was extracted with the modified Morgan extractant (NH4Ac, pH 4.8). 

The modified Morgan extractant is comparable to the weak acid extractant used in this 

experiment (NH4Ac, pH 4.2). A large amount of Ca extracted with NH4Ac accounted for 

~81% of the total extractable Ca by the sequential fractionation method.  

 The x-ray diffraction analysis (Fig. 5.3.2) showed that brushite and newberyite 

were the two main inorganic P forms presented in TLC. The stability of the major P mineral 

diagram (Fig. 5.3.3) predicted that both brushite and newberyite precipitate in TLC. The 

diagrams of the stability of the major Ca- and Mg-P minerals in TLC in either the NaHCO3 

(Fig. 5.3.4 (a)) or the NH4Ac (Fig. 5.3.4 (b)) extracts predicted that newberyite and brushite 

should dissolve in the NH4Ac extract (pH 4.2), but should not dissolve in the NaHCO3 (pH 

8.0) extract. Therefore, the main inorganic P forms extracted with NH4Ac should be 

newberyite and brushite. The solution 31P NMR spectra of TLC-P in the NaOH-EDTA 

extract showed that ~94% of the total P existed as inorganic P, which was in agreement with 

Sharpley and Moyer’s study (2000). They reported 63% to 92% of the total P in various 

animal manures and composts was founded to be inorganic P using solution 31P NMR 

spectroscopy in the NaOH-EDTA extracts (Sharpley & Moyer, 2000). In this study, the 

majority of the organic P, 93% of total organic P, in TLC was extracted by NH4Ac (pH 4.2), 

which extracts acid soluble organic P. If the amount of this P fraction were excluded, the 

proportion of inorganic P in TLC by the sequential fractionation method would become 94% 

of the total extractable P. Then it would be comparable to results from both solution 31P 

NMR spectroscopy and the finding from Shapley and Moyer’s study (2000). However, 

Turner and Leytem (2004) reported that in their study, acid extractable organic P, which was 

dominated by phytic acids, accounted for 77% of the total organic P, and 44% of total 
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extractable P in broiler litter using solution 31P NMR spectroscopy. In their experiment, not 

only NaOH-EDTA extractable P, but also HCl extractable P was analyzed by solution 31P 

NMR spectroscopy. Solution 31P NMR spectroscopy usually is used for analyzing only on 

the NaOH-EDTA extracts (pH 13.0). It was reported that lesser amounts of organic P were 

detected in the NaOH-EDTA extracts, since there is potential for hydrolysis of organic P 

under the strong alkaline conditions (He et al., 2004; Leinweber et al., 1997). In addition, 

according to Hayes et al. (2000), ~82% of the total organic P was observed as enzyme-labile 

organic P, such as phytates, which was extracted with acidic extractant, citric acid (0.5 M, pH 

2.3). Calcium- or Mg-phytates exist in animal manures and composts, and are insoluble in 

alkaline conditions, above pH 6, and above pH 9.7, respectively (Celi et al., 2001; Jackman 

& Black, 1951). These organic P forms will not dissolve in alkaline extractants, such as 

NaOH-EDTA (pH 13.0) in the presence of excess amounts of Ca and Mg. However, they 

will be extracted with the acidic extractants, such as NH4Ac. A large amount of Ca detected 

in NH4Ac extract (Table 5.3.3), and some portion of P extracted with NH4Ac was considered 

to attribute to Ca-phytates, which may not be extractable with alkaline extractants, such as 

NaOH-EDTA. Therefore, the amount of Ca-phytates may partially be attributed to a 

disagreement of the results between the sequential fractionation method and by the solution 

31P NMR spectroscopy. It should be noted, however, that the amount of organic P cannot be 

measured directly using a sequential fractionation method. The amount of organic P in each 

extract is estimated by subtracting molybdate reactive P (orthophosphate) in extract, as 

measured by the molybdate blue method (Murphy and Riley, 1962), from the total P. Thus, 

the amounts of organic P found by the sequential fractionation method may include any 
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inorganic P forms other than orthophosphate, such as polyphosphate and pyrophosphate, 

even though the proportions of these P forms are usually negligible.  

The majority of the P was extracted with NH4Ac in TLC, and this P fraction was 

considered to include newberyite and brushite as inorganic P, and Ca-phytates as organic P. 

According to He et al. (2004), the single sodium acetate (0.1 M NaAc pH 5.0) was able to 

extract all labile P in 13 dairy manures and that a part of this P fraction included phytate-like 

organic P, which was then mineralized with wheat phytase; Triticum aestivum. They 

suggested that a single extraction by NaAc could provide a rapid and efficient evaluation of 

plant available P in animal manures (He et al., 2004). Their extractant, NaAc (0.1 M, pH 5.0) 

is comparable to the NH4Ac (0.5 M, pH 4.2) extractant used in this experiment. Organic 

anions exudation by plant roots is known for an important mechanism by solubilizing not 

only inorganic P fractions, but also organic P fractions that can be hydrolyzed by enzymes 

(Hayes et al., 2000). Large amounts of NH4Ac extractable P in animal manure composts can 

be potentially an important source of plant available P upon being solubilized and hydrolyzed 

by plant roots exudates and microbially-produced enzymes. 

 The target P forms in the sequential fractionation method for calcareous soils are 

expected to differ from the target P forms in animal manure composts as their environment 

conditions differ. The stability of each P form behaves differently in animal manure 

composts and soils. The target P forms in each extractant by the sequential fractionation 

method in TLC can be interpreted as shown in Table 5.4.1.   

 

  



	  

	   118	  

Table 5.4.1. A suggested target P form in turkey litter compost (TLC) by the sequential 
fractionation method 
Step Main target P forms Extractants pH Shaking time 

 
1a Labile P (i.e. adsorbed P, dissolved P) 

OrthoP diesters 
0.25 M NaHCO3   8.0 1 h 

2 Mg-Ps and Ca-Ps 
Ortho P monoesters (acid soluble) 

0.5 M NH4Acb   4.2 16 h stand, 1 h 

3 Prevent re-adsorption 1.0 M MgCl2   8.0 2 h 
4 Al-P 0.5 M NH4F   8.2 1 h 
5 Fe-P 0.1 M NaOH-Na2CO3 12.0 2 h, 16 h stand, 2 h 
6 Occluded P 

Ortho P monoesters and humic P 
0.3 M CDc 13.0 16 h 

7 Stable Ca-P  0.25 M H2SO4   1.0 1 h 
aEthanol wash after step 1, bAmmonium acetate 
c0.3 M sodium citrate (20 mL) – dithionite (1.0 g) – 1.0 M sodium hydroxide (5 mL) 

 

5.5 Conclusion 

 Turkey litter compost contained larger amounts of P compared to CMC. A major 

P fraction in all three composts was extracted with a weak acid (NH4Ac, pH 4.2) in the 

sequential fractionation method. Considering almost all P in mineral fertilizers are soluble in 

water, the forms of P in animal manure composts are clearly different from P forms present 

in the mineral P fertilizers. The x-ray diffraction analysis and the diagrams of the stability of 

the major P minerals and P complexes in TLC showed that brushite and newberyite are the 

major inorganic P in TLC, which would be extracted with NH4Ac. These P forms are 

potential sources of plant available P. Acid soluble organic P, such as Ca-phytates, should 

also present in TLC and is a potential sources of plant available P via enzymatic degradation 

through microbial activities. The target forms of P by the proposed sequential fractionation 

method in TLC were modified, since P chemistry in TLC is different from those in soils. In 

order to prevent underestimation of organic P in animal manures compost, organic P in both 

alkaline and acid extracts should be analyzed by solution 31P NMR spectroscopy.  
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Supplementary materials 
 
Table 5-1. The amounts of organic and inorganic P fractions in turkey litter compost (TLC) 
and cattle manure composts (CMC 1 and CMC 2) determined by the sequential fractionation 
method (n=3) 
P fractions  TLC CMC 1 CMC 2 

 
 ---------------------------- mg P kg-1 compost ------------------------------------ 
NaHCO3-Pi 4,880 ±359 (17)d 280 ±8 (10) 538 ±35 (7) 
NaHCO3-Po 993 ±184 (4) 57 ±3 (2) 28 ±5 (0) 
NH4Aca-Pi 12,350 ±1,130 (44) 903 ±27 (33) 2,676 ±80 (33) 
NH4Aca-Po 7,598 ±139 (27) 872 ±68 (32) 4,297 ±199 (54) 
NH4F-Pi 701 ±58 (2) 84 ±2 (3) 140 ±6 (2) 
NH4F-Po n.dc 103 ±6 (4) 61 ±4 (0) 
NaOH-Pi 5.0 ±0.6 (0) n.dc n.dc 
NaOH-Po 26 ±4 (0) 16 ±2 (1) 17 ±1 (0) 
CDb-Pi 63 ±3 (0) 42 ±2 (2) 15 ±0 (0) 
CDb-Po 396 ±24 (1) 272 ±28 (10) 105 ±16 (1) 
H2SO4-Pi 900 ±110 (3) 109 ±12 (4) 109 ±3 (1) 
H2SO4-Po 143 ±28 (0) 4.0 ±0.8 (0) 1.8 ±0.3 (0) 
Total Pi 18,899 (67) 1,418 (52) 3,477 (44) 
Total Po 9,156 (33) 1,324 (48) 4,511 (56) 
aAmmonium acetate (NH4CH3COO), including MgCl2 extractable P 
bSodium citrate-dithionite–sodium hydroxide (Na3C6H5O7 - Na2S2O4 – NaOH) 
cnot detected 
dNumbers in parentheses represent the proportion of the total P (%)  
 

 

Table 5-2. X-ray diffraction major peaks of major minerals found in turkey litter compost 
Minerals Peaks (nm) Peak ratios 

 
Calcite 0.303 0.187 0.385 100 34 29 
Brushite 0.762 0.380 0.190 100 30 10 
Dolomite 0.289 0.219 0.179 100 30 30 
Gypsum 0.763 0.428 0.306 100 100 75 
Newberyite 0.304 0.346 0.594 100 66 52 
Plagioclase 0.320 0.318 0.404 100 90 80 
Quartz 0.334 0.425 0.182 100 22 9 
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Chapter 6 

Kinetics of phosphorus forms applied as inorganic and organic amendments to a 

calcareous soil (incubation study)  
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Abstract 

Soil fertility is maintained using amendments of animal manures and composts as 

alternatives to synthetic phosphorus (P) fertilizers under organic management. These 

amendments can directly affect the chemistry of soil P by altering the amounts, distribution 

and transformations of the various P forms. The objectives of this study were; (1) to measure 

and compare the kinetics of P forms in a calcareous soil applied as either inorganic or organic 

amendments, and (2) to investigate the effects of amendments on soil P chemistry. The 

amounts of various P fractions in the control and soils amended at a rate of 225 mg P kg-1 

soil with either KH2PO4 (fertilizer) or turkey litter compost were analyzed at week 1, 4, 8, 11, 

and 18 by a sequential fractionation method. The addition of inorganic P fertilizer increased 

the amounts of labile P extracted with a weak base (NaHCO3) and moderately labile P 

extracted with a weak acid (NH4Ac), and the compost increased the amount of moderately 

labile P the most. Transformations of the labile/moderately labile P into more stable P 

occurred relatively slowly during an 18-week incubation period. The half-life of the 

labile/moderately labile P in the fertilizer-amended soil was estimated shorter (~277 d) than 

that in the compost-amended soil (~385 d). By week 18, the amount of labile/moderately 

labile P in the soil amended with the compost became equivalent to that in the soil amended 

with fertilizer, and therefore, it would presumably become greater than that in the fertilizer-

amended soil with more time.    
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6.1 Introduction and literature review 

6.1.1 Organic amendments 

Under organic management soil fertility is maintained using amendments of animal 

manures and composts as alternatives to synthetic inorganic phosphorus (P) fertilizers. 

Organic amendments provide both plant-available nutrients and organic matter to soils, 

resulting in improvements both to soil physical properties and soil fertility. These 

amendments can directly affect the chemistry of soil P by altering both the amounts and 

distribution of the various P forms. However, the transformations of P forms in soils 

amended with animal manures and composts are not well understood, limiting effective P 

management in the agricultural systems using these amendments. When understanding the 

effects of inorganic and organic amendments on soil P availability for plants, various factors 

influencing the soil P chemistry including texture, pH, contents of other nutrients, organic 

matter, biological activities and organic P in addition to forms of P should be considered.   

Animal manures, especially those from non-ruminant animals such as those from 

swine and poultry, and composts typically contain high concentrations of Ca and inorganic P 

in addition to being a source of organic matter. Upon application of animal manures and 

composts to soils, the inorganic P can dissolve into various P forms which can adsorb onto 

surfaces of clay and oxide minerals and form secondary Ca-Ps in calcareous soils (Sato et al., 

2005). Studies have shown that long-term manure applications result in the transformation of 

relatively soluble Ca-Ps, such as monetite and brushite, into more crystalline Ca-Ps, such as 

β-tricalcium P (TCP) and octacalcium P (OCP) (Sato et al., 2005). However, the most stable 

Ca-Ps, such as hydroxyapatite (HAP), have not been found in soils amended with animal 

manures (Delgado et al., 2002; Sato et al., 2005). This could be due to the presence of 
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organic anions (i.e. humic, fulvic, tannic and citric acids) that delay the crystallization and 

transformations of stable Ca-Ps (Delgado et al., 2002; Grossl & Inskeep, 1991; Sato et al., 

2005). Organic anions, as well as proteins can also affect the kinetics of the rate of various P 

precipitates (Alvarez et al., 2004). In calcareous soils, where soil pH is usually greater than 

6.5, the formation of Ca-organic P complexes may occur and thereby also influence soil P 

chemistry. 

 Although inorganic P constitutes an important proportion of the P in animal manures 

and composts, the presence of organic P, especially acid soluble forms of organic P, has also 

been reported (He et al., 2004; Sharpley & Moyer, 2000; Turner & Leytem, 2004). The acid 

soluble organic P form includes phytate (Baxter et al., 2003) and is considered to be a 

potential source of P for plants (Turner & Leytem, 2004) as it undergoes rapid microbial 

degradation in calcareous soils (Doolette et al., 2011). Accumulations of phytate in 

calcareous soils are not observed and little differences in the proportions of organic P in soils 

amended with either animal manure or mineral fertilizer with similar rates of P applied have 

been reported (Guggenberger et al., 2000). 

 

6.1.2 Hypothesis and objectives 

Given that the forms of P present in animal manures and composts are different from 

that in synthetic inorganic P fertilizers, it is hypothesized that soil P chemistry, including 

forms of available P and their rates of transformation, would differ in soils amended with 

either animal manure compost or inorganic P fertilizer. The objectives of this study were; (1) 

to measure and compare the kinetics of P forms in a calcareous soil applied as either 
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inorganic or organic amendments, and (2) to investigate the effects of amendments on soil P 

chemistry.  

 

6.2 Methodology 

6.2.1 Incubation study setting 

This study was conducted during an 18-week period between August 2012 and 

January 2013, in a laboratory at the University of Guelph, Ontario. Temperatures were ~24°C 

and 19°C in daytime and nighttime, respectively. The surface (0-15 cm) layer of sandy loam 

soil classified as a Brunisolic Gray Brown Luvisol (Breton series) was collected from an 

organically-managed farm field located near Scotland, Ontario. The soil was sieved field 

moist (2 mm) and kept in a refrigerator at ~5°C for a week before setting out the experiment. 

The soil was not air-dried to minimize the potential increase in dissolved organic P caused by 

rewetting of dry soils (Turner et al., 2005).  

Three treatments were prepared and included an unamended control soil, and soils 

amended with either turkey litter compost (TLC) or inorganic P fertilizer (a reagent grade 

chemical, KH2PO4) both at a rate of 225 mg P kg-1 soil. Soil (3.00 ± 0.01 kg, field moist 

~12%) was placed in three transparent plastic containers with ~6 cm space above the soils 

and covered with lids containing three pin-size holes to promote adequate aeration 

conditions. To achieve the 225 mg P kg-1 soil application rate, 45.8 g of TLC (17.6 g oven-

dry weight) was added to the compost-amended container, and 2.64 g of KH2PO4 dissolved 

in water was added to the fertilizer-amended container. These amended soils were mixed 

well. Soil moisture content was maintained at ~field capacity during the study period by daily 

addition of Nanopure water.  
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6.2.2 Phosphorus fractionation 

Three samples of soil were collected with a scoop randomly from each container after 

incubation for 1, 4, 8, 11, and 18 weeks. The amounts of various P fractions in each soil were 

extracted by the sequential fractionation method as follows: each soil (1.25 ± 0.01 g, oven-

dry weight) was weighed out into a 50 mL polyethylene centrifuge tube. In sequence 25 mL 

of each extractant was added and the tubes were shaken in an automated mechanical 

reciprocating shaker at 25°C and 110 rpm (Table 6.2.1). The tubes were centrifuged at 

11,000 x g at 0°C for 15 min and the supernatant filtered through a 0.45 µm Millipore 

polycarbonate membrane filter. The filtered extracts were analyzed by a Perkin Elmer 

5300DV inductively coupled plasma optical emission spectrometer (ICP-OES) within 5 d of 

extraction to determine the concentration of total P. All extracts were kept in a refrigerator at 

~5°C until the chemical analyses were performed. Soil pH at week 1, 4, 8, 11 and 18 were 

measured using a 1:2 ratio of soil to Nanopure water.  

 

6.2.3 Data Analysis 

Statistical analyses were performed using SAS Version 9.3 (SAS Institute, 2011). The 

analysis of variance (ANOVA) of the dependent variable (P concentration) was subjected to 

the variance partitioned into 3 fixed effects; treatment, time and an interaction between 

treatment and time. Least square means, standard errors and coefficients were computed by 

the Proc Mixed procedure. The residual test was performed to review the error assumptions 

including normality by the Shapiro-Wilk test. For multiple comparisons among time and 

amendments, the Tukey’s studentized range test was used. The Type I error rate of P = 0.05 

was used for all statistical tests. 
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First order kinetics and half-lives (t1/2) of the amount of labile/moderately labile P in 

the soils applied by either inorganic P fertilizer or turkey litter compost were calculated using 

the following two equations, Eq. 6.1 and Eq. 6.2 (Petrucci, 2007) respectively. 

ln A t
A 0

= -kt        (Eq. 6.1) 

where [A]t was considered as the amount of labile/moderately labile P in the soils applied by 

either fertilizer or compost at time, t (t = 4, 8, 11 or 18 weeks), [A]0 was considered as the 

amount of labile/moderately labile P in the soils applied by either fertilizer or compost at 

week 1 , and k is a decay rate constant (day-1).  

t1/2 = ln 2
k

 ≈ 0.693
k

         (Eq. 6.2) 

 

Table 6.2.1. A modified sequential fractionation method for calcareous soils based on the 
method proposed by Jiang and Gu (1989)  
Step P fractions Extractants pH Shaking time 

 
1a Labile P include Ca2-P 0.25 M NaHCO3   8.0 1 h 
2 Ca-P (i.e. Ca8-P, Ca10-P)  0.5 M NH4Acc   4.2 16 h stand, 1 h 
3 Prevent re-adsorption 1.0 M MgCl2   8.0 2 h 
4 Al-P 0.5 M NH4F   8.2 1 h 
 Alkaline soluble organic P    
5 Fe-P 0.1 M NaOH-Na2CO3 12.0 2 h, 16 h stand, 2 h 
 Alkaline soluble organic P    
6 Occluded P, OM-Fe-Pb 0.3 M CDd 13.0 16 h 
 Alkaline soluble organic P incl. humic P   
7 Stable Ca-P 0.25 M H2SO4   1.0 1 h 
 Acid soluble organic P     
aEthanol wash after step 1, bP complexes with organic matter through Fe, cAmmonium acetate 
d0.3 M sodium citrate (20 mL) – dithionite (1.0 g) – 1.0 M sodium hydroxide (5 mL)  
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6.3 Results 

6.3.1 Soil and turkey litter compost characteristics  

The physical and chemical properties of a calcareous soil and TLC are shown in 

Tables 6.3.1 and 6.3.2, respectively. During the incubation period, soil pH was affected by 

only the inorganic fertilizer, which reduced pH by ~0.3 unit, compared to the control soil 

(Table 6.3.3). 

 

Table 6.3.1. Physical and chemical properties of a calcareous soil 
 Texturea 

(Sand: Clay: Silt)           
pHb 
(n=5) 

Organic Cc 
(%) 
(n=5) 

Cad 
(g kg-1) 
(n=5) 

Total Pe 
(mg kg-1) 
(n=1) 

CECf 
(cmolc kg-1) 
(n=5) 

Soil Sandy Loam 
75:5:20 

7.18 ±0.04 1.3 ±0.1 1.77 ±0.07 343.0 13.3 ±0.6 

aTexture was determined by the Bouyoucos Hydrometer Method (Bouyoucos, 1962) 
bpH was measured using a 1:2 ratio of soil to Nanopure water 
cOrganic C was measured by the wet-oxidation technique (Shaw, 1959) 
dCa was extracted with 0.02 M HCl (pH 2.0) and analyzed by ICP-OES  
eTotal P was measured by the perchloric acid digestion method (Olsen & Sommers, 1982) 
fCEC was measured by the ammonium acetate (pH 7) method (Chapman, 1965) 
 
 
 
Table 6.3.2. Chemical properties of turkey litter compost (TLC) (n=5)  
 pHa Organicb 

matter (%) 
Total Nc Total Pd Cae Mge Alf Feg 

   ------------------------ g kg-1 (dry basis) --------------------------- 
TLC 7.06 ±0.05 49.6 ±0.8 26.6 ±1.5 34.1 ±2.6 96.8 ±7.8 23.7 ±5.2 1.7 ±0.3 4.1 ±0.7 
a pH was measured using a 1:2 ratio of soil to Nanopure water 
bProportion of organic matter was measured with the weight loss on ignition method (Schulte & 
Hopkins, 1996) 
cTotal N was measured by the Dumas method (Dumas, 1831) 
dTotal P was measured by the perchloric acid digestion method (Olsen & Sommers, 1982) 
eCations were extracted with 1.0 M NH4Ac (pH 7.0) and measured by ICP-OES 
fAl was measured by the Mehlich III method (Mehlich, 1984) 
gFe was measured by the DTPA method (Legget & Argyle, 1983) 
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Table 6.3.3. Soil pH in the control soil and in soils amended at rate of 225 mg P kg-1 soil with 
either inorganic P (Fertilizer) or turkey litter compost (Compost) after1, 4, 11 and 18 weeks 
of incubation  (n=3) 
Soil pH  (se=±0.02) 
(1:2 Soil/H2O) 

Control 
 

Fertilizer Compost 

Week 1 
Week 4 
Week 8 
Week 11 
Week 18 

7.27a 
7.26a 
7.28a 
7.23a 
7.28a 

6.92b 
6.92b 
6.89b 
6.89b 
6.95b 

7.21a 
7.19a 
7.24a 
7.22a 
7.28a 

Means followed by the same letter are not significantly different according to Tukey’s multiple range 
test (P=0.05) 
 

6.3.2 Effects of amendments on the various P fractions 

 The amounts of the total extractable P determined by the sequential fractionation 

method in the control soil, and in soils amended with either inorganic fertilizer or TLC at 

week 1 were 347.6 ± 13.2, 592.1 ± 13.2, and 565.3 ± 13.2 mg P kg-1 soil, respectively (Table 

6.3.4). The amounts of total P extracted by the sequential fractionation method in all three 

treatments did not change significantly over the 18-week incubation period. The amounts of 

P measured by the perchloric acid digestion method in the control soil, and in soils amended 

with either inorganic fertilizer or TLC at week 18 were ~343, 595, and 529 mg P kg-1 soil, 

respectively (Table 6.3.4).  

In the control soil, the proportion of P fraction extracted with either NaHCO3 or 

NH4Ac at week 1 was ~4% and 7% of the total P extracted, respectively. The proportion of P 

fraction extracted with CD was the largest in the control soil, and it accounted for more than 

50% of the total extractable P during the incubation period. The amounts of P extracted with 

all extractants were relatively constant during the incubation period in the control soil (Fig. 

6.3.1, 6.3.2 and Table 6.3.4).  
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Amendments with inorganic P fertilizer and with compost increased the amounts of P 

extracted with NaHCO3, NH4Ac, NH4F, and NaOH at week 1. Inorganic P fertilizer 

increased P extracted with NaHCO3 and NH4Ac the most, whereas the compost increased the 

P extracted with NH4Ac the most. The proportions of P added by inorganic P fertilizer 

extracted with NaHCO3 and NH4Ac at week 1 were ~38% and ~45%, respectively. The 

proportions of P added by the compost extracted with NaHCO3 and NH4Ac at week 1 were 

20% and 60%, respectively.  

 
 

Table 6.3.4. The amounts of extractable P by the sequential fractionation method in the 
control soil and in soils amended at rate of 225 mg P kg-1 soil with either inorganic P 
(Fertilizer) or turkey litter compost (Compost) during an 18-week incubation period (n=3) 
Extractant (se) Control  Fertilizer Compost 
 ----------------------------- mg P kg-1 soil ----------------------------- 
NaHCO3 (± 2.2) 
Week 1 
Week 4 
Week 8 
Week 11 
Week 18 

 
14.0f (4)a 
10.4f (3) 
8.8f (3) 
8.7f (3) 
11.3f (3) 

 
 
 

 
112.8a (19) 
106.1a (18) 
76.4b (13) 
72.6b (12) 
69.0bc (12) 

 
57.3cd (10) 
51.1de (9) 
49.0de (9) 
43.9e (8) 
49.3de (9) 

NH4Acb (± 5.5) 
Week 1 
Week 4 
Week 8 
Week 11 
Week 18 

   
24.7c (7) 
25.3c (7) 
27.6c (8) 
28.0c (8) 
37.7c (11) 

 
 
 

 
141.3ab (24) 
158.2ab (26) 
143.5ab (25) 
139.8b (24) 
133.6b (23) 

 
155.0ab (27) 
168.3a (30) 
169.7a (30) 
152.9ab (28) 
137.1b (25) 

NH4F (± 6.8) 
Week 1 
Week 4 
Week 8 
Week 11 
Week 18 
NaOH-Na2CO3 (± 4.8) 
Week 1 
Week 4 
Week 8 
Week 11 
Week 18 

 
29.3c (8) 
34.7c (10) 
36.5bc (11) 
33.5c (10) 
35.1c (10) 
 
21.2d (6) 
34.2cd (10) 
44.6abcd (13) 
44.8abcd (13) 
48.6abc (14) 

 
 
 
 
 
 
 
 
 
 
 
 

 
72.1ab (12) 
76.4a (13) 
74.9a (13) 
79.8a (14) 
76.9a (13) 
 
43.1abcd (7) 
48.2abc (8) 
54.5abc (9) 
66.5a (11) 
65.8ab (11) 

 
71.4abc (13) 
74.7a (13) 
79.1a (14) 
77.8a (14) 
73.5a (13) 
 
51.9abc (9) 
47.7abc (9) 
40.9bcd (7) 
57.5abc (10) 
62.3ab (11) 
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CDc (± 7.7) 
Week 1 
Week 4 
Week 8 
Week 11 
Week 18 
H2SO4 (± 3.0) 
Week 1 
Week 4 
Week 8 

 
209.1a (60) 
201.3ab (59) 
189.0abc (55) 
186.3abc (55) 
179.5abc (52) 
 
49.3abc (14) 
37.1bc (11) 
35.4c (10) 

 
 
 
 
 
 
 
 
 
 

 
168.8ab (29) 
170.3ab (28) 
187.8ab (32) 
184.2ab (32) 
186.3ab (32) 
 
52.3ab (9) 
37.8bc (6) 
46.8abc (8) 

 
170.7ab (30) 
163.5b (29) 
176.5ab (31) 
175.7ab (32) 
182.4ab (33) 
 
59.5a (11) 
47.3abc (9) 
44.3abc (8) 

Week 11 
Week 18 
Sum Total P (± 13.2) 
Week 1 
Week 4 
Week 8 
Week 11 
Week 18 
Digest Total Pd (n=1) 
Week 18 

37.5bc (11) 
35.2c (10) 
 
347.6b 
341.4b 
342.3b 
339.9b 
345.6b 
 
343.0 

 43.7bc (7) 
40.0bc (7) 
 
592.1a 
596.9a 
584.1a 
586.5a 
571.2a 
 
595.0 

37.0bc (7) 
52.2ab (10) 
 
565.3a 
553.1a 
560.2a 
549.6a 
556.8a 
 
529.0 

Means for a given extractant followed by the same letter are not significantly different according to 
Tukey’s multiple range test (P=0.05), se = standard errors 
aNumbers in parentheses represent the proportion of total extractable P (%)  
bAmmonium acetate (including MgCl2 extractable P)  
cSodium citrate-dithionite-sodium hydroxide 
dThe perchloric acid digestion method (Olsen & Sommers, 1982) 
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Figure 6.3.1. The proportions of each P fraction as measured by the sequential 
fractionation method in the control soil and in soils amended at rate of 225 mg P kg-1 
soil with either inorganic P (Fertilizer) or turkey litter compost (Compost) during an 
18-week incubation period   
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Figure 6.3.2. Changes in the amounts of P fractions extracted with NaHCO3, NH4Ac, 
NH4F, NaOH, CD, and H2SO4 during an18-week incubation period in the control soil 
and soils amended at rate of 225 mg P kg-1 soil with either inorganic P (Fertilizer) or 
turkey litter compost (Compost) during an 18-week incubation period (n=3) 
(Error bars represent standard errors) 
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6.3.3 Transformations of the labile/moderately labile P fraction  

 In the control soil, the amount of each P fraction was relatively constant during the 

incubation period. However, in soils amended with either inorganic P fertilizer or compost, 

there were slight transformations of the labile/moderately labile P, which is the sum of P 

extractable with NaHCO3 and NH4Ac, into more stable P observed. First order kinetic 

equations (Eq. 6.1) show that the decay rate constants (k) of the labile/moderately labile P in 

soils amended with either inorganic P fertilizer or compost were ~0.0025, corresponding to 

its half-life (t1/2) of 277 d, and -0.0018, corresponding to t1/2 of 285 d, respectively (Table 

6.3.5). The rate constants were found by linear regression equations for changes in the 

amounts of P added by inorganic P fertilizer or compost to the labile P and the moderately 

labile P with incubation time measured in time (Table 6.3.6). The decay rate constants of the 

labile P added by fertilizer or compost were ~0.38 and ~0.05 mg P kg-1 soil day-1, 

respectively. The decay rate constants of the moderately labile P added by fertilizer or 

compost were ~0.23 and ~0.31 mg P kg-1 soil day-1, respectively.  

 
Table 6.3.5. First order kinetics of the amount of labile to moderately labile P in soils 
amended with either inorganic P (Fertilizer) or turkey litter compost (Compost) 
 First order equation Decay rate constant  (k) r2 t1/2 

Fertilizer y = -0.0025x + 0.0494 -0.0025 0.77 277 
Compost y = -0.0018x + 0.0951 -0.0018 0.88 385 
 
 
Table 6.3.6. Rate constants found by linear regression equations for changes in the amount of 
P added by inorganic P (Fertilizer) or turkey litter compost (Compost) to the labile P 
extractable with NaHCO3 and the moderately labile P extractable with NH4Ac during the 18-
week incubation period 
P fraction (amendment) Rate constant  

(mg P kg-1 soil day-1) 
r2 

Labile P (Fertilizer) -0.378 0.84 
Labile P (Compost) -0.049 0.55 
Moderately labile P (Fertilizer) -0.233 0.66 
Moderately labile P (Compost) -0.306 0.63 
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6.4 Discussion 

6.4.1 Analytical performance 

 The amount of P added by either inorganic or organic amendments was at a rate of 

225 mg P kg-1 soil. The difference of the amounts of P extracted by the sequential 

fractionation between the control and these amendments at week 1 were ~244 ± 13 mg P kg-1 

soil and 217 ± 13 mg P kg-1 soil, respectively, reflecting essentially complete recovery of the 

applied P. Even though the mean of recovery of the fertilizer applied P was ~30 mg higher 

than those of the compost applied P, there were no significant differences between the 

amounts of total P extracted in the soils amended with either inorganic amendment or 

compost according to the Tukey’s studentized range test (p = 0.05) during the entire 

incubation period. The amounts of the total P in each soil at week 18 measured by the 

perchloric acid digestion method and by the sequential fractionation method were 

comparable. The amounts of the total P measured by the sequential fractionation method 

were not significantly different in all soils of a given treatment during the entire incubation 

period. In the control soil, the amount of each P fraction was also not significantly different 

during the entire incubation period.  

 

6.4.2 Effects of inorganic and organic amendments on soil P fractions 

During the 18-week incubation period, only the inorganic P fertilizer affected the soil 

pH, which was reduced by ~0.3 unit compared to the control soil. The P fractions extracted 

with NaHCO3 and NH4Ac are considered as labile and moderately labile P fractions, 

respectively (Shen et al., 2004). The inorganic P fertilizer mainly increased the amounts of P 

extracted with NaHCO3, NH4Ac and NH4F, and this observation has been reported by several 
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researchers (Guo et al., 2008; Samadi & Gilkes, 1999; Shen et al., 2004; Song et al., 2007; 

Wang et al., 2010). The increase in the P fractions extractable with NH4Ac and NH4F in soil 

amended with inorganic P fertilizer showed that transformations of P in soils occurred 

quickly upon application of dissolved P (i.e. NaHCO3 extractable P) into soils. At week 1, 

inorganic P fertilizer increased the amount of P extracted with NaHCO3 and NH4Ac the 

most, accounting for ~38% and 45% of the P applied by the fertilizer, respectively, followed 

with P extracted with NH4F (~17%). At week 18, the recovery of the applied fertilizer- P in 

the P fractions extracted with NaHCO3, NH4Ac and NH4F became ~26%, 44% and 19%, 

respectively. Samadi and Gilkes (1999) reported that 40 ± 9% of the P applied by the 

fertilizer was recovered with NaHCO3 followed with NH4F (23 ± 7%) and NH4Ac (16 ± 7%) 

after 160 d incubation of 14 calcareous soils containing much higher clay contents (20 to 

48%) compared to the soil used in this study (5%).  

The P fraction extracted with NaHCO3 is a measure of the plant available P, including 

dissolved P species (H2PO4
- , HPO4

2-),  adsorbed inorganic P to clay and oxide mineral 

surfaces, and labile Ca-Ps, such as monetite and brushite. Since synthetic P fertilizers are 

readily plant available upon their application, and given that KH2PO4 was applied dissolved 

in water, the P extracted with NaHCO3 was expected to be a major fraction in the fertilizer-

amended soil. However, the transformation of dissolved P occurred relatively quickly. The 

soil used in this experiment was sandy loam and contained only 5% of clay and high amounts 

of organic matter, which can compete with P for the positive adsorption sites on clay and 

oxide mineral surfaces. Therefore, the smaller proportion of labile P fraction might be 

attributed to limited available adsorption sites in this soil. The labile P added by fertilizer 

transformed faster (~0.38 mg P kg-1 soil day-1) than the NH4Ac extractable P added by 
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fertilizer (~0.23 mg P kg-1 soil day-1). According to Wang et al. (2010), long-term inorganic P 

fertilizer applications increased the accumulation of the P fraction extracted with NH4Ac 

more than the other fractions. Several studies observed a potential transformation of the 

labile P fraction extracted with NaHCO3 into the P fraction extracted NH4Ac in inorganic P 

fertilizer-amended soils (Guo et al., 2008; Samadi & Gilkes, 1999; Samadi, 2006; Shen et al., 

2004; Wang et al., 2010). Therefore, the amounts of P fraction extracted with NH4Ac could 

accumulate over time in soils amended with inorganic P fertilizers.   

 The compost amendment increased the P fraction extractable with NH4Ac the 

most, accounting for ~60% of the P applied, followed by the labile P fraction extractable with 

NaHCO3, accounting for ~20% of the P applied by the compost at week 1. The major 

inorganic P in the compost was found to be brushite (CaHPO4·2H2O s ) and newberyite 

(MgHPO4·3H2O s ), which should dissolve in the soil in NaHCO3 at pH 8.0 (Fig. 6.4.1 (a)). 

These inorganic P forms should have transformed into more stable P, such as Ca8-P type P 

(i.e. OCP or TCP), which should dissolve in the soils in NH4Ac at pH 4.2 (Fig. 6.4.1 (b)). 

The amount of NH4F extractable P was also increased by the compost amendment, 

accounting for ~19% of the applied P. By week 18, the recovery of the P applied as compost 

in the P fractions extracted with NaHCO3, NH4Ac and NH4F became ~18%, 47% and 18%, 

respectively. The amounts of NaHCO3 extractable P in the compost-amended soil was 

relatively constant (k = ~0.05 mg P kg-1 soil day-1), whereas, the NH4Ac extractable P was 

transformed at the rate of  ~0.31 mg P kg-1 soil day-1 during the 18-week incubation period. 

 Transformation of the labile to moderately labile P in soil amended with inorganic 

P fertilizer was ~1.4x faster than that of the compost-amended soil. The half-life of 

labile/moderately labile P in soils amended with either inorganic P fertilizer or compost was 
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~277 d and ~385 d, respectively. Phosphate applied as fertilizer affected a larger proportion 

of the labile P compared to that from the compost amendment. However, the labile P 

recovered from inorganic P fertilizer amendment transformed ~0.38 mg P kg-1 soil day-1, 

whereas the amount recovered from the compost amendment was relatively constant during 

the incubation period. The amount of the labile/moderately labile P in the soil amended with 

the compost became equivalent to that in the soil amended with inorganic fertilizer at week 

18 and it would presumably become greater with more time.   

 
 

Figure 6.4.1 Diagrams of the stability of the major Ca-, and Mg-P minerals and P 
complexes in the soil amended with turkey litter compost in (a) 0.25 M NaHCO3 
at pH 8.0, and (b) 0.5 M NH4Ac at pH 4.2  
(Stars represent the specific chemistries of the extracts)  

(b)$

(a)$
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6.5 Conclusion 

 The sequential fractionation method was able to extract essentially all of the 

applied P in the soils from both inorganic and organic amendments. In the control soil, the 

amounts of the various P fractions were relatively constant during the entire 18-week 

incubation study period. Even though a larger proportion of P added by the inorganic P 

fertilizer affected the labile P fraction, the applied P from both inorganic and organic 

amendments was mainly recovered in the labile/moderately labile P fraction extracted with 

NaHCO3 (pH 8.0) and NH4Ac (pH 4.2). Overall, transformations of the labile/moderately 

labile P into more stable P occurred slowly during the incubation study period, however, 

transformation of the labile P added by inorganic P fertilizer was significant (~0.38 mg P kg-1 

soil day-1), whereas, the amount of the labile P added by the compost was relatively constant 

(~0.05 mg P kg-1 soil day-1). In addition, the half-life of the labile/moderately labile P in the 

fertilizer-amended soil was shorter (~277 d) than that in the compost-amended soil (~385 d). 

The amount of labile/moderately labile P in the soil amended with the compost became 

equivalent to that in the soil amended with inorganic P fertilizer by 18 weeks of incubation 

and therefore, it would presumably become greater with more time.  
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Chapter 7 

Kinetics of phosphorus forms applied as inorganic and organic amendments 

during plant growth in a calcareous soil (greenhouse study)  
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Abstract 

Forms of phosphorus (P) present in animal manure composts are different from that in 

synthetic P fertilizers, which affect how they alter soil P chemistry. The objective of this 

study was to investigate the effects of inorganic and organic amendments with plant growth 

on soil P chemistry. The amounts of various P fractions in the unamended control soil and 

soils amended with either KH2PO4 (fertilizer) or turkey litter compost were measured by a 

sequential fractionation method with ryegrass growth in the greenhouse during a 16-week 

incubation period. Ryegrass took up P from the labile/moderately labile inorganic P forms in 

the soils rich in P, and it promoted mineralization of organic P in the soils relatively deficient 

in P. The plant biomass and the amount of plant obtained P in the compost-amended soil had 

become significantly greater compared to those in other treatments after week 4. The major 

proportion of P applied by both the inorganic and organic amendments was recovered in the 

labile/moderately labile P, which is the sum of NaHCO3 and NH4Ac extractable inorganic P 

fractions. However, P applied as inorganic P fertilizer resulted in much larger recovery in the 

labile P extracted with NaHCO3, whereas, the majority of the compost-P was recovered in 

the moderately labile P extracted with NH4Ac. The half-life of the labile/moderately labile P 

in the compost-amended soil was shorter (~193 d) than that in the fertilizer-amended soil 

(~315 d). The forms of P in the compost may be converted into plant available P through 

both microbial activity and root-induced acidification in the rhizosphere. Measurements of 

the P extracted with a weak acid extractant (NH4Ac) should be considered as an alternative 

indicator of soil P fertility, especially in soils amended with animal manure composts.   



	  

	   148	  

7.1 Introduction and literature review 

Forms of phosphorus (P) present in animal manure composts are different from that 

in synthetic P fertilizers, which affect how they alter soil P chemistry. There are various 

factors influencing soil P chemistry affected by animal manure composts compared to those 

by inorganic fertilizers including the contents of organic matter and macro- and micro-

nutrients, organic P and pH in addition to the different forms of P. It is well known that P 

availability is also affected by plant growth and microbial activities.     

 

7.1.1 Effects of plant growth on available P 

 The availability of soil P can be influenced by specific plant adaptations, including 

root morphological characteristics such as the rate of root growth, total root length and 

degree of root branching, and the abundance and distribution of root hairs (Richardson, 

2001). It is known that the biological interactions and biochemical processes occurring at the 

root surface further influence the availability of P to plants (Richardson, 2001). Rhizosphere 

soil is significantly more active both chemically and biologically compared to bulk soil, and 

this influences the dynamics of plant P uptake significantly. A wide assortment of organic 

compounds, including aliphatic, amino, and aromatic acids and amides, sugars, amino sugars, 

cellulose, lignin, and protein, have been found in the rhizosphere (Frey, 2007), and they are 

produced by plant roots and/or microbial activity (Richardson, 2001). These organic anions 

and associated microorganisms are effective in releasing soil P through various mechanisms. 

These mechanisms include the following; (1) a reduction in rhizosphere pH that occurs in 

response to organic anion exudation resulted in releasing H+ ions as the counter ion, which 

directly increase the solubility of P minerals (Hinsinger, 2001; Kovar & Claassen, 2005; 
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Richardson, 2001; Shen et al., 2011), (2) desorption of P through ligand exchange reactions 

by inorganic ligands, such as sulphate and bicarbonate, or organic ligands, such as carboxylic 

anions (Hinsinger, 2001; Richardson, 2001), (3) acting as chelating agents to form complexes 

with Ca, Fe, or Al in soils, thereby releasing P into the soil solution (Kovar & Claassen, 

2005; Plante, 2007; Richardson, 2001), and (4) increasing the accessibility of soil organic P 

to enzymatic hydrolysis (Richardson, 2001). Root-induced acidification of the rhizosphere 

can significantly increase the bioavailability of P especially in neutral to alkaline soils 

(Hinsinger, 2001). In fact, in calcareous soils significant accumulations of total P and Olsen 

P (NaHCO3 extractable P) were observed in the rhizosphere soils under 5 different xero-

shrubs compared to their bulk soils, where soil pH in the rhizosphere decreased by 0.4 to 0.8 

units (Ma et al., 2009). 

The symbiotic relationship between plants roots and mycorrhizal fungi has long been 

established as an important mechanism by which plants are able to acquire P from soil 

(Richardson, 2001). It has been reported that the arbuscular mycorrhizal fungi (AMF) in 

organically managed soils are more numerous and effective than those in conventionally 

managed soils (Oberson & Frossard, 2005), where the percentage of root length colonized by 

AMF is 30 to 60% higher in plants growing in organically managed soils (Mader et al., 

2000).  

 

7.1.2 Hypothesis and objective 

Forms of P present in animal manure composts are different from the P in synthetic 

fertilizers and when amended to soil affect soil P chemistry in different ways. It is 

hypothesized that forms of P present in animal manure compost may be converted into plant 



	  

	   150	  

available P with the help of microbial activity and root-induced acidification in the 

rhizosphere. Thus, the plant availability of P in animal manure composts can be equivalent or 

greater to those in inorganic P fertilizer over time. The objective of this study was to 

investigate the effects of inorganic and organic amendments on soil P chemistry and on plant 

growth in a calcareous soil. 

 

7.2 Methodology 

7.2.1 Greenhouse study setting  

This study was conducted during a 16-week period between June and September 

2013, in a greenhouse at the University of Guelph, Ontario using natural lighting conditions. 

Temperatures were at 24/26°C in the daytime and 19/22°C in the nighttime as heat/cooling 

set points. The surface (< 15 cm) layer of calcareous soil classified as a Brunisolic Gray 

Brown Luvisol (Breton series) was collected from an organically-managed farm field located 

near Scotland, Ontario. The soil was sieved field moist (2 mm), air-dried and various P 

fractions in the soil were extracted by the sequential fractionation method (Table 7.2.1). Six 

treatments including lyophilized turkey litter compost (TLC) amendment at a rate of 200 mg 

P kg-1 soil, and inorganic P fertilizer (a reagent grade chemical, KH2PO4) amendment at rates 

of 0 (control), 50 (F50), 100 (F100), 150 (F150) and 200 (F200) mg P kg-1 soil were 

prepared. These P amendments were applied at the beginning of the experiment. In order not 

to have K and N as limiting nutrients, the equivalent amounts of K as KCl, and N as NH4NO3 

were applied in each soil. It was assumed that all of the compost-derived K and NH4
+-N were 

plant available, and 20% of organic N would be mineralized during this study period 

(Waldrip et al., 2011). The rates of 252 mg K kg-1 soil and 111 mg N kg-1 soil were added to 



	  

	   151	  

all soils at day 0, and N was maintained biweekly by adding NH4NO3 at the rate of 111 mg N 

kg-1 soil in all soils. 

Soil (400 ± 1.0 g oven-dry weight) was placed in ~10 cm diameter pots. All 

treatments were replicated four times; therefore, a total of 96 pots were prepared. Ryegrass 

species are considered to be P-efficient due to a high root/shoot ratio (Waldrip et al., 2011; 

Ylivainio et al., 2008), therefore, ryegrass was selected to investigate the plants effect on soil 

P transformations in this study. Fifteen seeds (0.02 g) were planted at a depth of ~0.6 cm, 

which is equivalent to the seedling density of 25 kg ryegrass per hectare. The soil moisture 

content was brought up to ~100 % of the field capacity at day 0 and maintained daily with 

Nanopure water during the study period. The location of each pot was changed daily for each 

sample to be randomly positioned within the greenhouse. In order to maintain a relatively 

constant plant growth rate, the plant leaves were clipped to ~30 mm height and collected 

starting at day 17, and this was performed approximately bi-weekly for the duration of the 

study.  

 

7.2.2 Analysis of plant biomass and soil P fractions 

The collected plant leaves were dried in an oven overnight at 50 ± 2°C and weighed 

for biomass production. The plant tissue samples were finely ground (< 0.5 mm), transferred 

to tightly sealed polyethylene bags, and stored for further analysis. The amounts of P in the 

plant tissue, and in the bulk soil were analyzed after 4, 8, 12, and 16 weeks of incubation. 

Roots and plants were manually removed from the bulk soil, followed by sieving moist (2 

mm) and being stored in a plastic bag in a refrigerator at ~5°C. Soil pH was determined using 

a 1:2 ratio of soil to Nanopure water. Three out of four bulk soil samples of the control, the 
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soils amended with fertilizer at the rate of 100 and 200 mg P kg-1 soil and soil amended with 

the compost at the rate of 200 mg P kg-1 soil were selected for the sequential fractionation 

study (Table 7.2.1). The various P fractions of each soil were extracted by the sequential 

fractionation method the following day with the soil to solution ratio of 1:20. The filtered 

extract was then analyzed by a Perkin Elmer 5300DV inductively coupled plasma optical 

emission spectrometer (ICP-OES) within 5 d of extraction to determine the concentration of 

total P, and by a Technicon Autoanalyzer II using the molybdate blue method (Murphy & 

Riley, 1962) within 3 d of extraction to determine the concentration of inorganic P present in 

the extracts. All extracts were kept in a refrigerator at ~5°C until the measurements were 

performed. The amount of organic P in each fraction was calculated by subtracting the 

amount of inorganic P from the total P. Various P fractions in lyophilized TLC were 

analyzed by the sequential fractionation method (Table 7.2.2) and characterization of 

inorganic P in lyophilized TLC was performed with x-ray diffraction (Actlab, Ancaster, 

Ontario).  

 

7.2.3 Analysis of acid soluble Ca and Mg in soils 

The amounts of acid soluble Ca and Mg in the control, the soils amended at a rate of 

200 mg P kg-1 soil with either inorganic P fertilizer or TLC at week 4 and 16 were extracted 

with 0.02 M HCl (pH 2.0, 25 mL) after shaking with 1 h and analyzed using an ICP-OES. 

These data were used to construct the stability diagrams of the major Ca- and Mg-P minerals 

and of the major P complexes in the control soil and soils amended at a rate of 200 mg P kg-1 

soil with either inorganic P fertilizer or TLC.  
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7.2.4 Data analysis 

Statistical analyses were performed using SAS version 9.3 (SAS Institute, 2011). The 

analysis of variance (ANOVA) of the dependent variable (P concentration) was subjected to 

the variance partitioned into 3 fixed effects; treatment, time and an interaction between 

treatment and time. F-tests were utilized to determine the significance of each partition. Least 

square means, standard errors and coefficients were computed by the Proc Mixed procedure. 

The residual test was performed to review the error assumptions including normality by the 

Shapiro-Wilk test. For multiple comparisons among time and amendments, the Tukey’s 

studentized range test was used. The Type I error rate of P = 0.05 was used for all statistical 

tests.  

First order kinetics and half-lives (t1/2) of the amount of labile/moderately labile P 

applied by either inorganic P fertilizer (F200) or TLC were calculated using the following 

two equations, Eq. 7.1 and Eq. 7.2 (Petrucci, 2007), respectively. 

ln A t
A 0

= -kt        (Eq. 7.1) 

where [A]t was considered as the amount of labile/moderately labile P in the soils applied by 

either F200 or TLC at time, t (t = 8, 12 or 16 weeks), [A]0 was considered as the amount of 

labile/moderately labile P in the soils applied by either F200 or TLC at week 4 , and k is a 

decay rate constant (day-1).  

t1/2 = ln 2
k

 ≈ 0.693
k

         (Eq. 7.2) 
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Table 7.2.1. A modified sequential P fractionation method for calcareous soils based on the 
method proposed by Jiang and Gu (1989)  
Step P fractions Extractants pH Shaking time 

 
1a Labile P, Ca2-P  0.25 M NaHCO3   8.0 1 h 
2 Ca8-P and Ca10-P  0.5 M NH4Acc   4.2 16 h stand, 1 h 
3 Prevent re-adsorption 1.0 M MgCl2   8.0 2 h 
4 Al-P 0.5 M NH4F   8.2 1 h 
 Alkaline soluble organic P    
5 Fe-P 0.1 M NaOH-Na2CO3 12.0 2 h, 4 h stand, 2h 
 Alkaline soluble organic P    
6 Occluded P, OM-Fe-Pb 0.3 M CDd 13.0 16 h 
 Alkaline soluble organic P incl. humic P  
7 Stable Ca-P  0.25 M H2SO4   1.0 1 h 
 Acid soluble organic P     
aEthanol wash after step 1 , bP complexes with organic matter through Fe, cAmmonium acetate 
d0.3 M sodium citrate (20 mL) – dithionite (1.0 g) – 1.0 M sodium hydroxide (5 mL) 
 
 

Table 7.2.2. Target P forms in turkey litter compost (TLC) obtained by the sequential 
fractionation method 
Step Main target P forms Extractants pH Shaking time 

 
1a Adsorbed P  

OrthoP diesters 
0.25 M NaHCO3   8.0 1 h 

2 Mg-P, Ca-P  
(i.e. brushite, newberyite)  
OrthoP monoesters (acid soluble) 

0.5 M NH4Acb   4.2 16 h stand, 1 h 

3 Prevent re-adsorption 1.0 M MgCl2   8.0 2 h 
4 Al-P 0.5 M NH4F   8.2 1 h 
5 Fe-P 0.1 M NaOH-Na2CO3 12.0 2 h, 16 h stand,  

2 h 
6 Occluded P 

Ortho P monoesters and humic P 
0.3 M CDc 13.0 16 h 

7 Stable Ca-P  0.25 M H2SO4   1.0 1 h 
aEthanol wash after step 1 , bAmmonium acetate 
c0.3 M sodium citrate 20mL) – dithionite (1.0 g) – 1.0 M sodium hydroxide (5 mL)  
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Figure 7.2.1. Greenhouse experiment: Ryegrass growth Day 23 

 
 
 

 
Figure 7.2.2. Greenhouse experiment: Ryegrass growth Day 38 
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7.3 Results 

7.3.1 Characterization of soil, change in plant biomass, P uptake and soil pH 

The physical and chemical properties of the soil and the amounts of various P 

fractions in the air-dried soil at week 0 are shown in Tables 7.3.1, 7.3.2 and 7.3.3, 

respectively. The chemical properties and the amounts of P fractions in TLC are shown in 

Table 7.3.4 and 7.3.5, respectively. The soil contained adequate amounts of plant available 

macro- and micronutrients (Table 7.3.2). The soil contained a total of ~333 ± 10 mg P kg-1 

soil of extractable P obtained by the sequential fractionation method and ~68% of the total 

extractable P was organic P. The major P fractions included organic P fraction extracted with 

CD and accounting for ~42% of the total extractable P, followed by organic P fraction 

extracted with H2SO4 and accounting for ~18% of the total extractable P, and inorganic P 

fraction extracted with NH4F, which accounted for ~13% of the total extractable P (Table 

7.3.3). Characterization of inorganic P in TLC by x-ray diffraction showed that lyophilized 

TLC contained mainly newberyite (MgHPO4·3H2O s ) and brushite (CaHPO4·2H2O s ) as 

inorganic P and the sequential fractionation showed that the majority of organic P in 

lyophilized TLC was soluble with a weak acid extractant (Table 7.3.5). 

 Soil pH at week 4 decreased as the rate of fertilizer amendment increased, and pH 

increased in the compost-amended soil. Soil pH in all soils increased at week 8, then 

gradually decreased by week 16, except in the compost-amended soil (Table 7.3.6). 

Compared to the pH of the control soil, pH in the fertilizer-amended soil (F200) decreased 

~0.4 unit, while pH in the compost-amended soil increased ~0.5 unit.  

There were no significant differences in the amounts of aboveground plant biomass 

and P uptake among treatments at week 4 (Table 7.3.7 and 7.3.8). However, the cumulative 
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aboveground plant biomass in the compost-amended soil was significantly higher than the 

other treatments at week 8 sampling and this trend continued for the remainder of the 

experiment. The plant biomass in the compost-amended soil by week 16 was ~3.5 and 3 

times higher than those of the control and the fertilizer-amended soils, respectively. In soils 

amended with fertilizers, the aboveground biomass increased slightly with increasing rate of 

fertilizer application of the duration of the study period (Table 7.3.7). Plant P uptake and 

recovery in the aboveground plant tissue increased with increasing rate of fertilizer 

amendment (Table 7.3.8 and Fig 7.3.1). The amounts of plant uptake P by the aboveground 

plants in the compost-amended soil significantly increased after week 4, and the amount was 

~3 times greater than that in the control and was equivalent in the F200 amended-soil. The 

nature and amounts of roots in the compost-amended were significantly different from those 

in the fertilizer-amended (F200) soils, where roots in the compost-amended soil were thicker 

and stronger than those in the fertilizer amended soil (Fig 7.3.2). 

 

Table 7.3.1 Physical and chemical properties of a calcareous soil 
 Texturea 

(Sand: Clay: Silt)           
pHb 
(n=5) 

Organic Cc 
(%) 
(n=5) 

Total Pd 
(mg kg-1) 
(n=1) 

CECe 
(cmolc kg-1) 
(n=5) 

Soil Sandy Loam 
(75:5:20) 

7.18 ±0.04 1.3 ±0.1 343.0 13.3 ±0.6 

aTexture was measured by the Bouyoucos Hydrometer Method (Bouyoucos, 1962) 
bpH was measured using a 1:2 ratio of soil to Nanopure water 
cOrganic C was measured by the wet-oxidation technique (Shaw, 1959) 
dTotal P was measured by the perchloric acid digestion method (Olsen & Sommers, 1982) 
eCEC was measured by the ammonium acetate (pH 7) method (Chapman, 1965) 
 
 
Table 7.3.2. Micronutrientsa in a calcareous soil (n=7) 
 Zn Mn B Cu Ca Mg 
 ------------------------------- mg kg-1 ------------------------------------- 
Soil 1.5 ±0.2  24.2 ±0.9 0.65 ±0.03 2.3 ±0.2 1769 ±77 347 ±26 
aMicronutrients were extracted by 1.0 M NH4Ac and measured by ICP-OES 
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Table 7.3.3. The amounts of various soil P fractions in the air-dried unamended soil at week 
0 analyzed by the sequential fractionation method (n=3) 
Extractant NaHCO3 NH4Aca NH4F NaOH-Na2CO3 CDb H2SO4 

 
 ----------------------------------- mg P kg-1 soil ---------------------------------------- 
Inorganic Pc  11.2 ±0.2 20.8 ±0.6 45.9 ±2.0 5.2 ±0.6 17.3 ±1.3 6.1 ±0.8 
Organic Pd 4.1 ±0.7 1.5 ±0.7 12.4 ±2.4 8.3 ±1.7 138.7 ±1.4 61.3 ±2.1 
Total 15.3 ±0.9 22.3 ±0.7 58.3 ±3.2 13.5 ±2.1 156.1 ±0.4 67.4 ±2.9 
aAmmonium acetate (including MgCl2 extractable P) 
bSodium citrate–dithionate–sodium hydroxide 
cReactive P measured by the molybdate blue method using Technicon Autoanalyzer II 
dNon-reactive P measured by the molybdate blue method using Technicon Autoanalyzer II 
 
 
 
Table 7.3.4. Chemical properties of turkey litter compost (TLC) (n=5) 
 pHa Organicb  

matter  
Total Nc Total Pd Cae Mge Alf Feg 

  (%) ------------------------ g kg-1 (dry basis) --------------------------- 
TLC 7.06 ±0.05 49.6 ±0.8 26.6 ±1.5 34.1 ±2.6 96.8 ±7.8 23.7 ±5.2 1.7 ±0.3 4.1 ±0.7 
a pH was measured using a 1:2 ratio of soil to Nanopure water 
bProportion of organic matter was measured with the weight loss on ignition method (Schulte & 
Hopkins, 1996) 
cTotal N was measured by the Dumas method (Dumas, 1831) 
dTotal P was measured by the perchloric acid digestion method (Olsen & Sommers, 1982) 
eCations were extracted with 1.0 M NH4Ac (pH 7.0) and measured by ICP-OES 
fAl was measured by the Mehlich III method (Mehlich, 1984) 
gFe was measured by the DTPA method (Legget & Argyle, 1983) 
 
 
 
Table 7.3.5. The amounts of various P fractions in lyophilized turkey litter compost (TLC) 
measured by the sequential fractionation method (n=3) 
Extractant NaHCO3 NH4Aca NH4F NaOH-Na2CO3 CDb H2SO4 

 
 -------------------------------- mg P kg-1 TLC -------------------------------------- 
Inorganic Pc  4880 ±359 12350 ±784 701 ±58 5.0 ±0.6 63 ±3 900 ±110 
Organic Pd 993 ±184 7598 ±139 n.d 26 ±4 396 ±24 143 ±28 
Total 5873 ±268 19948 ±655 701 ±58 30 ±4 459 ±27 1043 ±130 
aAmmonium acetate (including MgCl2 extractable P) 
bSodium citrate–dithionate–sodium hydroxide 
cReactive P measured by the molybdate blue method using Autoanalyzer II 
dNon-reactive P by the molybdate blue method using Autoanalyzer II 
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Table 7.3.6. Soil pH in the control soil and in soils amended either with inorganic P fertilizer 
at rates of 50 (F50), 100 (F100), 150 (F150), and 200 (F200) mg P kg-1 soil, or with turkey 
litter compost (Compost) at a rate of 200 mg P kg-1 soil during a 16-week incubation period 
with ryegrass growth (n=3, se=±0.07). 
Soil pH  
(1:2 Soil/H2O) 

Control 
 

F50 F100 F150 F200 Compost 

Week 4 
Week 8 
Week 12 
Week 16 

6.87ghijk 
7.54cd 
7.38cdef 
7.18defgh 

6.87ghijk 
7.49cd 
7.24defg 
7.23defg 

6.68ijk 
7.52cd 
7.50cd 
7.18defg 

6.66jk 
7.33cdef 
7.06efghi 
6.71ijk 

6.59k 
7.43cde 
7.07efghi 
6.78hijk 

7.01fghij 
8.07ab 
8.15a 
7.69bc 

Means followed by the same letter are not significantly different according to Tukey’s multiple range 
test (P = 0.05) 
 
 
 
Table 7.3.7. Aboveground cumulative plant biomass harvested in the control soil and in soils 
amended with either inorganic P fertilizer at rates of 50 (F50), 100 (F100), 150 (F150), and 
200 (F200) mg P kg-1 soil, or with turkey litter compost (Compost) at a rate of 200 mg P kg-1 
soil during a 16-week incubation period with ryegrass growth (n=4) 
(se=±0.05) Control F50 F100 F150 F200 Compost 
 -------------------------------------- g pot-1 ------------------------------------------ 
Week 4 
Week 8 
Week 12 
Week 16 

0.21h 
0.39fgh 
0.63def 
0.80cd 

0.24h 
0.41fgh 
0.68de 
0.85cd 

0.23h 
0.45efgh 
0.77cd 
0.82cd 

0.23h 
0.44efgh 
0.81cd 
0.89cd 

0.29gh 
0.51efg 
0.83cd 
1.00c 

0.27gh 
1.35b 
1.96a 
2.19a 

Means followed by the same letter are not significantly different according to Tukey’s multiple range 
test (P = 0.05) 
 
 
 
Table 7.3.8. The cumulative amounts¶ of P taken by aboveground ryegrass in the control soil 
and in soils amended with either inorganic P fertilizer at rates of 50 (F50), 100 (F100), 150 
(F150), and 200 (F200) mg P kg-1 soil, or turkey litter compost (Compost) at a rate of 200 mg 
P kg-1 soil during a 16-week incubation period with ryegrass growth (n=4) 
(se=±0.5) Control F50 F100 F150 F200 Compost 
 -------------------------------------- mg P kg-1 soil ------------------------------------ 
Week 4 
Week 8 
Week 12 
Week 16 

1.2k 
4.2hij 
4.6hij 
6.7efgh 

2.4jk 
5.1ghi 
6.2fgh 
9.5de 

2.8ijk 
6.3fgh 
8.9cde 
9.4de 

3.1ijk 
7.4efg 
10.9cd 
11.4cd 

3.4ijk 
9.0def 
11.0cd 
14.8ab 

2.3jk 
10.7cd 
12.4bc 
17.3a 

Means followed by the same letter are not significantly different according to Tukey’s multiple range 
test (P = 0.05) 
¶The amounts of P taken by ryegrass (aboveground) were calculated using the following equation; 
P mg P kg-1soil = aboveground biomass g *% P in plant aboveground

400 g soil
*106 
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Figure 7.3.1. Comparison of the cumulative amounts of P taken by aboveground 
plants in soils with six different P amendments; the control soil and inorganic P 
fertilizer amended soils at rates of 50 (F50), 100 (F100), 150 (F150), and 200 (F200) 
mg P kg-1 soil, and turkey litter compost amended soil at a rate of 200 mg P kg-1 soil 
during 112 d incubation period (n= 4) (Error bars represent the standard error) 
 
 
 

 

 
Figure 7.3.2 Comparison of the roots in the soils amended with  
either inorganic P fertilizer (F200) or the compost (TLC)  at week 16 
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7.3.2 Effects of amendments on the various total P fractions 

The means of the total extractable P determined by the sequential fractionation 

method at week 4 in the control, the fertilizer-amended soils (at rates of 100 and 200 mg P 

kg-1 soil), and the compost-amended soil (at a rate of 200 mg P kg-1 soil) were 326.5 ± 10.5, 

427.2 ± 10.5, 488.4 ± 10.5, and 457.7 ± 10.5 mg P kg-1 soil, respectively (Table 7.3.9). The 

increase in P by the three amendments at week 4 were ~101, 162, and 131 mg P kg-1 soil with 

the application rates of 100 (fertilizer), 200 (fertilizer), and 200 (TLC) mg P kg-1 soil, 

respectively. The proportions of the P fraction extracted with NaHCO3 in all soils were the 

smallest during the study period; ~5%, 10%, 14%, and 9% of the total extractable P in the 

control soil, F100-, F200- and compost-amended soils, respectively (Table 7.3.9 and Fig 

7.3.3). The fraction of P extracted with CD in all soils was the largest; ~31%, 22%, 25%, and 

27% of the total extractable P in the control soil, F100-, F200- and compost-amended soils, 

respectively (Table 7.3.9 and Fig 7.3.3).  

All amendments (F100, F200 and compost) mainly increased P fractions extracted 

with NaHCO3, NH4Ac and NH4F. The proportions of applied P extracted with NaHCO3 at 

week 4 from F100, F200 and compost amendments were ~27%, 34%, and 17% respectively, 

that extracted with NH4Ac at week 4 were ~45%, 42%, and 60% respectively, and that 

extracted with NH4F at week 4 were ~28%, 23%, and 23% respectively. By week 16, the 

proportions of applied P extracted with NaHCO3 became ~29%, 30%, and 13% for F100, 

F200 and compost respectively, extracted with NH4Ac became ~37%, 40%, and 68% 

respectively, and extracted with NH4F became ~20%, 20%, and 14% respectively.  

The amounts of P extracted with NaHCO3 decreased slightly during the study period 

in all soils. The amounts of P extracted with NH4Ac in the amended soils slightly decreased 
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during the study period, however, the amount slightly increased in the unamended control 

soil. Overall, the proportion of each P fraction changed more rapidly in the compost-

amended soil compared to that in other soils (Fig 7.3.3). 

 

 

 

Figure 7.3.3. Effects of time on the proportions of P fractions extracted by the 
sequential fractionation method in the control soil and in soils amended with  
either inorganic P fertilizer at rates of 100 mg P kg-1 soil (F100) and 200 mg P kg-1  
soil (F200), or turkey litter compost (Compost) at a rate of 200 mg P kg-1 soil  
during a 16-week incubation period with ryegrass growth (n=3) 
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Table 7.3.9. The amounts of extractable P fractions in the control soil and in soils amended 
with either inorganic P fertilizer at rates of 100 (F100) and 200 (F200) mg P kg-1 soil, or 
turkey litter compost at a rate of 200 mg P kg-1 soil (Compost) during a 16-week incubation 
period with ryegrass growth (n=3) 
Extractant (se) Control F100 F200 Compost 
 ----------------------------- mg P kg-1 soil ----------------------- 
NaHCO3 (±2.9) 
Week 4 
Week 8 
Week 12 
Week 16 

 
16.3ef (5)a 
15.0ef (5) 
9.1f (3) 
7.3f (2) 

 
44.7bc (10) 
32.7cd (8) 
32.9cd (8) 
32.0cd (8) 

 
68.7a (14) 
48.7b (10) 
49.3b (10) 
47.3b (10) 

 
39.3bc (9) 
25.3de (6) 
18.5ef (4) 
17.3ef (4) 

NH4Acb  (±5.0) 
Week 4 
Week 8 
Week 12 
Week 16 

 
29.3e (9) 
22.2e (7) 
34.9e (11) 
33.5e (10) 

 
77.7bcd (18) 
65.6cd (16) 
63.4cd (15) 
61.5d (15) 

 
94.3b (19) 
94.8b (20) 
86.6bcd (18) 
87.7bcd (19) 

 
112.0a (24) 
98.4b (22) 
88.0bc (20) 
84.9bcd (20) 

NH4F (±4.6) 
Week 4 
Week 8 
Week 12 
Week 16 
NaOH-Na2CO3 (±4.0) 
Week 4 
Week 8 
Week 12 
Week 16 
CDc (±12.3) 
Week 4 
Week 8 
Week 12 
Week 16 
H2SO4 (±2.7) 
Week 4 
Week 8 

 
52.6d (16) 
53.6d (16) 
54.7cd (17) 
63.2bcd (19) 
 
60.6abc (19) 
52.2abc (16) 
49.4abc (15) 
48.2abc (15) 
 
101.1a (31) 
121.4a (37) 
110.1a (34) 
111.2a (34) 
 
66.7a (20) 
67.0a (20) 

 
82.4ab (19) 
81.3ab (20) 
76.5abc (18) 
80.7ab (20) 
 
66.9ab (16) 
64.5ab (15) 
62.3ab (15) 
61.2abc (15) 
 
94.3a (22) 
105.9a (25) 
120.7a (29) 
115.7a (29) 
 
61.5ab (14) 
65.7a (16) 

 
88.6a (19) 
86.2a (18) 
90.8a (19) 
90.0a (19) 
 
51.3abc (11) 
60.3abc (13) 
67.9a (14) 
62.3ab (13) 
 
121.4a (25) 
116.6a (25) 
130.8a (27) 
127.2a (27) 
 
64.0a (13) 
68.5a (14) 

 
84.0ab (18) 
76.7abc (17) 
76.5abc (17) 
73.5abcd (17) 
 
41.1c (9) 
46.4bc (10) 
51.5abc (12) 
52.4abc (12) 
 
122.9a (27) 
138.4a (31) 
145.8a (33) 
139.2a (33) 
 
58.4ab (13) 
62.5ab (14) 

Week 12 
Week 16 
Sum Total P (±10.5) 
Week 4 
Week 8 
Week 12 
Week 16 

65.1a (20) 
61.6ab (19) 
 
326.5f 
330.7f 
323.3fg 
308.2g 

62.2ab (15) 
49.3b (12) 
 
427.2de 
416.2de 
418.0de 
400.4e 

59.6ab (12) 
60.8a (13) 
 
488.4ab 
475.1bc 
517.8.a 
465.3bc 

65.0a (15) 
59.9ab (14) 
 
457.7bcd 
447.6bcd 
445.3bcd 
418.3de 

Means for a given extractant followed by the same letter are not significantly different according to 
Tukey’s multiple range test (P = 0.05), se = standard error 
aNumbers in parentheses represent the proportion of total P (%) 
bAmmonium acetate (including MgCl2 extractable P) , cSodium citrate-dithionite-sodium hydroxide  
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7.3.3 Effects of amendments on the various inorganic P fractions 

 Amendments of soils (F100, F200, and compost) increased the amounts of inorganic 

P fractions extracted with NaHCO3, NH4Ac, and NH4F (Table 7.3.10 and Fig 7.3.4). The 

amounts of inorganic P extracted with NaHCO3 constantly decreased, and the amounts of 

inorganic P extracted with CD increased in all soils during the 16-week study period. The 

amount of inorganic P extracted with NaHCO3 in the soil amended with compost was smaller 

than that extracted from the F100-amended soil during the study period. The amounts of 

inorganic P extracted with NH4Ac in the control soil slightly increased during the study 

period, whereas, they decreased in the F100 and F200-amended soils, and these amounts 

decreased significantly in the compost-amended soil, especially between week 4 and week 8 

(Table 7.3.10 and Fig 7.3.4).  
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Figure 7.3.4. Effects of time on the proportions of inorganic P fractions extracted by 
the sequential fractionation method in the control soil and in soils amended with 
either inorganic P fertilizer at rates of 100 mg P kg-1 soil (F100) and 200 mg P kg-1 
soil (F200), or turkey litter compost at a rate of 200 mg P kg-1 soil (Compost) during a 
16-week incubation period with ryegrass growth (n=3) 
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Table 7.3.10. The amounts of extractable inorganic P fractions in the control soil and in soils 
amended with either inorganic P fertilzier at rates of 100 (F100) and 200 (F200) mg P kg-1 
soil, or turkey litter compost (Compost) at a rate of 200 mg P kg-1 soil (Compost) during a 
16-week incubation period with ryegrass growth (n=3) 
Extractant (se) Control F100 F200 Compost 
 -------------------------------- mg P kg-1----------------------------------- 
NaHCO3 (±2.9) 
Week 4 
Week 8 
Week 12 
Week 16 

 
16.3ef (11)a 
15.0ef (10) 
9.1f (5) 
7.3f (4) 

 
44.7bc (18) 
32.7cd (14) 
32.9cd (13) 
32.0cd (13) 

 
68.7a (24) 
48.7b (20) 
49.3b (19) 
47.3b (18) 

 
39.3bc (15) 
25.3de (12) 
18.5ef (8) 
17.3ef (8) 

NH4Acb  (±5.0) 
Week 4 
Week 8 
Week 12 
Week 16 

 
29.3e (20) 
22.2e (15) 
34.9de (20) 
33.5e (20) 

 
77.7bc (31) 
65.6c (29) 
63.4c (24) 
60.0cd (24) 

 
94.3b (32) 
86.3bc (35) 
74.1bc (28) 
67.7c (30) 

 
112.0a (44) 
86.0bc (40) 
76.8bc (32) 
63.2c (33) 

NH4F (±3.6) 
Week 4 
Week 8 
Week 12 
Week 16 
NaOH-Na2CO3 (±1.0) 
Week 4 
Week 8 
Week 12 
Week 16 
CDc (±3.6) 
Week 4 
Week 8 
Week 12 
Week 16 
H2SO4 (±1.5) 
Week 4 
Week 8 

 
40.3c (27) 
35.3c (24) 
38.0c (22) 
46.7bc (27) 
 
8.9fg (6) 
13.1bcdefg (9) 
10.9cdefg (6) 
9.1efg (5) 
 
34.6de (23) 
44.7cde (31) 
67.5a (39) 
68.0a (40) 
 
18.1abc (12) 
15.5abc (11) 

 
48.7bc (20) 
60.7ab (27) 
62.0ab (24) 
68.0a (28) 
 
14.0bcdef (6) 
14.8abcde (6) 
15.5abc (6) 
9.9defg (4) 
 
43.5cde (17) 
36.7de (16) 
55.9bc (22) 
68.8a (28) 
 
20.6ab (8) 
18.6abc (8) 

 
45.3bc (16) 
48.0bc (20) 
53.3abc (20) 
61.3ab (24) 
 
19.7a (7) 
16.5ab (7) 
15.1abcd (6) 
8.4g (3) 
 
47.0bcd (16) 
32.7de (13) 
50.3bcd(19) 
65.3ab (25) 
 
14.7abcde(5) 
12.8cdef (5) 

 
52.0abc (20) 
48.7bc (23) 
53.3abc (22) 
52.7abc (24) 
 
12.5bcdefg (5) 
12.9bcdefg (6) 
12.1bcdefg (5) 
10.5cdefg (5) 
 
26.0ef (10) 
33.3de (15) 
61.9abc (26) 
64.7ab (29) 
 
14.0bcde (5) 
10.0def (5) 

Week 12 
Week 16 

12.7cdef (7) 
5.4f (3) 

21.9a (9) 
7.3ef (3) 

21.4ab (8) 
9.2def (4) 

14.2abcde (6) 
11.7cdef (5) 

Sum Total inorganic P (±6.9)    
Week 4 
Week 8 
Week 12 
Week 16 

147.5e  
145.8e  
173.1e 
170.4e 

249.3bcd  
229.0bcd  
251.6abc  
246.0bcd  

289.6a  
243.5bcd  
263.6ab  
259.2ab  

256.1abc  
216.0d  
237.1bcd  
220.0cd  

Means for a given extractant followed by the same letter are not significantly different according to 
Tukey’s multiple range test (P=0.05), se = standard error 
aNumbers in parentheses represent the proportion of total inorganic P  
bAmmonium acetate (include MgCl2 extractable P) , cSodium citrate-dithionite-sodium hydroxide 
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7.3.4 Effects of amendments on the various organic P fractions 

 Organic P was not detected in the NaHCO3 extracts of any soils after week 4. The 

amounts of organic P extracted with CD decreased in all soils (Table 7.3.11 and Fig 7.3.5). 

The amounts of organic P extracted with NH4Ac increased in only F200- and compost-

amended soils after week 8. The majority of organic P was extracted with CD followed with 

H2SO4, and NaOH in all soils. The compost increased the amount of organic P fraction 

extracted with CD. The amount of total organic P decreased in the control soil and F100-

amended soil (Table 7.3.11). 

 
Figure 7.3.5. Effects of time on the proportions of the organic P fractions extracted by 
the sequential fractionation method in the control soil and in soils amended with 
either inorganic P fertilizer at rates of 100 mg P kg-1 soil (F100) and 200 (F200) mg P 
kg-1 soil, or turkey litter compost (Compost) at a rate of 200 mg P kg-1 soil during a 
16-week incubation period with ryegrass growth (n=3)  
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Table 7.3.11. The amounts of extractable organic P fractions in the control soil and in soils 
amended with either inorganic P fertilizer at rates of 100 (F100) and 200 (F200) mg P kg-1 
soil, or turkey litter compost at a rate of 200 mg P kg-1 soil (Compost) during the 16-week 
incubation period with ryegrass growth (n=3) 
Extractant (se) Control F100 F200 Compost 
 -------------------------------- mg P kg-1----------------------------------- 
NaHCO3 (±0.2) 
Week 4 
Week 8 
Week 12 
Week 16 

 
n.da 
n.d 
n.d 
n.d 

 
n.d 
n.d 
n.d 
n.d 

 
n.d 
n.d 
n.d 
n.d 

 
n.d 
n.d 
n.d 
n.d 

NH4Acc (±0.7) 
Week 4 
Week 8 
Week 12 
Week 16 

 
n.d 
n.d 
n.d 
n.d 

 
n.d 
n.d 
n.d 
1.5c (1) 

 
n.d 
8.5b (4)b 
12.5ab (6) 
9.9ab (5) 

 
n.d 
12.4ab (5) 
11.2ab (5) 
12.9a (6) 

NH4F (±3.0) 
Week 4 
Week 8 
Week 12 
Week 16 
NaOH-Na2CO3 (±4.2) 
Week 4 
Week 8 
Week 12 
Week 16 
CDd (±4.9) 
Week 4 
Week 8 
Week 12 
Week 16 
H2SO4 (±2.4) 
Week 4 
Week 8 

 
12.3g (7) 
18.3defg (10) 
16.7defg (11) 
16.5efg (10) 
 
51.7ab (29) 
39.1ab (21) 
38.5ab (26) 
39.1ab (25) 
 
66.5cdef (37) 
76.7bcd (41) 
42.6f (28) 
43.1f (28) 
 
48.6abc (27) 
51.1abc (28) 

 
33.7abc (19) 
20.6cdefg (11) 
14.5efg (9) 
12.7fg (8) 
 
52.9ab (30) 
49.7ab (27) 
46.8ab (28) 
51.3ab (33) 
 
50.8de (29) 
69.2cde (37) 
64.7cdef (39) 
46.9ef (30) 
 
40.9bc (23) 
47.7abc (25) 

 
43.3a (22) 
38.2ab (17) 
37.5ab (17) 
28.7abcde (13) 
 
31.6b (16) 
43.8ab (19) 
52.8ab (24) 
53.9a (25) 
 
74.5bcd (37) 
84.0abc (36) 
80.3abc (36) 
61.9cdef (29) 
 
49.3abc (25) 
55.7a (24) 

 
32.1abcd (16) 
28.0abcdef (12) 
23.2bcdefg (11) 
21.2bcdefg (10) 
 
28.3b (14) 
33.5ab (14) 
39.4ab (19) 
41.9ab (20) 
 
96.9ab (48) 
105.1a (45) 
83.9abc (40) 
74.5bcde (36) 
 
44.0abc (22) 
52.5ab (23) 

Week 12 
Week 16 

52.4ab (35) 
56.2a (36) 

40.3bc (24) 
42.0bc (27) 

38.2c (17) 
51.6ab (24) 

50.8abc (24) 
48.6abc (23) 

Sum Total Organic P  (±8.2)    
Week 4 
Week 8 
Week 12 
Week 16 

179.0bcd  
184.9bcd  
150.2d  
154.8d  

178.0bcd  
187.2bcd  
166.3cd  
154.4d  

198.8abc  
231.5a  
220.5ab  
206.1abc  

201.6abc  
231.6a  
208.2abc  
198.3abc  

Means for a given extractant followed by the same letter are not significantly different according to 
Tukey’s multiple range test (P=0.05), se = standard error,  
anot detected 
bNumbers in parentheses represent the proportion of total organic P (%) 
cAmmonium acetate (including MgCl2 extractable P), dSodium citrate-dithionite-sodium hydroxide  
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7.3.5 Transformations of the labile/moderately labile P fraction  

 In all soils, the amounts of labile/moderately labile P, which was the sum of P 

extracted with NaHCO3 and NH4Ac, decreased and the amounts of moderately stable/stable 

P, which was the sum of P extracted with NH4F, NaOH-Na2CO3, CD, and H2SO4, increased 

at week 16 relative to that at week 4 (Table 7.3.12). The amounts of inorganic P in the 

control soil increased, while the amounts of inorganic P in the fertilizer- and compost-

amended soils decreased by week 16 relative to those at week 4 (Table 7.3.12). The 

estimated cumulative P uptake by plants was ~13.8, 16.5, 28.3, and 45.0 mg P kg-1 soil in the 

control soil, F100-, F200-, and compost-amended soils during the 16 weeks of plant growth, 

respectively (Table 7.3.12). First order kinetic equations (Eq. 7.1 and 7.2) show that the 

decay rate constants (half-life) of the labile/moderately labile P in the control soil and soils 

amended with either inorganic fertilizer (F100 and F200) or compost were 0.0014 (-495 d), -

0.0009 (770 d), -0.0022 (315 d), and -0.0036 (193 d), respectively (Table 7.3.13). Rate 

constants (k) were found by linear regression equations for changes in the amounts of labile 

inorganic P and moderately labile inorganic P with time in all soils (Table 7.3.14). The rate 

constants of labile inorganic P in the control soil and soils amended either with inorganic 

fertilizers (F100 and F200) or with compost were -0.118 mg P kg-1 soil day-1, -0.135 mg P 

kg-1 soil day-1, -0.227 mg P kg-1 soil day-1, and -0.260 mg P kg-1 soil day-1, respectively. The 

rate constants of moderately labile inorganic P in the control soil and soils amended either 

with inorganic P (F100 and F200) or with compost were 0.090 mg P kg-1 soil day-1, -0.198 

mg P kg-1 soil day-1, -0.329 mg P kg-1 soil day-1, and -0.556 mg P kg-1 soil day-1, respectively. 

Change in the amount of moderately labile inorganic P was more significant than change in 

the amount of labile inorganic P except in the control soil.  
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Table 7.3.12. Change in the amounts of P fractions due to plant and microbial uptake and to 
transform into other P fractions in the control soil, F100-, F200- and compost-amended soils 
at week 16 relative to week 4 
 Control F100 F200 Compost 
 -------------------- mg P kg-1 soil ----------------------- 
Inorganic P 22.9 -3.3 -30.4 -36.1 
Organic P -24.2 -23.6 7.3 -3.3 
Labile to moderately labile Pa -4.8 -28.9 -28.0 -49.1 
Moderately stable to Stable Pb 3.2 14.0 15.0 18.6 
Total extractable P -18.5 -26.8 -23.1 -39.4 
Plant uptake P (aboveground) 5.5 6.6 11.3 15.0 
Plant uptake (estimate)c 13.8 16.5 28.3 45.0 
aSum of P extracted with NaHCO3 and NH4Ac 
bSum of P extracted with NH4F, NaOH-Na2CO3, CD, and H2SO4 
cThe amounts of total plant uptake P were calculated by the amounts of the plant P uptake 
(aboveground) multiplied by 2.5 for control and fertilizer amended soils, and multiplied by 3.0 for 
TLC-amended soil (The estimation was made by the study by Carey and Gunn (2003)) 
 
 
Table 7.3.13. First order kinetics of the amount of labile/moderately labile P§ in in the control 
soil and soils amended either with inorganic P fertilizer at rates of 100 mg P kg-1 (F100) and 
200 mg P kg-1 (F200) or with compost at a rate of 200 mg P kg-1 during a 16-week study 
period 
 First order equation Decay rate constant  (k) r2 t1/2 
Control y = 0.0014x + 0.7734 0.0014 0.28 -495 
F100 y = -0.0009x + 0.8577 -0.0009 0.96 770 
F200 y = -0.0022x + 0.9476 -0.0022 0.99 315 
Compost y = -0.0036x + 0.9379 -0.0036 0.99 193 
§Sum of P extracted with NaHCO3 and NH4Ac 
 
 
Table 7.3.14. Rate constants (k) by linear regression equations for changes in the amounts 
(mg P kg-1 soil) of labile inorganic P and moderately labile inorganic P in the control soil and 
soils amended either with inorganic P fertilizer at rates of 100 mg P kg-1 (F100) and 200 mg 
P kg-1 (F200) or with compost at a rate of 200 mg P kg-1 during a 16-week study period  
P fraction Treatment Rate constant  

(mg P kg-1 soil day-1) 
r2 

Labile P Control -0.118 0.93 
 F100 -0.135 0.64 
 F200 -0.227 0.65 
 Compost -0.260 0.86 
    
Moderately labile P Control 0.090 0.33 
 F100 -0.198 0.86 
 F200 -0.329 0.99 
 Compost -0.556 0.95 
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7.3.6 Stability of the major soil Ca- and Mg-P minerals 

The concentrations of acid soluble (pH 2.0) Ca and Mg, and NaHCO3 (pH 8.0) 

soluble P in the control soil and in soils amended with either inorganic fertilizer or compost 

at a rate of 200 mg P kg-1 soil are shown in the Table 7.3.15. The diagram of the stability of 

the major Ca- and Mg-P minerals and the major P complexes in the control soil (Fig 7.3.6 

(a)) predicted that none of the bobierrite, newberyite or brushite should be present, while 

OCP, TCP, and HAP should precipitate in the control soil. It was predicted that when the 

concentration of P decrease as plant uptake, OCP and TCP should begin to dissolve to 

become plant available. The diagrams in the soil amended with inorganic P fertilizer (Fig 

7.3.6 (b)) predicted that no Mg-Ps or brushite should be present, but OCP, TCP, and HAP 

should form in this soil at week 4, and OCP should begin to dissolve by week 16. It was 

predicted that TCP should begin to dissolve when the concentration of P in the soil solution 

further decreases. The diagrams in the soil amended with compost (Fig 7.3.6 (c)) predicted 

that OCP, TCP, and HAP except Mg-Ps and brushite should precipitate in this soil at week 4. 

After week 16, OCP should begin to dissolve to become plant available P.  

 

Table 7.3.15. The amounts of acid (0.02 M HCl) extractable Ca2+, Mg2+ and NaHCO3 
extractable P (n=2) 

 
 

 Control F200-amended soil at  
Week 4 /16 

Compost-amended soil at 
Week 4 / 16 

 ------------------------------------------ mg L-1 ---------------------------------- 
P  0.77 ±0.02  3.44 ±0.06 / 2.37 ±0.03 1.97 ±0.04 / 0.87 ±0.02 
Ca2+  90.0 ±0.5  91.5 ±0.5  144.6 ±8.1  
Mg2+  17.6 ±0.6  17.9 ±0.6 32.9 ±2.0  
pH 7.18 ±0.04 6.62 ±0.03 / 6.93 ±0.03 7.06 ±0.05 / 7.70 ±0.03 
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Figure 7.3.6 Diagrams of the stability of the major Ca-, and Mg-P minerals and P 
complexes in (a) the control soil, (b) the soil amended with inorganic P fertilizer at 
rate of 200 mg P kg-1 soil (F200) at week 4 and 16, and (c) the soil amended with 
turkey litter compost (Compost) at rate of 200 mg kg-1 soil at week 4 and 16  
(Stars represent the specific chemistry of each soil) 
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7.4 Discussion 

7.4.1 Distribution of P fraction in the air-dried unamended soil 

The calcareous soil contained a small proportion of labile P extracted with NaHCO3, 

which accounted for ~3% of the total extractable P obtained by the sequential fractionation 

method. Of the total extractable soil P ~68% was organic P. The amount of organic P 

extracted with NaHCO3 could be partially attributed from soil preparation, i.e. air-drying. It 

is known that soil drying can increase the amount of organic P due to release of compounds 

from microbial cells that lyse during rapid dehydration by rewetting (Turner et al., 2005). 

The majority of soil P was moderately stable to stable P extracted with NH4F, NaOH-

Na2CO3, CD, and H2SO4, and accounted for ~89% of the total extractable P obtained by the 

sequential fractionation method.  

 

7.4.2 Soil pH and plant growth 

Soil pH in all soils increased at week 8, when the amounts of P taken by ryegrass and 

rates of the growth of ryegrass were the greatest. Soil pH in the compost-amended soil was 

significantly greater than that in either the fertilizer-amended or the control soils, with 

difference ranging from 1.0 unit (compared to F150 and F200) to 0.5 unit (compared to F50, 

F100 and control). This observation was comparable to the study by Sharpley et al. (2004) 

who found an average 0.7 unit increased in soil pH by application of various animal manures 

and composts compared to untreated soil. Ryegrass growth also increased soil pH in all soils, 

which was also observed in the study by Waldrip et al. (2011). This was mainly because 

ammonium nitrate (NH4NO3) was used as an N source, and since ryegrass preferentially 
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takes up  NO3
-  over NH4+ the plants will excrete OH- or HCO3

-  to maintain their ionic balance 

which increases soil pH  (Hinsinger, 2001).  

The compost amendment significantly increased the amounts of cumulative P 

obtained by aboveground plants at week 8 sampling, which was more than twice that of the 

control soil, and equivalent to the fertilizer-amended (F200) soil. A significant difference in 

the nature, quantity of roots, and aggregation buildup within plant roots was observed in the 

compost-amended soil compared to other soils (Fig. 7.3.2). Carey and Gunn (2003) reported 

that the total ryegrass root mass was much higher in the soil amended with organic fertilizer 

compared to that in either untreated soil or the soil amended with synthetic fertilizer in their 

study. Production of a large, vigorous root system is important for improving plant-tolerance 

to many kinds of stress (Carey & Gunn, 2003). Addition of organic matter in the compost 

and increased root production may have promoted soil biological activity, thereby increasing 

soil aggregation. According to the work by Jindo et al. (2012), humic acids, especially those 

formed in composts, promote root growth. Several studies have reported a greater symbiotic 

relationship between plant roots and mycorrhizal fungi in organically-amended soils (Mader 

et al., 2000; Oberson & Frossard, 2005). The ryegrass in the soil amended with the compost 

was also greener than that in the other treatments after the week 8 (Fig. 7.1.1 and 7.1.2). 

Therefore, the significant ryegrass growth in the soils amended with compost can be 

attributed to an addition of micronutrientsor to growth promoting factors present in the 

compost. 
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7.4.3 Proportion and amount of organic P  

The proportions of the total organic P slightly increased at week 8 relative to those at 

week 4 in all soils. This slight increase of organic P may be partially due to root debris or 

microbial immobilization of inorganic P. At week 4 there was no NH4Ac extractable organic 

P in all soils, however, this P fraction was observed at week 8 in the soils amended with 

either F200 or compost and the amounts were stable during the study period. This organic P 

extracted with NH4Ac was considered to be from the root and plant debris.  

Organic P has to be mineralized via enzymes, such as phosphatases or phytases to 

become plant available, which depends on soil biological activity (Waldrip et al., 2011; 

Ylivainio et al., 2008). Compared to the air-dried unamended soil at week 0 (Table 7.3.2), the 

proportions of organic P in all soils were smaller (~50% at week 4 compared to ~68% at 

week 0) with growth of ryegrass, but the amounts of organic P in amended soils were 

relatively constant during the study period except that in the control soil. The smaller 

proportion of the organic P with ryegrass growth may due to mineralization of organic P via 

enzymes by the organic anions produced from ryegrass roots and their influence on microbial 

activity in the soils. Guo et al. (2000) reported that organic P was only important to soil P 

fertility in unfertilized soils or in soils with high organic matter, whereas mineralization of 

organic P has also been observed in high-P mineral soils (George et al., 2005). According to 

George et al. (2005), phytase activity was affected mainly by soil pH, where a soil pH 7.5 

was the most effective, even though the longevity of the phytase activity can vary among soil 

types. Manure from non-ruminant animals, such as turkey litter, usually contains inositol 

phosphates, however, it has been reported that the concentrations of inositol phosphates are 

not significantly different between manured and unmanured soils  (Doolette et al., 2010; Dou 
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et al., 2009; Nash et al., 2014). Several studies have shown that mineralization of organic P 

by phosphatase enzymes, especially phosphomonoesterase including phytases, occurs in soils 

amended with poultry litter (Crouse et al, 2002; von Wandruszka, 2006; Waldrip et al., 

2011). In this experiment, the compost slightly increased the amounts of organic P compared 

to the other treatments at week 4, however, the amount of organic P mineralized at week 16 

relative to that at week 4 in the compost-amended soil was much less than that in either the 

control soil or the soil amended with F100. In F200-amended soil, no mineralization of 

organic P was observed at week 16 relative to week 4 (Table 7.3.11). Therefore, 

mineralization of organic P made a more important contribution to soil P fertility in soils 

relatively deficient in P as Guo et al. (2000) previously reported. 

 

7.4.4 Effects of amendments on the various P fractions 

During the incubation, the NaHCO3 extractable inorganic P was transformed into 

plant available P and obtained by ryegrass or partially transformed into other P forms. The 

amounts of organic P extracted by CD significantly decreased with ryegrass growth relative 

to that in the air-dried soil without ryegrass growth at week 0. The organic P extracted with 

CD may have been mineralized by the root-induced organic anions and microbial activities in 

the rhizosphere during 4 weeks of incubation. The amounts of both inorganic and organic P 

extracted with NaOH-Na2CO3, and H2SO4 were relatively constant in all treatments over the 

study period.  

All amendments (F100, F200 and compost) increased the P fractions extracted with 

NaHCO3, NH4Ac and NH4F. The major proportion of applied P was recovered in the 

labile/moderately labile inorganic P fractions (F100 ~72%, F200 ~76%, and compost ~77%). 
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The inorganic fertilizer amendments resulted in much larger recovery in the labile inorganic 

P fraction extracted with NaHCO3 (~30%) compared to the compost (~17%). The compost 

applied P was recovered mainly in the moderately labile inorganic P fraction extracted with 

NH4Ac (~60%). Changes in the amounts of labile/moderately labile inorganic P at week 16 

relative to that at week 4 were observed in the following order; control < F100 < F200 < 

compost, and this order was directly related to the estimated amounts of plant P uptake. The 

half-life of labile/moderately labile P in soils in the compost-amended soil was much shorter 

(~193 d), followed by that in the F200-amended soil (~315 d) and in the F100-amended soil 

(~770 d). The amount of labile inorganic P in the F200- and compost-amended soils 

decreased at similar rates, 0.227 and 0.260 mg P kg-1 soil day-1, respectively, which were ~2x 

faster than those in either the control or F100-amended soils. The amounts of moderately 

labile inorganic P in the compost-amended soil decreased at a faster rate (0.556 mg P kg-1 

soil day-1) followed by that in the F200-amended soil (0.329 mg P kg-1 soil day-1) compared 

to those in the F100-amended soil during the 16-week study period. Both microbial activity 

and root-induced acidification in the rhizosphere might have transformed the moderately 

labile P in the amended soils. Therefore, the NH4Ac extractable P may be considered as plant 

available P in addition to NaHCO3 extractable P, especially soils amended with animal 

manure composts. 

 

7.4.5 Plant available P in the soil amended with animal manure compost 

The x-ray diffraction pattern of turkey litter compost (TLC) showed two major 

inorganic P forms; newberyite (MgHPO4·3H2O s ) and brushite (CaHPO4·2H2O s ) present 

in TLC. The sequential fractionation showed that the majority of the organic P in TLC was 
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soluble with a weak acid extractant (NH4Ac, pH 4.2). Extra amounts of Ca and Mg were 

applied into soil with the compost, which would alter the precipitation-dissolution reactions 

of Ca(Mg)-P minerals in the compost-amended soil. The stability of the major Ca- and Mg-P 

minerals in the compost-amended soil (Fig. 7.3.7 (c)) predicted that the newberyite and 

brushite would dissolve to become plant available or transform into more stable P. Acid 

soluble organic P, such as Ca(Mg)-phytate, may be mineralized to become a plant available 

form via phytase excreted by roots of ryegrass in the rhizosphere. Ma et al. (2009) reported 

that the soil pHs in the rhizosphere were 0.4 to 0.8 units lower than those in the bulk 

calcareous soils in 5 different locations with xerophytic shrubs, and found that the amounts 

of P extracted with NH4Ac were significantly lower and the amounts of P extracted with 

NaHCO3 were significantly higher in rhizosphere compared in the bulk soils in all locations. 

Lowering soil pH by 0.4 to 0.8 units can change the precipitation and dissolution reaction of 

Ca-Ps, such as brushite, OCP and TCP. According to McLaren et al (2014), dilute acid was 

able to extract slowly available P, mostly Ca-Ps, in Vertisols from Australia. The stability 

diagram of the major Ca- and Mg-P minerals for the compost amended soil (Fig 7.3.7 (c)) 

predicted that brushite should dissolve at week 4, and OCP or TCP should begin to dissolve 

to become plant available when pH < ~6.5 or the concentration of P become < ~10-5 M. 

These conditions can be accomplished by decreasing the concentration of soil solution P in 

the rhizosphere due to P uptake by plants, and/or by decreasing pH with exudation of organic 

anions by plants roots. Therefore, weak acid extractable Ca-Ps, such as those extractable by 

NH4Ac (pH 4.2), should replenish the available P supply and should be considered labile P, 

especially in the compost-amended soil. 
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7.5 Conclusion 

 Ryegrass took up P from the labile inorganic P extractable with NaHCO3 in all 

soils, and also took up from the moderately labile inorganic P extractable with NH4Ac in the 

soils rich in P (i.e. soils amended with either inorganic or organic amendment at 200 mg P 

kg-1 soil). Ryegrass promoted mineralization of organic P in the unamended control soil. 

Therefore, mineralization of organic P was regulated by soil P fertility. After week 4, the 

plant biomass and the amount of P taken up by plants in the compost-amended soil had 

become significantly greater, compared to those in other treatments. The major proportion of 

P applied by the both inorganic and organic amendments was recovered in the 

labile/moderately labile P, which is the sum of NaHCO3 and NH4Ac extractable inorganic P 

fractions. However, P applied as inorganic amendment resulted in much larger recovery in 

the P extracted with NaHCO3 compared to the compost, whereas, the majority of the compost 

P was recovered in the P extracted with NH4Ac. Transformations of forms of P in the 

compost-amended soil occurred faster compared to those in other soils, especially of the P 

fraction extracted with a weak acid extractant, NH4Ac (~0.6 mg P kg-1 soil day-1). This P 

fraction should be considered as plant available P, especially in soils amended with animal 

manure composts. Weak acid extractable P should be considered as a better indicator of soil 

P fertility, especially in the soils amended with animal manure composts. 
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Supplemental materials 

 

 
 
Figure 7-1. Changes in the amounts of P fractions extracted with NaHCO3, NH4Ac, 
NH4F, NaOH, CD, and H2SO4 during a 16-week incubation period with ryegrass 
growth (n=3) (Error bars represent standard errors)  
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Figure 7-2. Changes in the amounts of inorganic P fractions extracted with NaHCO3, 
NH4Ac, NH4F, NaOH, CD, and H2SO4 during a 16-week incubation period with 
ryegrass growth (n=3) (Error bars represent standard errors) 
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Figure 7-3. Changes in the amounts of organic P fractions extracted with NH4Ac, 
NH4F, NaOH, CD, and H2SO4 during a 16-week incubation period with ryegrass 
growth (n=3) (Error bars represent standard errors) Note: Chart for NaHCO3 was 
excluded since there was no organic P fraction detected in the extracts 
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Chapter 8 Summary and future recommendations 

 

8.1 Summary     

Organic amendments provide both plant-available nutrients and organic matter to 

soils, resulting in improvements to soil chemical, physical and biological properties as well 

as benefiting soil fertility. These amendments can directly affect the chemistry of soil 

phosphorus (P) by altering the amounts, distribution and transformations of various soil P 

fractions. The goal of this thesis research was to understand effects of inorganic and organic 

amendments on soil P chemistry in a calcareous soil. A sandy loam calcareous soil was 

obtained from an organically-managed farm field located near Scotland, Ontario, which is 

classified as a Brunisolic Gray Brown Luvisol. The turkey litter compost (TLC) was 

produced from the litter of turkeys fed corn/soybean-based pellets, and composted with 

softwood shavings, wheat straw bedding, and spent mushroom substrate. Transformations of 

various P forms in soils amended with either TLC as an organic amendment or KH2PO4 as an 

inorganic amendment were compared with or without plant growth conditions. In order to 

design appropriate experiments, a model of the dynamics of soil inorganic P in a calcareous 

soil was constructed and analytical techniques for quantifying and characterizing forms of 

inorganic and organic P in either calcareous soils or in animal manure composts were 

evaluated.   

 Overall, this thesis showed that even though forms of P in TLC are clearly 

different from those in inorganic P fertilizer (i.e. KH2PO4), the plant availability of P in TLC 

was not significantly different from that in the inorganic P fertilizer. In the current soil P 

management system accredited in Ontario, only NaHCO3 extractable inorganic P (Olsen P) is 
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considered to be a measure of plant available P and its use underestimates the plant available 

P in soils, especially in soils amended with animal manure composts and results in higher 

recommendations for P inputs. Over application of P amendments can lead to serious 

environmental problems. This study also showed that weak acid (0.5 M NH4Ac, pH 4.2) 

extractable P was transformed into plant available forms in soils amended with both the 

inorganic and organic P amendments. The replenishment of the soil solution by weak acid 

extractable P should be considered as an indicator of soil P fertility, especially when 

managing soils with animal manure composts. Weak acid extractable P may be a better 

indicator of the plant available P in soils amended with animal manure composts. For 

instance, soil P tests using weak acid extractants, such as the Morgan (1.24 M NaAc buffer, 

pH 4.8) or modified Morgan (0.62 M NH4Ac buffer, pH 4.8) soil test, have been used in 

Maine, USA (Griffin et al., 2003; He et al., 2004). According to McLaren et al. (2014), dilute 

acid (0.005 M H2SO4, pH 2.0) was able to extract slowly available P, mostly Ca-P, in 

Vertisols from Australia. He et al. (2004) recommended a single extraction with sodium 

acetate buffer (0.1 M, pH 5.0) for fast evaluation of plant available P in animal manures. The 

major forms of P in animal manure composts are not soluble in water, thus have less 

potential to become runoff P relative to the forms of P in synthetic inorganic P fertilizers 

which are often water soluble P, yet they may become plant available when required by 

plants. Animal manure composts can be environmentally effective alternatives to mineral 

fertilizer use, providing appropriate P management is practiced.  
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8.2 Future studies 

 The research conducted in this thesis showed that proportions of plant available P 

in animal manure composts are much higher than that assessed by the current recommended 

soil P test practiced in Ontario (Olsen P test). The soil P test for assessing soil P fertility 

needs to be re-evaluated, especially in soils managed with organic amendments. Since this 

study evaluated only one type of calcareous soil and only one type of compost, further 

studies should extend this research to a wider range of soil types and organic amendments.  

The future research should include the following: 

(1) Expand experiments with different types of calcareous soils to investigate whether 

quantification of the forms of P are affected by soil properties (soil pH, clay and 

organic matter contents), 

(2) Analyze the forms and distribution of P in different types of animal manures and 

animal manure composts, 

(3) Investigate the effects of organic matter on soil P chemistry (i.e. whether organic 

matter blocks P adsorption sites or if it promotes P adsorption to soil colloids via 

cation bridges), 

(4) Assess forms and proportions of organic P in animal manure composts in both 

alkaline and acidic extractants by solution 31P NMR spectroscopy, 

(5) Assess and compare techniques for quantifying and characterizing organic P forms, 

including 31P NMR spectroscopy, isotopic dilution technique, and 3-D excitation-

emission fluorescence spectroscopy,  

(6) Upgrade the computer P model by adding other elements that form P complexes and 

potential P precipitates (i.e. S, K, Mn, Fe and Al), and compare output and 
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predictions with that generated from other available chemical equilibrium models 

such as MINTEQ and GEOCHEM-PC, and  

(7) Identify the ideal weak acid extractant and pH to use as a soil P test for predicting 

plant available P in calcareous soils. 

 

 This thesis also highlighted that the understanding of soil P chemistry is a key to 

design effective experiments studying soil P dynamics. Numerous techniques for quantifying 

and characterizing soil P have been introduced and practiced. However, without 

understanding their underlying chemical mechanisms, there is a potential for the research to 

lead in the wrong direction and give erroneous results. Many different soil P tests have been 

introduced and practiced widely for centuries, but the majority of studies using these tests do 

not clearly explain their mechanisms (i.e. the reasons for selecting the extractant, the pH or 

the soil to solution ratio, etc). This study is one of the few studies to clearly show how P 

reacts in some extractants (i.e. NaHCO3 and NH4Ac) using mineral P stability and P complex 

diagrams with the laboratory experiments. Selecting appropriate methodologies requires 

understanding of fundamental mechanisms of transformation of P pools and should be 

emphasized when conducting experiments.    
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