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ABSTRACT 

 

Biochar is a carbon rich solid product obtained after heating of biomass such as wood, 

manure or leaves in an oxygen limited environment. Phosphorus is considered as a limiting 

nutrient for plants and its management is necessary from soil fertility and crop productivity 

point of view. The soils of Flemish region in Belgium are mostly sandy with acidic pH range 

and are generally P saturated due to intensive livestock farming in the past thus can create 

environmental problems. P fertilization has been severely restricted in Flanders due this 

reason. P might be limited in some agricultural crops especially during its early growth due to 

strong fixation of P applied in the past and become unavailable. Realizing these facts, a study 

was conducted with an aim to test whether the application of biochar with and without 

phosphate solubilizing bacteria can increase availability of P in such soils and also could this 

method be used in case of very severe P fertilization restriction. A laboratory incubation 

experiment was carried out in two Flemish soil types (soil 1- high in P and soil 2- low in P, 

both acidic sandy) along with 8 treatments including control (control, poultry litter biochars 

at 400 and 500 °C, pinewood biochar at 400°C and PSB mixed with each component) for 

each soil types, 4 replications per treatment and 6 extraction dates (1, 2, 4, 7, 10 and 13 

weeks after incubation). In this way, 384 samples all in total were analyzed for P 

measurements. Data collected were analyzed using SPSS version 16. 

 

The total P analysis of both soil samples showed us that soil 1 was high in total P (116.8 mg 

kg
-1

 soil) as compared to soil 2 (395.4 mg kg
-1

 soil). Results obtained from the Modified 

Hedley sequential P fractionation from original soil samples showed that the largest inorganic 

P pool (Pi) was extracted using 0.1 M NaOH in soil 1 (40% of total P) and with 0.5 M 

NaHCO3 in soil 2 (27% of total P) while largest organic P pool (Po) was extracted with 0.1 M 

NaOH solution for both soil 1 (24% of total P) and soil 2 (33% of total P). Similarly, results 

of P fractionation after 10
th

 weeks of incubation showed considerable increase in mean total 

Pi and Po and also in total available P (water and NaHCO3 extractable) in both soils treated 

with poultry litter biochar (both pyrolyzed at 400 and 500 °C, with and without PSB). The 

highest total mean Pi for soil 1 and soil 2 were found to be 1410.4 and 664.4 mg kg
-1

 soil both 

treated with PL500 respectively after 10
th

 weeks of incubation whereas the highest total mean 

Po were of 423.42 mg kg
-1

 soil (treated with PL400) and 203.0 mg kg
-1

 soil (treated with PSB 

plus PL400) for soil 1 and soil 2 respectively. 
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The results from the direct available P measurements using different extracting solutions 

(ammonium lactate, CaCl2) and direct total P measurement revealed that samples treated with 

poultry litter biochars with and without PSB resulted in significant increase in available P and 

total P as compared to control (p<0.05) based two way ANOVA test (post hoc multiple mean 

comparison). The highest mean PLAC for soil 1 and soil 2 were found to be 1017 and 495 mg 

kg
-1

 soil respectively both treated with PL500 and measured after 13
th

 weeks of incubation. 

The highest mean difference of 444.9 mg P kg
-1

 soil was found with treatments between PSB 

plus PL500 and control at the end of 10
th

 incubation week for soil 1 whereas samples treated 

with PL500 resulted in significantly higher PLAC than control with mean difference up to 

451.3 mg P kg
-1

 soil at the end of 4
th

 incubation week in soil 2. No significant interaction 

effect was observed between the samples treated with biochars and PSB. Similar case was 

found also in P extracted in 0.01 M CaCl2 extracting solution. The CV for MBP was found to 

be much higher in both soils measured 2
nd

 weeks after incubation and all the MBP values 

measured after 13
th

 weeks of incubation were negative because the values obtained from 

fumigated samples were lower than the no-fumigated ones. Significant increase in soil pH 

(pH-KCl) was found in samples treated with poultry litter biochars (with and without PSB) 

than control at each incubation weeks in both soils (p<0.05). Highest mean differences 

(between control and treatments) of 1.77 (measured after 1 week) and 1.66 pH units 

(measured after 2 weeks), in both case treatment with PSB plus PL500, were found for soil 1 

and soil 2 respectively. PSD (measured after 10
th

 weeks) of soil 1 (range of 98-132%) was 

found much higher than soil 2 (range of (22-73%). PSD measured in soil 1 was also much 

higher than the critical threshold value (40%) proposed in Belgium indicating higher risks of 

P losses. 

 

As a conclusion, application biochar (especially poultry litter) on P availability in P saturated 

sandy soils of Flemish regions with acidic pH range seems much effective but the interaction 

effect with PSB was not significant. However, the results are not consistent when comparison 

is made between control and treatments among the incubation weeks for each values 

measured. Hence, further exploration is necessary in fully controlled environment with long 

term incubation in order to assess the effects with much better accuracy.       
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CHAPTER 1. INTRODUCTION 

 

1.1 Background of research  

 

The term ‘biochar’ is a recent advancement in soil science and engineering sector and has 

emerged mainly in conjunction with soil management and carbon(C) sequestration (Lehmann 

et al., 2006). It is a carbon rich solid product obtained when heating biomass, such as wood, 

manure or leaves is heated under limited supply or absence of oxygen (Lehmann and Joseph, 

2009; Verheijn et al., 2009; Joseph et al., 2010). Application of biochar to soil has shown 

positive effects in terms of increased crop productivity and soil fertility (Chan et al., 2007; 

Glaser et al., 2002). Additionally, biochar is considered as an important soil amendment as it 

improves soil productivity, carbon storage, infiltration and water holding capacity of soil. It 

can influence soil nutrient transformation (Clough and Condron, 2010; Taghizadeh-Toosi et 

al., 2012) and has been shown to mitigate greenhouse gas emission in the field (Sohi et al., 

2010; Taghizadeh-Toosi et al., 2011) through increased carbon sequestration and reduced 

nitrous oxide emissions. 

 

Although there are many interests in application of biochar in soil in order to improve soil 

quality, there is still limited in depth understanding especially on mechanisms and responses 

that biochar creates within soil ecosystem. There is an increasing interest of use of biochar as 

a soil conditioner and evidence is approaching that these amendments can influence nutrient 

availability in soil (Van Zwieten et al., 2010). 

 

Phosphorus (P) is an essential element for all forms of life and is mainly stored in soils and 

sediments (Pierzynski and McDowell, 2005). It is a major chemical nutrient needed for the 

plant growth even though its concentration in plant tissue is relatively small (0.5-1.0%) as 

compared to large concentration to carbon (45-50%) (Stevenson and Cole, 1999).  P 

deficiency is one of the major growth limiting factor restricting crop yields in many soils 

especially in the tropics. Phosphorus has been significantly provided as an external input for 

sustainable crop production since more than a century, with tremendous positive effects on 

primary crop production. During the last 50 years, most soils of the developed countries have 

globally increased their level in P content (Sims, 1992; Lemercier et al., 2008). As a result, 

water bodies has been polluted with P leading to an eutrophication which has become a real 

problem in a global scale (Jordan-Meille and Dorioz, 2004; Carpenter, 2008).Therefore, 
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knowledge of the processes that control its availability into the soil and the movement of P 

from soil to the water bodies should clearly be understood for its proper management. 

 

Normally, the fertility status of agricultural soils in Flanders (Belgium) is high due to long 

term application of farm manure and inorganic fertilizers (Van Den Bossche et al., 2005). As 

pig farming is an important part agriculture activity in Flanders since early seventies, large 

quantities of pig slurry are annually incorporated into the cultivated land. As a result, there is 

disequilibrium between the level of P fertilization and the P uptake by the plants and this 

leads to an accumulation of P in the soil profile (De Smet, 1998). The intensive livestock 

production in Flanders and the significant volume of waste produced is causing a serious 

nutrient problem which is exacerbated by the limited nutrient adsorption capacity of the 

Flemish soils.  

 

Due to extensive use of farmyard manure and compost with limited amount of rock 

phosphate, P from these inputs are less readily desorbed into soil solution than soluble 

inorganic P fertilizer and hence can be used for the long run. However, Mulier et al. (2003) 

reported that Flanders is confronted with annual surplus of 103 kg N and 24 kg P ha
-1

 of the 

agricultural area. Soils in Flanders are mostly sandy with high to very high P fertility status 

which makes them susceptible to leaching. Hence, large parts of the Flemish soils have P 

saturation larger than its critical value (30%). Additionally, sandy natures of these soils have 

low sorption capacity and P mobility is higher and therefore they are more prone to P 

saturation (Van Den Bossche et al., 2005). However, large proportion of P present in the soil 

become unavailable for the plants due to fixation.  

 

Phosphate solubilizing bacteria are those microorganisms which are able to solubilize and 

mineralize P pools in soils and thereby making P available for plants uptake (Tao et al., 2008; 

Jakobsen et al., 2005). These bacteria have been isolated from many soils. By using these 

PSB, P fixed in the soils can be made available for the plants and thereby reduces the need 

for additional P fertilizers. 

 

1.2 Justification 

 

Proper evaluation of biochar as a soil ameliorator and its interaction with soil environment is 

a matter of concern these days for soil scientists from fertility and productivity point of view 
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(Steiner et al., 2007). Even though there are a wide range of interactions between biochar, 

soil microbes and plant roots, the extent, rates and implication of these interactions are not 

fully understood, which is utmost for an effective evaluation of the use of biochar as a soil 

amendment for C sequestration and nutrient cycling (Joseph et al., 2010).  

 

Few research has been carried out highlighting the mechanisms responsible for the reported 

benefits of biochar in terms of P availability for plant growth, production, soil quality and 

interaction with soil microbes to see the biological effects even though there is quite some 

research published on nitrogen management with biochar application (Chan et al., 2007). 

Understanding of these concepts and principles is necessary in order to promote market value 

of biochar in agriculture sector and as well as technology development for the production of 

quality biochar. This research will enable the understanding of how biochar application 

affects phosphorus cycle and its availability in soil ecosystem as well as its interaction with 

phosphate solubilizing bacteria.   

 

1.3 Research objectives 

 

General objective 

 

 To evaluate the effect of biochar on the P cycle and P availability in sandy soils of 

Flanders and its interaction effect with phosphate solubilizing bacteria.  

 

Specific objectives 

 

 To compare the effects of biochar made at different pyrolysis temperatures on P 

availability. 

 To compare the effect of biochar made from different sources of feedstocks on P 

availability. 

 To characterize the different P fractions (pools) on these soils 

 To understand how pH varies in soils amended with different types of biochar and its 

ultimate effect on P availability on these soils. 

 To know the effect of interaction between biochar and phosphate solubilizing bacteria on 

P availability in soil. 
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CHAPTER 2. LITERATURE REVIEW 

 

2.1 Biochar 

 

2.1.1 Production of biochar 

 

Biochar is obtained after heating the biomass such as wood, crop residues, manure, leaves, 

etc. in a closed container with little or in absence of oxygen at higher temperatures (Lehmann 

and Joseph, 2009). Producing biochar is mutually beneficial as some energy in the form of 

bio-oil and biogas can be captured during its production (pyrolysis stage) and the generated 

biochar may be used as a good soil amendment as well as for reducing overall emissions of 

greenhouse gases (Gaunt and Lehmann, 2008). The conditions for optimal production of 

biochar with improved nutrient properties are different for different kinds of feedstocks and 

pyrolysis circumstances (Chan et al, 2007). Hence, this requires additional research and 

monitoring activities.  

 

Biochar produced at lower temperatures (<550 ºC) have predominantly amorphous C 

structure with a lower aromaticity than high temperature biochars (Joseph et al., 2010). High 

temperature pyrolysis (>550 ºC) produces biochars that generally have high surface areas 

(>400 m
2
 g

-1
), that are recalcitrant to decomposition and are good absorbent (Downie et al., 

2009). Whereas low temperature pyrolysis (<550 ºC), on the other hand, favours greater 

recovery of carbon and also several nutrients (e.g. N, P, K, S) as such nutrients are 

increasingly lost at higher temperatures. Also they have greater reactivity in soils as a result, 

better contribution to soil fertility (Steinbeiss et al., 2009; Joseph et al., 2010). 

 

The main aim behind the production of biochar is its carbon sequestration potential and soil 

quality improvements. Optimized production of biochar can be produced at a typical 

pyrolysis temperature ranging from 350-800 ºC. Generally, the yield of biochar decreases 

with increase in pyrolysis temperature (Figure 2.1) and vice versa. Slow pyrolysis technique 

results in a higher yield of biochar and has potential role in carbon sequestration although 

these biochars are less aromatic and thus less stable than biochars produced at higher 

temperatures. Higher pyrolysis temperature leads into more gaseous and liquid products. 

Also, high temperature during pyrolysis increases fixed carbon contents in biochar and 

reduces the oxygen content in biochar (Spokas, 2010; Bridgwater and Peacocke, 2000).   
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Figure 2.1 Impact of pyrolysis temperature on the yield of biochar (dry weight basis of 

original biomass) from various biomass materials (Source: Spokas, 2010) 

 

Fast pyrolysis is a high temperature process, during which the biomass is quickly heated in an 

oxygen limited environment, vaporizes and condenses to a dark brown liquid. As compared 

to slow pyrolysis which is mainly used for making biochar, fast pyrolysis is of more 

advanced one which can produce high yields of liquid called ‘bio-oil’ (Bridgwater and 

Peacocke, 2000). This is currently of particular interest as the liquid can be stored, 

transported and used for energy and the production of chemicals (Figure 2.2). Gasification is 

a process that provides a fuel gas which can be combusted, generating heat or can be used in 

an engine or turbine for electricity generation. Hence, the main product of fast pyrolysis is 

bio-oil (80%) together with byproduct char and fuel gas (Bridgwater, 2012). 
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Figure 2.2 Products from thermal biomass conversion (Source: Bridgwater, 2012) 

 

 

2.1.2 Physical properties of biochar 

 

The physical property of biochar is of considerable significance. The produced biochar is 

highly porous in nature which is due to retaining of cell wall structure of the biomass 

feedstock. Generally, porosity of wider range within biochar results in a greater surface area 

and lower bulk density (0.3 Mgm
-3

 as compared to average soil bulk density of 1.3 Mgm
-3

). 

Due these properties, biochar can change soil physical properties such as structure, soil 

porosity, bulk density and water holding capacity and increased plant water availability 

(Downie et al., 2009). 

 

Generally, two types of densities (solid and bulk) have studied to characterize the biochar 

from physical point of view (Downie et al., 2009). Solid density is defined as the density on a 

molecular level and is related to the degree of packing of the C structure. Bulk or apparent 

density is that of the material consisting of multiple particles that includes the macroporosity 

within each particle and the pores between the particles (inter-voids). There is an inverse 

relationship between solid and bulk densities of biochar because development of pores occurs 

during pyrolysis (Downie et al., 2009; Villegas et al., 2006). This is mainly due to 

dehydroxylation (removal of -OH group) whereby water molecules break all the walls and 

make the biochar structure more porous. Brown et al. (2006) reported that the solid density of 
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biochar is independent of heating rate and observed a simple and direct dependency of solid 

density upon final pyrolysis temperature (Figure 2.3). They concluded that the helium-based 

solid density may serve as an approximate indicator of the highest temperature experienced 

by any wood biochar and not the thermal history (heating rate).  

 

 

 

 

Figure 2.3 Solid densities of biochars with highest (heat) treatment temperatures 

(Source: Brown et al., 2006) 

 

 

Biochar materials consists of various range of particle size depending on the temperature 

provided for a given production system and the method of production. Fast pyrolysis happens 

at relatively higher temperature with a short burn period resulting into fine texture biochar 

(<0.002 mm diameter) whereas slow pyrolysis results coarse textured biochar with longer 

burn period (Dall’Ora et al., 2008). Van Zweiten et al. (2010) reported that the surface area 

of biochar produced from slow pyrolysis of paper mill waste was found to be 115 m
2 

g
-1

. 

Brown et al. (2006) reported that both heating rate and production temperature during 

pyrolysis has a significant effect on surface area development and pore structure (Figure 2.4). 

Maximum surface area of 400 m
2 

g
-1

 was observed at final temperatures between 650 and 850 

°C where as biochars produced at below 450 °C have a surface area of less than 10 m
2
 g

-1
. It 
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also showed strong decrease of surface area for samples heated to final temperatures of 1000 

°C. There has been found that formation of pores and its continuity is impeded at relatively 

lower temperatures as result of tars (dark oily viscous materials composed mainly of 

hydrocarbons) obtained from wood decomposition during biochar formation (Pulido-Novicio 

et al., 2001; Kercher and Nagle et al., 2003). These pores become increasingly accessible as 

the temperature increases up to 750 °C and above that temperature, pore structure collapses 

resulting in a sintering effect which seals off the remaining micropores. 

 

 

 

Figure 2.4 Surface areas of various biochars as a function of production temperature 

under various ramp rates (Source: Brown et al., 2006) 

  

 

2.1.3 Chemical properties of biochar 

 

The organic fraction of biochar has a high C content which mainly consists of aromatic rings 

of six carbon atoms linked together without oxygen or hydrogen (Schmidt and Noack, 2000). 

However, till now, biochar-type materials have largely escaped full characterization due to 

their high complexity and variability. The mineral components that exist within the C 

structure of the biochar differ in the range of structural ordering and in electrical and 

magnetic properties (Joseph et al., 2008; Yao et al., 2010). 
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Temperature and the residence time, during which a given biomass is subjected to pyrolysis 

as well as heating rate, directly influence the chemical properties of biochar. The pH and 

electrical conductivity of the biochar depend on both the content and composition of the 

mineral fraction (ash fraction) and which in turn depends on the type of feedstock and 

pyrolysis conditions under which the biochar is subjected for pyrolysis during its production 

(Chan and Xu, 2009; Singh et al., 2010). The high reactivity of the surfaces of biochar 

particles in soils is mostly attributed to the presence a wide range of reactive functional 

groups (OH, COOH groups), some of which are pH dependent (Joseph et al., 2008; Cheng 

and Lehmann, 2009). Biochar has higher tendency than other forms of organic matter to 

attract and hold cations per unit of carbon (Sombroek et al., 2003). This is due to the fact that 

it has larger surface area and more negative surface charge per unit area (Liang et al., 2006).  

 

Biochar prepared from wood contains significant quantities of polycyclic aromatic 

hydrocarbons (PAHs) but in various concentrations depending upon carbonization 

temperature. Brown et al. (2006) found that retene (a high molecular weight PAH) was 

present at a rate of 3600 ng.g
-1

 biochar at 450 °C whereas in natural char, the value was much 

higher (21000 ng.g
-1

 biochar at 500 °C). They also observed that low temperature biochar 

contained a higher concentration of low molecular weight and high vapour pressure PAHs 

while the high temperature biochar contained high molecular weight but lower vapour 

pressure PAHs. The H:C ratio is also an important chemical property of biochar. Generally, 

H:C ratios decrease with increasing final carbonization temperature (Figure 2.5) and this 

decrease in H:C ratio means that there is an increased level of hydrogen removal. This 

property may also be associated with change in structural arrangement of biochar from 

chemical point of view (Brown et al., 2006). At low temperatures of formation, H:C ratios 

are more sensitive to its final production temperature than heating rate. 
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Figure 2.5 H:C ratio of different biochars as a function of carbonization temperature 

under various ramp rates (Source: Brown et al., 2006) 

 

Oxygen to carbon molar ratio (O:C) is a parameter which is used to describe the stability of 

biochar and is also a indicator of black carbon oxidation. The O:C molar ratio is not only a 

function of production temperature, but also depends on other factors such as parent material 

and post production conditions. Normally, the ratio decrease with increase in pyrolysis 

temperature (Figure 2.6). There is an evidence that lower O:C molar ratio results in a more 

stable biochar material (Spokas, 2010). This is because chemical stability in biochar is mainly 

governed by the position on black carbon continuum which is closely related with low O:C 

ratio resulting in a more stable carbon product (e.g. soot, graphite). Biochars having O:C 

ratios less than 0.2 have higher stability with half life of greater than 1000 years and can be 

obtained across a range of production temperatures (300-1000 °C) (Spokas, 2010). 
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Figure 2.6 Overall relationships between the pyrolysis temperature and the oxygen to 

carbon molar ratio for the synthetic biochars (Source: Spokas, 2010) 

 

 

2.1.4 Nutrient content and availability in biochar 

 

The positive attribute of biochar is its nutrient value, supplied either directly by providing 

nutrients to the plants or indirectly by improving the soil quality through improvement in 

fertilizer use efficiency. Direct nutrient release from biochar is measured in terms of its 

nutrient availability rather than total nutrient content whereas indirect nutrient availability is 

characterized by its ability to retain nutrients in the soil thereby reducing leaching losses 

(Chan and Xu, 2009). The capacity of biochar to adsorb nutrients can also influence the 

nutrient use efficiency by indirectly reducing the leaching losses through the soil profile. This 

case is particularly relevant for the sandy soils with low clay contents (Van Zwieten et al., 

2010; Major et al., 2009). The type and rate of interaction of biochar with nutrients in soil 

ecosystem mainly depend on feedstock used (percentage and composition of mineral 

fraction), pyrolysis process, biochar particle size and soil environment (Steiner et al., 2007; 

Brunn et al., 2008; Kuzyakov et al., 2009).  

 

The nutrient composition of biochar also depends upon the nature and kind of feedstocks and 

the processing conditions whereas the nutrient availability is related to adsorption capacity of 
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biochars (De Luca et al., 2010; Singh et al., 2010; Yao et al., 2010). Phosphorus is mainly 

found in the ash fraction and the reactions are dependent on pH as well as the occurrence of 

chelating substances that controls phosphate solubilization. Nitrogen availability is greatly 

dependent on final pyrolysis temperature, rate of heating and type of biomass (Amonette and 

Joseph, 2009; De Luca et al., 2009). Sufficient information on the nutrient content and its 

availability is mostly lacking which makes it difficult to assess the value of biochar from 

agronomic point of view. The total nutrient composition as well as pH of biochars from 

different feedstocks is presented in Table 2.1. 

 

Table 2.1 Nutrient contents and pH of different biochars (Source: Lehmann and 

Joseph, 2009) 

Biochar 

feedstocks 

pH C  

g 

kg
-1

 

N  

g 

kg
-1

 

C:N P  

g 

kg
-1

 

K  

g 

kg
-1

 

Plant 

available P 

mg kg
-1

 

Mineral 

N 

mg kg
-1

 

CO3 

(%) 

Production 

conditions 

Wood - 708 10.9 65 6.8 0.9 - - - - 

Green 

wastes 

6.2 680 1.7 400 0.2 1.0 15 <2 <0.5 450 
O
C 

Poultry 

litter 

9.9 380 20 19 25.2 22.1 11,600 2 15 450 
O
C 

Sewage 

sludge 

- 470 64 7 56  - - - 450 
O
C  

Rice straw - 490 13.2 37 - - - - - 500 
O
C 

Coconut 

shell 

- 690 9.4 73 - - - - - 500 
O
C 

 

 

Some  studies have suggested that biochar has the ability to retain nitrogen within the soils by 

enhancing ammonia (NH3) and ammonium (NH4
+
) retention thereby reducing nitrous oxide 

(N2O) emission and nitrate (NO3
-
) leaching (Clough and Condron, 2010). Asada et al. (2006) 

reported that pyrolysis temperature has significant effect on NH3 adsorption capacity of 

biochar made from bamboo. They found that higher adsorption of NH3 was with biochar 

pyrolyzed at 500 °C which could be due to presence of acidic functional groups (carboxylic 

acid). There is decrease in such acidic functional groups with increase in pyrolysis 

temperatures. The same result was also found by Kastner et al. (2009) while exposing the 
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palm biochar made at 500 °C to NH3 solution at a concentration of 6 µL.L
-1

 and had an 

adsorption capacity of 0.70 mg.g
-1

 biochar (at 23 °C and 10% relative humidity). Hence, soils 

with intensive care and management receiving fertilizers like urea, anhydrous NH3 or 

ruminant urine patches have potential for NH3 formation which can be trapped by the use of 

biochar and thus can be good idea to retain NH3-N into soil.  

 

2.2 Effect of biochar on soil properties 

 

2.2.3 Effect on soil physical properties 

 

Addition of biochar to different soil types can change soil physical properties such as texture, 

structure, pore size distribution and bulk density. This resulted in increased soil moisture 

availability, improved nutrient retention capacity for plants and increased soil aeration mainly 

in fine textured soils (Chan et al., 2007; Downie et al., 2007; Kolb, 2007). The higher 

porosity of biochar may lead to increased water retention even though its effect seems to be 

highly dependent on initial texture of the soil. This could be due to change in overall porosity 

of soil after biochar (with higher porosity) amendment. Improved water holding capacity of 

soils amended with biochar is mostly observed in sandy soils than in loamy and clay soils 

(Gaskin et al., 2007; Glaser et al., 2002) but the mechanisms behind water holding capacity 

of biochar added soil has not yet been clearly understood.  

 

As biochar has a bulk density much lower than that of mineral soils, its application to soils 

may reduce the overall bulk density of the soil thereby reducing soil compactability. 

However, the added biochar particles can also fill up the existing soil pore space thereby 

increasing soil density (Verheijen et al., 2009) Application of biochar along with heavy 

machinery can even compact the subsoil depending upon method of application and timing. 

Further research is needed to clearly evaluate the extent and practical implications of biochar 

particle size distribution on soil physical processes and functioning as well as its impact on 

mobility and fate of biochar (Doerr et al., 2000). The resistance to compaction of soil 

amended with biochar could potentially be increased through both direct (i.e. interaction with 

soil organic matter dynamics and soil hydrology) and indirect effects. Recent research study 

has shown increased mycorrhizal growth in soils amended with biochar along with enhanced 

development of fungal hyphae and plant roots may have an effect on soil compaction 

(Downie et al., 2007; Verheijen et al., 2009). 
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Chan et al. (2007) suggested that application of biochar into soil can increase the overall net 

soil surface area and as a result may improve soil water retention as well as soil aeration. 

Increase in soil surface area can also be beneficial for the soil microbial communities and 

also the overall sorption capacity of soils. Biochar application to soil may have direct and 

indirect effects on soil water retention which may be for short or long term condition. The 

direct effect is related to large inner surface area of biochar where as indirect effect on water 

retention is related to improved soil aggregation or structure. It can act as a binding agent for 

micro-aggregates in soils under forest, grass land and arable land use (Brodowski et al., 

2006). 

 

2.2.3 Effect on soil chemical properties 

 

Biochar helps to increase nutrient availability for plants by increasing cation exchange 

capacity (CEC) of soils, altering soil pH, enhancing nutrient retention capacity when 

amended with soils or through direct nutrient contributions from biochar (Glaser et al., 2002; 

Lehmann et al., 2003). Cation exchange capacity (CEC) of soils is a measure of total cations 

(in cmol kg
-1

 soil) that the soil can hold and is therefore available for plants uptake and are 

prevented from leaching. It is mainly due to the negatively charged sites on the reactive 

surface area of biochar where cations can be electro-statically bound and exchanged. Liard 

(2008) found reduced leaching of chemicals and nutrients from the soils amended with 

biochar.  

 

Glaser et al. (2001), while investigating the properties of Amazonian Terra Preta soils, 

reported the indirect nutrient value of biochar as its ability to retain nutrients in soil thereby 

reducing leaching losses resulting in an increased nutrient uptake by plants and higher 

production. Cheng et al. (2006) investigated the effects of climatic factors on oxidation of 

biochar in an natural environment. They found that the CEC of biochar was correlated to the 

mean temperature and its rate and extent of oxidation was related to its external surface area. 

However, it is still unclear that how the CEC of biochar changes as it disintegrates by 

weathering and tillage operations, ‘ages’ and moves through the soil which is also an 

important research question for the detailed investigation on its effect on soil chemical 

properties. 
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Some research on biochar has shown significant increase in the availability of major cations 

in soil that can be easily taken up by plant roots (Glaser et al., 2002; Topoliantz et al., 2005). 

Biochar can serve as a good liming agent as soil amendment with biochar has shown 

increased soil pH and nutrient availability from some studies in different types of soils 

(Glaser et al., 2002; Lehmann and Rondon, 2006). The carbonate concentration of biochar 

derived from poultry litter facilitates liming in soils resulting in a rise in pH of neutral or 

acidic soils (Van Zweiten et al., 2010; Chan et al., 2008). 

 

2.2.3 Effect on soil biological properties 

 

All kind of biochars are sterilized during pyrolysis due to its exposure to higher temperatures 

and hence they do not directly contribute for microbial population in the soil. Rather, higher 

porosity of biochar creates favourable environment for microorganisms to make habitat in the 

soil (Birk et al., 2009; Thies and Rillig, 2009). When biochar is applied to the soil, it 

enhances the water retention of soils which will have a positive effect on soil microorganism 

activity and this will ultimately lead to increased soil functioning and soil biodiversity within 

the soil ecosystem. Highly porous nature of biochar when applied to soil has been shown to 

provide increased level of habitat where smaller organisms can live within small pore spaces 

in which larger cannot enter and pray them. As a result, there is increased level of microbial 

biomass and thus the increased basal microbial activity within the soil ecosystem (Verheijen 

et al., 2009; Kolb et al., 2009). 

 

Biochar properties can enhance soil microbial communities both directly (providing food 

source) and indirectly by creating microenvironments that courage soil microbial growth. The 

micro and macro pores associated with biochar and its high internal surface area, and 

increased capability to adsorb organic matter gives a congenial habitat for the growth of soil 

microbes (Winsley, 2007). The pores associated with biochar are considered as a shelter by 

protecting microbes from predation and desiccation while the organic matter adsorbed to 

biochar contributes C energy and also fulfills the mineral nutrient requirements (Warnock et 

al., 2007; Anderson et al., 2011). 

 

Some studies reported that the positive effects of biochar on soil biology may be attributable 

to increased mycorrhizal associations and majority of research pertaining to biochar effects 

on mycorrhizal has shown that there is a strong positive effect on its abundance associated 
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with biochar application into soil (Warnock et al., 2007). The possible mechanisms could be 

alterations of soil physic-chemical properties, plant-fungus relationship and detoxification of 

allelochemicals on biochar and provision of shelter from fungal grazers. Biochar when 

applied to soil has been shown to increase in microbial biomass and its efficiency as a 

measure of units of CO2 release per microbial biomass carbon in the soil as well as a 

significant increase in basal respiration (Steiner et al., 2008). Even though it has long been 

reported that soil biodiversity and soil organic matter are positively correlated, it is still 

unclear as to what role biochar will play in this kind of interaction which is also need to be 

analyzed through research. 

 

2.3 Phosphorus 

 

Phosphorus is an element with atomic mass of 30.98. Six isotopes of P are known among 

which, 
32

P has a sufficiently long half life (14.3 days) and has significant value in soil 

investigations. In pedosphere, P is found largely in its oxidized forms as orthophosphate, 

mainly as Ca, Fe, Al and silicate minerals (Stevenson and Cole, 1999). It is an essential 

element to all forms of life on Earth. It is primarily conversed in soils and sediments 

(Pierzynsky et al., 2005a). Major reserves of P in the Earth are marine sediments, terrestrial 

soils, dissolved inorganic phosphates in the ocean, crustal rocks as apatite and the biota or 

biomass (Stevenson and Cole, 1999). Man has intervened in the P cycle through the mining 

of phosphate rocks for fertilizer use, as well as by release of P into the environment in 

domestic and industrial effluents. 

 

2.3.1 Phosphorus in soil 

 

The main origin of P in soils was derived from the apatite of soil forming parent materials. 

These apatite minerals contains tricalcium  phosphates which are rich in P. Maintaining soil P 

concentrations in an optimum range is utmost necessary in order to sustain soil fertility and 

crop productivity from an agriculture point of view. Total P concentrations of >10 ug P/L 

(ppb) are classified as unacceptably high in most surface waters whereas concentration as low 

as 10 ug/L can cause environmental problems in some waters mainly through eutrophication 

(pierzinsky et al., 2005b). The total P concentrations in soils range from 50-3000 mg/kg out 

of which 50-70% in the organic form in mineral soils (pierzinsky et al., 2005). A soil solution 

P concentration of 0.003 to 0.3 mg P/L is considered optimum for plant growth depending on 
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plant species (Pierzynsky et al., 2005b). However, usual range of P in soils on dry weight 

basis is on the order of 500-800 mg/kg dry soil (Stevenson and Cole, 1999). Unweathered 

calcareous soils of dry regions often have high P contents due to the general lack of leaching 

and the presence of significant amounts of P in the form of apatite. 

 

The impact of soil P in eutrophication is mainly controlled by the soil properties, the process 

of transportation that moves soluble and particulate P into surface waters and the 

characteristics of water body that governs P availability to aquatic plants. So, an in depth 

understanding of the chemistry, biology and physics of P in soil is needed in order to make P 

available for plants growth and reduce P impacts on water quality (pierzinsky et al., 2005). 

The natural occurrence of phosphorus is high in most soils, but often is a limiting nutrient due 

to the fact that it is mostly fixed with Fe, Al and Ca in soils and becomes unavailable for the 

plant (Cui et al., 2011, Johnson and Leoppert, 2006). 

 

According to Saroa and Lal (2002), only 2-5 kg P is removed per ton of cereal produced and 

P use efficiency by single crop rarely exceeds 15-20% of added P. Because of its relative 

immobility, applied P as fertilizer is fixed in the soil and this P may be available for the 

subsequent crops. The magnitude of the residual effect depends on the rate and kind of P 

fertilizer, cropping and management practices and largely on soil types. De Datta et al. 

(2006) also reported that P use efficiency can be greatly improved by the choice of the crop 

to be fertilized in a sequence or rotation. The fertilization of a single crop in a sequence can 

lead to net negative P balance in the soil. Regular monitoring of P status in soil therefore is 

important for greater precision in scheduling P fertilizer use.  

 

The P use efficiency can vary greatly with soil type, crops grown and the source of fertilizer. 

Method of P application also plays an important role in P use efficiency and about 50% of 

fertilizer can be saved by placement in row-crops as compared to broadcast method. The 

dynamics of P in irrigated soils is markedly different from that of lowland soils. Available P 

increases during the flooding phase and decreases during the drying phase. However, soil P 

continues to be enigma to soil scientists and integrated nutrient management strategies can 

help in solving some of the problems related to soil P management (Saroa and Lal, 2002). 
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2.3.2 P cycles 

 

The P cycle in nature involves soil, plants and microorganisms. In the next paragraph follows 

a conceptual description of the chemical and microbiological reactions undergone by P in 

soil. These processes and reactions are influenced by natural and anthropogenic factors and 

are essential for the improvement of agriculture productivity as well as maintaining the 

environmental quality (Stevenson and Cole, 1999; Pierzinsky et al., 2005). Soil, plants and 

animals all play a major role in P cycle. As P concentration in soil solution is relatively low, 

the amount of P in the soil solution at a given time is normally on the order of less than 1 

kg/ha or less than 1% of total P in the soil (Pierzynski and McDowell, 2005). This means that 

the P in soil solution needs to be fulfilled many times to meet P demands by fertilization. 

Also runoff and erosion is likely to occur, whereby P becomes a part of sediment load in a 

receiving water body. These phenomena become important from ecological and 

environmental point of view. The major processes in P cycle include soil P uptake by the 

plants, recycling through return of plant and animal residues into the soil, mineralization-

immobilization, fixation reaction with clay and oxide minerals, solubilization and formation 

of mineral phosphates through series of chemical reactions and activities of phosphate 

solubilizing microorganisms (fungi, bacteria) (Stevenson and Cole, 1999; Sims, 1998).  

 

Figure 2.7 represents a typical soil P cycle adapted from Pierzynski et al. (1994), emphasizes 

on plant, soil and microbial relationship within which P is divided into different pools and 

vary in availability to plants. 
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Figure 2.7 The soil P cycle (Source: Pierzynski et al., 1994) 

 

 

Phosphorus found in all terrestrial environments, mainly originates from the weathering of 

the soil minerals and other stable parent materials. The addition of P to soils as soluble 

commercial fertilizers or in by-products causes an immediate increase in the P concentration 

of the soil solution which participates primarily in adsorption and precipitation processes 

(Pierzynski and McDowell, 2005).  

 

The solubility of phosphatic fertilizers varies widely in water. Phosphate rock is mostly 

insoluble in water and is only slowly available to plants if applied directly to the soil. This is 

the basic raw material from which all kind of phosphate fertilizers are manufactured. The 

rock can be solubilized by direct acidification with sulphuric acid to produce single super 

phosphate or phosphoric acid which further solubilizes phosphate rock to form triple super 

phosphate (Bumb and Hammond, 2002). 

 

The availability of phosphorus to the plant is typically expressed as the sum of the water and 

citrate-soluble P in the fertilizer source. Water soluble P is easily available to plants while 

citrate-soluble P is more slowly available to plants. However, the soluble P can react with 
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other minerals in the soil, thus reducing immediate availability to plants; The P product, thus 

formed, limits the movement of P in the soil thereby reducing the plant uptake (Bumb and 

Hammond, 2002). P in soil is more controlled by soil chemistry and chemical 

transformations. Organic P can represent 80% of the total P in some soils. Significant amount 

of P is contained within the soil microbial biomass. Generally, C:P ratio greater than 60 

promotes immobilization of P into the soil microorganisms (Rice, 2002). 

 

2.3.3 Phosphorus fractionation in soil 

 

The chemistry of P in soil is a complex phenomenon. Broad categorization of P found in 

different forms in soils can be done into mainly organic and inorganic P pools. Essentially, all 

of the inorganic P in soil exists in the form of orthophosphates, or derivatives of phosphoric 

acid (H3PO4). The main compounds are phosphates of Ca, Al and Fe with trace amount of 

other cations (Stevenson and Cole, 1999). Inositol phosphates, phospholipids, nucleic acids, 

phosphoproteins and various sugar phosphates are the major sources of soil organic P and are 

held in the living biomass, dead and decomposed organic matter. Organic P associated with 

microbial biomass consists of nucleic acids, inositol phosphates and polyphosphates. 

Normally, MBP represents a small fraction of total phosphorus which easily changes into 

inorganic forms in order to supply to plants roots (Zhang and Kover, 2000).  

 

Knowledge of different P pools in soils is important as chemical fractionation is mainly based 

on the ability of selective chemical reagents to solubilize discrete type of inorganic P 

compounds. Various P fractionation methods have been developed up to date (Yang et al., 

2012). The first fractionation scheme for P was initiated by Chang and Jackson (1957) who 

developed procedure for soil inorganic P (Pi) fractionation based on differences in major 

cation bonding to orthophosphates. Later on, this fractionation procedure was subsequently 

modified others and applied to wide variety of soils. The main drawback of this method was 

that it is only  applicable to soils with neutral to acidic pH range and difficulties were 

encountered with calcareous soils and sediments due to re-adsorption of the phosphate ions 

extracted at the beginning (Stevenson and Cole, 1999).  

 

The sequential P fractionation method introduced by Hedley et al. (1982) has been most 

widely used these days to characterize the continuum of soil P (García-Albacete et al., 2012; 

Yang et al., 2012). Using this method, soil P is separated into inorganic and organic fractions 
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that can vary in their availability to plants (Figure 2.8). A progression of stronger reagents is 

essentially used during subsequent extraction as the P of each subsequent pool becomes 

increasingly less bioavailable and harsher treatment is needed to extract it. The main 

advantage of sequential P fractionation method over other methods is that same soil is used in 

sequential extractions which allow finding the proportion of different P fractions in the given 

soil. In Hedley method, the most biologically available Pi is removed with anion exchange 

resin. Use of NaHCO3 as an extractant removes labile P adsorbed on the soil surface and is 

available for plants uptake. Fraction of total P (both Pi and Po) that are held more tightly by 

chemisorptions to Fe and Al components of soil surface is removed by using 0.1 M NaOH 

extracting solution. Extraction with 1 M HCl mainly dissolves P bonded with Ca minerals 

(eg. Apatite). At last, the more stable Po forms and relatively insoluble Pi forms are dissolved 

by oxidation and digestion using H2O2 and H2SO4. This sequential extraction method defines 

both plant and microbe available P as sum of Pi and Po from resin and bicarbonate extractions 

whereas all other extractions (NaOH-Pi, Po; sonic/hydroxide-Pi, Po; HCl-Pi and residual P) as 

unavailable P for plants.       
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Figure 2.8 Hedley sequential P fraction methods flow chart for soils  

(Source: Stevenson and Cole, 1999) 

 

 

2.3.4 Phosphate saturation degree 

 

Phosphorus can be transported easily by leaching, erosion and surface run-off from 

agricultural soils which can ultimately lead to eutrophication of surface water bodies. Many 

areas in Belgium and the Netherlands are flat with shallow groundwater tables and leaching 

can be an important means of P transportation (Schoumans, 2000). Different parameters have 

been introduced in order to estimate the risk that agricultural land creates in terms of 

eutrophication. Phosphate saturation degree (PSD) is one the concept developed to quantify 

the risk of P losses. PSD is a parameter which quantifies the proportion of actual amount of P 
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adsorbed onto soil particles (Pact) at certain depth to its maximum phosphate sorption capacity 

(PSC) to that depth (Schoumans, 2000; Van Den Bosche et al., 2005). Determination of 

actual P adsorbed is done by extracting P in ammonium oxalate solution in which P bound 

with Al and Fe become available in the solution. Thus, PSD can be expressed as: 

 

     
         

   
 

Where, 

PSD = Phosphate saturation degree (%) 

Pact = Actual amount of adsorbed phosphate to a critical depth (mmol kg
-1

) 

PSC = Maximum phosphate sorption capacity to a critical dept (mmol kg
-1

) 

 

The PSC of soil is a finite characteristic and varies greatly with pH, texture, mineralogical 

composition (clay mineralogy) and organic matter content of soils, also with exchangeable 

Al, Fe and Ca concentrations (Casson et al., 2006; Tisdale et al., 1993). This is typically 

determined by batch equilibrium experiments which are used to create sorption isotherms 

using solution with known P concentration and P concentration at equilibrium for each 

solution. In soils with acidic pH range, PSC is mainly controlled by amorphous Al and Fe 

minerals and are related to oxalate extractable Al (Alox) and Fe (Feox) and the fraction of 

solid phase reaction site (scaling factor), α (Van Der Zee et al., 1987; Van Den Bosche et al., 

2005). So, the PSC of given soil can be expressed as: 

 

PSC = α (Alox + Feox) 

Where, 

PSC = Phosphate sorption capacity (mmol kg
-1

) 

Alox = Oxalate extractable Al (mmol kg
-1

) 

Feox = Oxalate extractable Fe (mmol kg
-1

) 

α = Scaling factor 

 

The scaling factor (α) varies with soil type and experimental situation. A value of 0.5 has 

been widely used in Belgium and the Netherlands even though its relevance was hardly 

verified (De Smet et al., 1996; Renneson et al., 2010). The importance of PSD value in 

assessing the risk of P losses by leaching is widely accepted because it measures the intensity 



24 

 

of P accumulated in soil with respect to the finite P sorption capacity as well as tells about 

potential of P to be desorbed from the soil matrix into the soil solution (Casson et al., 2006).  

 

Previous study report reveled that there is positive correlation between PSD and P solubility 

(Lookman et al., 1995). When PSD increases, the phosphate ions are expected to be loosely 

held by the reactive sites and concentration of soluble P increases in the soil solution. Some 

critical threshold levels have been established to PDS as an environmental indicator. In the 

Netherlands, a threshold value of 25% was set whereas in Flanders (Belgium), a value of 

40% was critically proposed (Chardon and Schoumans, 2007; Renneson et al., 2010). Most 

of the soils in Flanders, with an area of 4404 km
2
, used for agriculture are sandy in nature 

with high P saturation (>30%) which could be due to intensive livestock farming in the past 

decades and inherent properties of soil itself (De Smet et al., 1996, Van Meirvenne et al., 

2008). This can lead to eutrophication of surface water bodies. Various research studies have 

been done with broader knowledge on P status and management of Flemish sandy soils. With 

this scenario, application of biochar in such soils can have great impact in reducing leaching 

loss and making unavailable P available for plants uptake. 

 

2.3.5 Phosphate solubilizing bacteria 

 

Phosphate solubilizing bacteria can play an important role in supplying phosphates to plants 

in a more environment friendly and in sustainable manner. Under diverse soil and agro-

climatic conditions, the phosphate solubilizing bacteria have capability as a proof to be an 

economically viable alternative to the more expensive phosphatic fertilizer and also possess a 

greater agronomic utility. Those bacteria which have potential to solubilize phosphates 

increase the availability of soluble phosphates and additionally they can also enhance plant 

growth via increasing the efficiency to fix nitrogen from the atmosphere or by enhancing the 

availability of other micro nutrients such as iron, zinc, boron etc. (Khan et al., 2007; 

Ponmurugan and Gopi, 2006).  

 

A continuous exploration of the natural biodiversity of soil microbes and the manipulation of 

their interaction within the rhizosphere indicates a prerequisite step in order to develop more 

efficient microbial (e.g. bacteria) inoculants with phosphate solubilizing ability. The 

mechanism behind the solubilization of insoluble phosphates by using PSB is mainly due to 

excretion of organic acids (e.g. oxalic acid, citric acid, lactic acid etc.) by the bacteria in 
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liquid medium. Such organic acids can either directly dissolve the mineral phosphate as a 

result of anion exchange of PO4
2-

 by acid anion or can chelate both iron and aluminium ions 

associated with phosphate (Jacobsen et al., 2005; Narula et al., 2000). In soil, phosphate 

solubilizing bacteria accounts 1-50% of the total respective population (Vazquez et al., 

2000). Important genera of phosphate solubilizing bacteria include mainly Pseudomonas and 

Bacillus. They are most commonly isolated inorganic P solubilizing bacteria. The amount of 

P solubilize by the bacteria under laboratory conditions varies considerably between nature 

and kind of bacteria and is highly dependent on the source of P (Richardson, 2001; Jacobsen 

et al., 2005). 

 

The use of phosphate solubilizing bacteria in agronomic practices is advocated because it 

improves soil fertility, minimizes environmental pollution, improves soil health and 

conditioning, protects plants against soil borne pathogens and involves low cost energy 

during its production along with higher benefit cost ratio ( Khan et al., 2007; Saber et al., 

2005). 

 

2.4 Biochar and Phosphorus  

 

Few published studies have been focusing on biochar effects on soil P transformations. 

Transformation of nutrients for plant uptake is greatly influenced by both biotic and abiotic 

factors (DeLuca et al., 2006; Berglund et al., 2004). Phosphorus in biochar is mainly found in 

the ash fraction, with pH dependent reactions and presence of chelating substances 

controlling its solubilization (De Luca et al., 2009; Joseph et al., 2010). Some studies have 

reported enhanced P uptake from soil amended with biochar (Nelson et al., 2011; Novak et 

al., 2009). P availability for plants can be altered by using biochar through the process of 

anion exchange capacity (total exchangeable anions that a soil can adsorb) and also the 

activity of cations that interact with P can be influenced by biochar addition into soil (DeLuca 

et al., 2009; Liang et al., 2006). Biochar can show potentiality of liming and can increase soil 

pH. Gaskin et al. (2008) reported high CEC when evaluating its characteristics, which in 

combination with increased soil pH, have capability to increase the CEC of soil. This 

property of biochar could affect P availability. The high pH and CEC in biochar when 

amended with soil can decrease exchangeable Al which, in turn, would increase the 

availability of P that is already fixed to the soils. This has been used as a good logic for the 

effects of biochar on soil P availability for plants (Nelson et al., 2011; Van Zwieten et al., 
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2010; Yamato et al., 2006). It can also furnish indirect effects on P availability and uptake by 

changing the soil environment for microorganisms (Atkinson et al., 2010).  

 

The unavailable or poorly available phosphorus can be made available by plants, 

microorganisms, by the use of biofertililizers and their interactions. Bacteria have been 

proved to be predominant microorganisms which solubilize mineral P in soil and thus making 

them available for plants. Biochar can act as a promoter role on P availability and uptake by 

providing a beneficial environment for the microorganisms like bacteria that can mineralize 

and solubilize both organic and inorganic P to make them available for plants (De Luca et al., 

2009). Many studies have reported change in microbial activity after biochar additions to soil. 

However, the mechanism behind increased microbial activity and their nature of interaction 

with biochar is still unclear. 

 

Warnock et al. (2007) reported that several mechanisms through which biochar might affect 

soil microorganisms (e.g. bacteria) including its effect on sorption of P compounds (organic 

and inorganic). The physical structure of biochar also provides a habitat for soil microbes 

within its pore structure. Some biochars may create pore space for bacteria that are safe from 

even the smallest soil grazers such as protozoa. The ability of biochar to include soil 

microbes within its pore structure might allow them to mediate for nutrient transformations 

more efficiently (Keech et al., 2005). To the best of our knowledge, no work has been done 

on the interaction effect of biochar with phosphate solubilizing bacteria. 
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CHAPTER 3. MATERIALS AND METHODS 

 

3.1 Soil, biochar and PSB preparation and characterization 

 

The soils used in this experiment were collected in Flanders. Two types of soils (soil 1- high 

in P, code11.098 and soil 2- low in P, code 11.102) were used for the experiment. Soil 1 was 

collected from Zedelgem and soil 2 was sampled from Liereman. These soils were collected 

in December 2011 from former intensive agriculture lands, transformed to forest in order to 

decrease the nutrient content. The soils were grinded into finer particles by using mortar and 

pestle and then sieved using a 2 mm sieve. Three different types of biochars made from 

poultry litter (pyrolyzed at 400 °C and 500 °C) and pine wood (pyrolyzed at 500 °C) were 

used for the experiment. Detailed physicochemical characterization of biochars used in 

experiment is described in Table 3.1. The phosphate solubilizing bacteria in this study were 

prepared using culture media. Two kinds of bacteria (Bacillus brevis and Pseudomonas 

putida) with concentrations of 10 x 10
8
 cfu ml

-l
 and 9 x 10

8
 cfu ml

-1
 were used respectively 

(Table 3.2). 

 

 

Table 3.1 Physicochemical characteristics of different biochars used in an experiment 

Bio-

char 

type 

Oil 

yield 

Char 

yield 

Gas 

yield 

Volatiles Fixed 

carbon  

Ash  SA TPV C H N O P 

 % % % % % % m
2
 

g
-1 

cm
-3

 

g 

% % % % µg. 

g
-1

 

P400 51.03 33.41 15.56 30.23
 

68.72 1.05 0.22 1.79 

10
-3 

74.38 4.06 0.25 14.59 29 

PL400 40.97 36.97 22.07 24.40
 

32.53 43.07 4.85 2.69 

10
-2 

41.87 2.43 4.29 16.17 9904 

PL500 44.40 31.73 23.88 18.08
 

39.03 42.90 6.55 3.17 

10
-2 

44.35 1.64 4.02 12.19 9514 
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Table 3.2 Determination of bacterial concentration using the plate method 

Code PSB Date of 

count 

No. of colonies 

counted 

Dilution No. of colony forming 

units per ml 

Nr. 30 Bacillus Brevis 22/02/2012 104 10-6 10 * 108 cfu ml-l 

Nr. 

291 

Pseudomonas 

putida 

22/02/2012 859 10-5 9 * 108 cfu ml-1 

 

 

3.2 Experimental setup  

 

3.2.1 Pre-incubation experiment setup 

 

Soils were pre-incubated in large PVC tubes (diameter of 24.90 cm, height of 15 cm) before 

starting incubation experiment set up. This was done to prevent sudden flush of micro-

organisms when water is added for the first time to the dried soil. When the real incubation 

starts, the micro-organisms are in a stable state. Two PVC tube were taken to be filled up 

with soils of each type (high and low P). The amount of water necessary to bring the dry soil 

to the desired moisture level (35% water filled pore space) was calculated based on dry 

weight, total pore volume and bulk densities (Van Hove, 1969) of given soils (Table 3.3). 

The tubes filled with soils were pre-incubated for one week at room temperature (20 °C). The 

tubes were then covered with parafilm to minimize the water loss. 

 

 

Figure 3. 1 Soils pre-incubated in large PVC tubes 
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Table 3.3 Soil density, pore volume and moisture content adjustment in PVC tubes 

during pre-incubation experiment setup 

Height of soil column = 15 cm 

Diameter of tube = 24.90 cm 

Radius of tube = 12.45 cm 

Surface area of tube
 
        = r

2 
= 3.1416 x (12.45)² = 486.95 cm

2 
 

Volume of soil (V) = Surface area x height = 486.95 x 15 = 7304.32 cm³ 

Bulk density of soil (ρb) 

(wanted) 

= 1.42 gcm
-
³ (Van Hove, 1969) 

   

Mass of dry soil ( Ms) = V x ρb = 7304.32 cm³ x 1.42 gcm
-
³ = 10372.14 g = 10.37 

kg/tube 

Total weight of dry soil = 10.37 kg/tube x 2 tubes = 20.74 kg 

Desired water filled 

pore space (WFPS) 

= 35% 

Total pore volume 

(TPV) 

= 1 – ρb/ρs = 1 – 1.42/2.65 = 46.42 vol % 

Volumetric water 

content (θv) 

= %TPV x WFPS/100 = 46.42% x 35/100 = 16.25 vol% 

Gravimetric water 

content (θm) 

= θv/ ρb = 16.25%/1.42 = 11.44 mass% 

Water to be added = mass of dry soil (Ms) x θm/100 = 10372.14 g x 11.44/100 = 

1186.61 g = 1186.61 ml = 1.19 lit. 

Wt. of moist soil = Ms + Ms x θm/100 = 10372.14 + 10372.14 x 11.44/100 = 

11558.74 g = 11.56 kg/tube 

Total wt. of moist soil = 11.56 kg/tube x 2 tubes = 23.12 kg 

 

 

3.2.2 Treatments and incubation experiment set up 

 

Incubation extraction method was used for determining available P in the experiment. 

Incubation was carried out in small plastic tubes (diameter of 3.3 cm and height of 5 cm). 

About 12 kg of each soil type (low and high P) was used for in total of 16 treatments 
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including controls (Table 3.4) with 4 replications per treatment and 6 extraction dates. In this 

way, (16*4*6=) 384 soil tubes were needed. In order to evaluate the effect of different kinds 

of biochars (with and without PSB) on P availability and whether significant interaction 

exists between biochar and PSB on P availability, different treatments were formulated.  So, 

the null hypothesis states that there is no significant different between controls and samples 

treated with biochars (with and without PSB) on P availability while the alternative 

hypothesis is just the opposite one. 

  

Table 3.4 Treatments used in an incubation experiment 

S.N. Treatments* Code used** 

1 Low P control soil + No PSB L0N 

2 Low P soil + PL400 + No PSB L1N 

3 Low P soil + PL500 + No PSB L2N 

4 Low P soil + P400 + No PSB L3N 

5 High P control soil + No PSB H0N 

6 High P soil + PL400 + No PSB H1N 

7 High P soil + PL500 + No PSB H2N 

8 High P soil + P400 + No PSB H3N 

9 Low P control soil + PSB L0Y 

10 Low P soil + PL400 + PSB L1Y 

11 Low P soil + PL500 + PSB L2Y 

12 Low P soil + P400 + PSB L3Y 

13 High P control soil + PSB H0Y 

14 High P soil + PL400 + PSB H1Y 

15 High P soil + PL500 + PSB H2Y 

16 High P soil + P400 + PSB H3Y 

 

*PL400 = Poultry litter at 400 °C, PL500 = Poultry litter biochar at 500 °C, P400 = Pinewood 

biochar at 400 °C 

**L = Low P soil, H = High P soil, 0 = Control, 1 = PL400, 2 = PL500, 3 = P400, N = 

without PSB, Y = with PSB 
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The amount of water needed to bring the soil to the desired moisture level for incubation 

(50% WFPS) was calculated based on dry weight, total pore volume and bulk densities (Van 

Hove, 1969) of given soils (Table 3.5). Soil with or without biochar and PSB was used to 

compare the availability of P as well as their effects on P availability. After filling soil with 

and without biochar and PSB, an amount of water was added to the tubes in order to get the 

desired water content. All the tubes were covered by parafilm to minimize water loss during 

the incubation and the weight of each tube was recorded. The moisture content of the soil was 

checked on a weekly basis by reweighting the tubes. Six extraction dates were provided and 

the incubation experiment was continued for 3 months. After 7 days, 14 days, 31 days, 49 

days, 70 days and 91 days, 4 replicates per treatment were removed and the soil from these 

tubes was oven dried (at 55 °C for 4 hours). The oven and air dried soils were grinded, 

transferred into small plastic bags and then subjected for P analysis.    

 

 

 

 

Figure 3. 2 Incubation experiment set up 
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Table 3. 5 Soil density, pore volume and moisture content adjustment in plastic tubes 

during an incubation experiment setup 

Height of soil column = 5 cm 

Diameter of tube = 3.3 cm 

Radius of tube = 1.65 cm 

Total no. of tubes 

needed 

= 16 x 4 x 6 = 384 tubes. 

Surface area of tube
 
        = r

2 
= 3.1416 x (1.65)² = 8.55 cm

2 
 

Volume of soil (V) = Surface area x height = 8.55 x 5 = 42.76 cm³ 

Bulk density of soil (ρb) 

(wanted) 

= 1.42 gcm
-
³ (Van Hove, 1969) 

Mass of dry soil ( Ms) = V x ρb = 42.76 cm³ x 1.42 gcm
-
³ = 60.73 g/tube 

Desired water filled 

pore space (WFPS) 

= 50% 

Total pore volume 

(TPV) 

= 1 – ρb/ρs = 1 – 1.42/2.65 = 46.42 vol % 

Volumetric water 

content (θv) 

= %TPV x WFPS/100 = 46.42% x 50/100 = 23.21 vol% 

Gravimetric water 

content (θm) 

= θv/ ρb = 23.21%/1.42 = 16.34 mass% 

Water to be added = mass of dry soil (Ms) x θm/100 = 60.73 g x 16.34/100 = 

9.92 g = 9.92 ml 

Wt. of moist soil = Ms + Ms x θm/100 = 60.73 + 60.73 x 16.34/100 = 70.65 g 

Necessary soil Low P = 384/2 x 60.73/1000 = 11.66 kg 

Necessary soil high P = 384/2 x 60.73/1000 = 11.66 kg 

Biochar rate = 7 ton/ha = 0.07 g/cm
2
 = 0.60 g/tube 

Biochar rate (1:100) = 0.01 g BC/g soil 

Necessary PL400 = 57.48 g 

Necessary PL500 = 57.48 g 

Necessar P400 = 57.48 g 

Bacterial solution added 

into soil tubes 

= 10 ml 
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3.3 Phosphorus fractionation 

 

In order to study the different P fractions in the composite soil samples taken from the field, a 

sequential P fractionation according to modified Hedley method was applied (Hedley et al., 

1982; Kashem et al., 2004). One gram of air dried, homogenized and sieved soil and 30 ml of 

water was transferred into a centrifuge tube and shaken for 16 hours. The tubes were then 

allowed to centrifuge for 12 minutes at 8000 rpm.  The resulting suspension was filtered 

using Whatman 589/3 filter paper. The aliquot was stored in the refrigerator until inorganic P 

(Pi) and total P (Pt) was measured using Murphy and Riley method. The residue of soil was 

again extracted with 0.5 M NaHCO3 (pH 8.5), 0.1 M NaOH and followed by 1M HCl using 

the same amount and procedure as water extract during the first step. Finally, the residue of 

soil was destructed along with addition of 10 ml H2SO4 and heated at 250 °C. The resulting 

mixture was cooled; 2 ml of H2O2 was added and boiled for 5 minutes, and repeated for 4 

times after cooling each time. The pH of the resulting solution was then neutralized with 4M 

NaOH and 0.25M H2SO4 in the presence of p-Nitro phenol indicator. Measurement of P 

content was done using Murphy and Riley (1962) after filtering with Whatman 589/3. 

 

Similarly, the total P in the aliquots was analyzed with addition of 0.2, 0.25, 0.3 and 0.2 g 

ammonium persulfate into volumetric flasks each containing 5 ml of H2O, NaHCO3, NaOH 

and HCl extracts respectively. Five ml of 0.9M H2SO4 was then added in each flask except 

HCl extractants into which 5 ml of distilled H2O was added. All the samples in volumetric 

flasks were covered with tinfoil and were autoclaved for 60 minutes except the NaOH 

extractant which was autoclaved for 90 minutes. The pH of the solution was adjusted to 

neutral range with 4M NaOH and 0.25M H2SO4 in the presence of p-Nitro phenol indicator. 

Finally, measurement of P was done following the Murphy and Riley method (Murphy and 

Riley, 1962). The inorganic P (Pi) for the samples with NaHCO3 and NaOH was measured 

after precipitating the organic matter by acidifying with 3 and 0.8 ml of 0.9M H2SO4. The 

samples were put into the refrigerator for 30 minutes, centrifuged at 12000 rpm at 0 °C, and 

the supernatant was decanted into volumetric flask. After then, Pi was measured in all 

samples including H2O and HCl extractants after neutralizing the pH. The organic P in each 

extracting solution was also measured but indirectly by subtracting the Pi in each aliquot 

from total P of same aliquot stored in the refrigerator. 

  



34 

 

3.4 Phosphorus measurements   

 

3.4.1 Measurements of available P, total P and pH 

 

P measurement of each sample was carried out in ammonium lactate extraction (PLAC) based 

on Egner method (Egner et al., 1960) which uses a solution buffered at pH 3.75. Five gram of 

air dried soil was taken in a bottle and 100 ml of ammonium lactate solution was added to it. 

The resulting solution was shaken for 4 hours and then filtered using 589/3 ash-less Whatman 

filter paper. The filtrate was stored on refrigerator at 4 °C. The resulting filtrate was then 

subjected for available P measurements using inductive coupled plasma (ICP) spectrometry 

method (ICAP6300, Thermo Fisher).   

 

Similarly, P in calcium chloride extract (PCaCl2) was also measured using the methods from 

(Aslyng, 1954) with some modifications. One gram of soil was taken in a small plastic tubes 

and 25 ml of 0.01M CaCl2 solution was put into the tube with the help of a pipette. The tube 

was then put into the shaker for an hour. The resulting mixture was then filtered using 589/3 

ash-less Whatman filter papers. The resulting filtrate was subjected for P measurements using 

an inductive coupled plasma (ICP) spectrometry (ICAP6300, Thermo Fischer). In total, P 

measurements were carried out from 384 samples for each PLAC and PCaCl2. 

 

Similarly, the total P of each sample was measured twice at the beginning and at the end of 

the experiment following the methods of Jackson using perchloric digestion (Jackson, 1958). 

According to this method, 2 g of soil was weighed in a 100 ml Pyrex cup in which 30 ml of 

HClO4 (60%), 2 ml of H2SO4 (95%) and 20 ml HNO3 (65%) was added in this order. The 

resulting mixture was heated at 250 °C until the back colour disappeared. Heating was 

continued until having white fumes and the soil massed turned into milky white colour. The 

mixture was then cooled down and transferred into a volumetric flask of 250 ml by using 

glass funnels. Distilled H2O was added into the flask until its mark, shaken well and was let 

rest overnight. Ten ml of liquid from the flask was pipette out and transferred into the 

volumetric flask of 50 ml. Finally measurement of P was done at 700 nm using a 

spectrophotometer (model Cary 50, UV-visible spectrophotometer) according to the Scheel 

method (Scheel, 1936).   

 



35 

 

The pH of the soil was determined on 1:5 ratio of soil to 1M KCl solution. Five gram of air 

dried soil was weighed into small plastic tubes and 25 ml of 1M KCl wad added. The 

resulting suspension was stirred with the help of a glass rod and was allowed to rest for 10 

minutes. The pH of the soil solution was then measured using pH electrode after calibration. 

The results of P measurements among different treatments were compared with the control 

from a simple graph using an excel sheet and appropriate discussions and conclusion were 

drawn based on the results obtained.  

 

 

Figure 3. 3 pH measurements 

 

3.4.2 Microbial Biomass Phosphorus (MBP) 

 

Determination of MB-P was done by taking the difference between the amount of Olsen Pi 

extracted in 0.5M NaHCO3, pH 8.5 solution (1:20 w/v ratio) from fumigated and no-

fumigated samples according to the procedures from Brookes et. al. (1982). Five grams of 

moist soil (on oven dry basis) was weighed in plastic cups in triplicate from each sample and 

labelled as I, II and III representing as fumigated, non-fumigated and P spiked samples 

respectively. Fumigation was carried out in a dessicator for 24 hours using chloroform 

whereas non-fumigated and spiked samples were also put in the dessicator without 

chloroform. Then after, 100 ml of 0.5M NaHCO3 (pH 8.5) solution was added into each 

sample followed by shaking for 30 minutes. One ml of KH2PO4 solution containing 250 µg Pi 

was added into the P spiked samples whereas 1 ml of distilled H2O was added to fumigated 

and non-fumigated samples. The resulting mixture was filtered using Whatman 589/3 filter 
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paper. Finally, measurement of P was done following the Murphy and Riley method at 882 

nm. In order to make reliable calculation to find MBP, a correction was made for the amount 

of P that was fixed during extraction of the fumigated samples using the P recovery percent 

from P spiked samples. Therefore, a correction factor of 0.4 was made based on findings that 

40% of microbial P can be made extractable by chloroform fumigation (Hedley and Stewart, 

1982). The following formula was used for calculation of MBP from Brookes et al. (1982). 

 

    
        

         
 

Where, 

MBP = microbial biomass P in µg Pi g
-1

 oven dry soil 

a = µg Pi g
-1

 oven dry soil extracted from non-fumigated          

b = µg Pi g
-1

 oven dry soil extracted from fumigated 

c = µg Pi g
-1

 oven dry soil extracted from samples spiked with inorganic P 

 

3.4.3 Measurement of Phosphate saturation degree (PSD) 

 

The phosphate saturation degree of each soil type was calculated after measuring Pox, Alox 

and Feox and by following the methods of Van Der Zee et. al. (1988) at the beginning and 

after fifth extraction date. Five gram of dry soil was weighed in a black plastic bottle and 100 

ml of ammonium lactate was added into it. The resulting mixture was filtered, after shaking 

for 2 hours, using 589/3 Whatman filter paper. Then, Pox, Alox and Feox were measured using 

inductive coupled plasma spectrometry (ICAP6300, Thermo Fischer). Finally, PSD was 

measured by using values of P, Al and Fe in an oxalate extract. Following equation from Van 

De Zee et al. (1988) was used in order to calculate PSD: 

 

     
         

α             
 

 

Where, 

Pox = Oxalate extractable P 

Alox = Oxalate extractable Al 

Feox = Oxalate extractable Fe 

α = Scaling factor 
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The α value depends on soil type. In this research, scaling factor 0.5 was considered as this 

value is widely accepted in many cases (Renneson et al., 2010).   

 

3.5 Statistical analysis of the data 

 

Data obtained after laboratory analysis were processed through software called SPSS version 

16. Two way ANOVA test was performed and significant differences among treatment 

means were assumed at significance level of 5%. Post-hoc Dennet’s t-test was chosen to 

compare all the treatment means with controls.  But also, Tukey method was selected for pair 

wise multiple comparisons of means of all treatments.   
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CHAPTER 4. RESULTS AND DISCUSSION 

 

4.1 Soil Characterization based on physical and chemical analysis 

 

Both soils with high (soil 1) and low (soil 2) P content collected from agricultural lands for 

this research study were dominated by sand fractions and classified as sandy soils according 

to USDA soil textural classification system. The PSD for soil 1 was much higher as 

compared to soil 2. The Ammonium lactate extractable P (PLAC) measured in soil 1 is also 

higher than soil 2 (Table 4.1). The physical and chemical characteristics of soils used for the 

study are mentioned in detail below in Table 4.1.   

 

Table 4.1 Physical and chemical characteristics of soil (0-30cm) at sampling 

Parameters Soil 1 Soil 2 

 

Parameters Soil 1 Soil 2 

Particle fraction (%) 

   

Total P (mg kg
-1

 soil) 1116.8 395.4 

Sand 83.1 93.0 

 

Available P (mg kg
-1

 

soil) 

  Silt 12.8 5.8 

 

CaCl2 extractable P 14.2 4.6 

Clay 4.1 1.2 

 

Ammonium Lactate P 528.3 65.2 

Soil texture USDA Sandy Sandy 

 

Organic P 588.5 330.1 

pH-KCl 4.9 3.9 

 

MBP P (mgkg
-1

 soil) 58.9 243.7 

CaCO3 (%) 0.0 0.0 

 

PSD 

  

Organic Carbon (%) 1.0 2.6 

 

Oxalate P (mmoml kg
-1

 

soil) 31.1 5.8 

Organic matter (%) 2.0 5.2 

 

Oxalate Al (mmoml kg
-1

 

soil) 26.9 41.6 

    

Oxalate Fe (mmoml kg
-1

 

soil) 33.5 8.6 

    

PSD (%) 102.6 23.1 

Available Cations (mg 

kg
-1

 soil) 

      K 109.4 22.1 

    Mg 70.7 20.1 

    Na 28.6 17.1         

From textural analysis and measurement of pH, it can be revealed that both soils are 

characterized as acidic sandy soils. As the PSD in soil 1 (102.6%) exceeds the critical 
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thresholds level set for eutrophication (40%), there is a high possibility that PSD for this soil 

throughout its profile might exceed its critical threshold levels with higher risks of 

eutrophication. For soil 2, the PSD is below its threshold level which states that there is lower 

chance of eutrophication. The two soils were quite different in terms of total P,  PCaCl2, PLAC, 

pH and organic matter content as well (Table 4.1). 

 

4.2 Effect of biochar and PSB on soils with high and low P status 

 

4.2.1 Phosphorus fractionation 

 

4.2.1.1 P fractionation before incubation  

 

The organic and inorganic P fractions from original soil samples were extracted by the 

respective extracting solutions according to the modified Hedley method. The highest Pi for 

soil 1 was extracted using 0.1 M NaOH solution followed by 0.5 M NaHCO3 extracting 

solution whereas the reverse was found for soil 2 (highest Pi was measured in 0.5 M 

NaHCO3 extracting solution) (Table 4.2). The difference in value of Pi between the two 

alkaline extracting solutions was very high in soil 1 as compared to soil 2. The lowest Pi was 

measured in the water extract followed by 1 M HCl extracting solution in soil 1 whereas in 

soil 2, the lowest Pi was measured in 1 M HCl solution. Similarly, highest Po was found in 

NaOH extracting solution followed by NaHCO3 for both soils. Smallest Po was recorded for 

soil 2 as compared to soil 1 (Table 4.2).  

 

Table 4.2 The inorganic P (Pi) and organic P (Po) fractions (mean ± stdev) analyzed 

from the modified Hedley sequential extraction process in the studied soils 

Extraction 
Soil 1   Soil 2 

Pi Po   Pi Po 

 
P (mg/kg soil) 

H2O 55.6±3.5  

 

8.9±7.1 

 0.5 M NaHCO3 223.9±4.3 114.6±9.02 42.3±5.2 23.2±3.1 

0.1 M NaOH 540.2±27.2 327.2±7.9 

 

25.6±0.8 51.3±5.6 

1 M HCl 80.8±0.07     1.9±0.4   
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The total P fraction (in %) extracted sequentially was calculated using the total P determined 

by perchloric acid digestion. Figure 4.1 illustrates the P fractions in percentage. In this 

modified Hedley sequential P fractionation, the plant available P is considered as the sum of 

water extractable P and P extracted using 0.5 M NaHCO3 solution. The plant available P was 

found higher (49% of total P) for soil 2 than for soil 1 (29% of total P) (Figure 4.2). 

 

 

Figure 4.1 P fractions expressed as percentage of total P determined by perchloric acid 

digestion for soil 1 (a) and soil 2 (b) 

 

 

 

Figure 4.2 Figure 4.2 The percentage of plant available P (water extractable P + 

NaHCO3 extractable P) and unavailable P (NaOH extractable P + HCl extractable P + 

residual P) in soil 1 (a) and soil 2 (b) 

 

The patterns of P pools determined by the sequential extractions for two soil types are 

different (Figure 4.1). The inorganic fraction of P extracted in 0.5 M NaHCO3 was lower 
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(17%) in soil 1 than in soil 2 (27%) while the case is reversed for Pi extracted with 0.1 M 

NaOH. Similarly, the organic fraction of P (Po) extracted in 0.5 M NaHCO3 was higher (40% 

of total P) in soil 1 than in soil 2 (17% of total P) which could be due to fixation of P that 

made the P unavailable for plants in soil 2. The total P fractions (Pt) found in each extracting 

solution in soil 1 was in the order of 0.1 M NaOH > 0.5 M NaHCO3 > 1 M HCl > H2O 

extractable Pt while in soil 2, in the order of 0.1 M NaOH > 0.5 M NaHCO3 > H2O > 1 M 

HCl. The dominant Pt pools in both soils were measured in NaOH extractable P. The 

inorganic and organic P that are held more strongly by chemisorptions to Fe and Al 

components of the soil surface can be removed by NaOH extractant following the principle of 

Hedley fractionation procedure. Therefore, P extracted from 0.1 M NaOH is expected as 

highest in concentration followed by 0.5 M NaHCO3 extractable P because the soils used in 

this research are acidic sandy soils and P fixation is mainly to Al and Fe compounds.  The P 

extracted by 0.5 M NaHCO3 is normally found in soil solution and can easily be adsorbed on 

the surface of soil particles.   

 

P fixed in Ca-compounds was extracted using 1 M HCl solution as an extractant. It was found 

from the result that only fewer percentages (1-6% of total P) in above soils (Figure 4.1) are 

characterized as P associated with Ca compounds. Dou et al. (2009) reported that 

considerable changes from Al- and Fe-P into Ca-P compounds has been found in soils 

amended with livestock manures as compare with control. The lowest P fraction in soil 2 was 

HCl extractable P. 

 

Plant available P is considered as the Pi and Po extracted in water and 0.5 M NaHCO3 (pH 

8.5) according to modified Hedley method. It was found that the amount of available P was 

lower in soil 1 than in soil 2 (Figure 4.2). This is due to stronger fixation of P in soil 1 than in 

soil 2 and also the P extracted in 0.5 M NaHCO3 was lower than the NaOH extractable P. 

Kashem et al. (2004) stated that the fraction of total P which is available for plants ranged 

from 15 to 46% in soil amended with manure. P extracted in distilled water is easily available 

for plants as well as for microbes because no chemical alteration in soil occurs in this 

process. When using the NaHCO3 extractant (pH 8.5), pH of acidic sandy soils (3.9-4.9) 

increases thereby increasing the solubility of Al and Fe-P compounds. As a result, more P 

which is not easily available for plants can be extracted using NaHCO3.   
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4.2.1.2 P fractionation after incubation 

  

The organic and inorganic P fractions from both soils mixed with biochar and PSB after 10 

weeks of incubation were again determined by the respective extracting solutions according 

to the procedures followed from modified Hedley method. The highest total mean Pi for soil 

1 was extracted from samples treated with PL500 followed by samples treated with PL400 

and PSB whereas the lowest total mean Pi was extracted from the control (Figure 4.3). The 

highest total mean Po for soil 1 was extracted from samples treated with PL400 followed by 

samples treated with PL500 and PSB whereas the lowest total mean Po was extracted from 

the samples treated with P400. Similarly, for soil 2, the highest total mean Pi was extracted 

from samples treated with PL500 followed by samples treated with PSB plus PL500 whereas 

the lowest total mean Pi was extracted from the samples treated with PSB only (Figure 4.3).  

Also, the highest total mean Po for soil 2 was extracted from samples treated with PSB plus 

PL400 followed by samples treated with PSB plus PL500 whereas the lowest total mean Po 

was extracted from the samples treated with P400. 

 

Statistically (from two way ANOVA test) significant differences (p<0.05) in total mean Pi 

and total mean Po were found between control and samples treated with poultry litter biochars 

(PL400 and PL500) and PSB plus poultry litter biochars at each incubation week for both soil 

types while no significant differences were found between control and samples treated with 

P400, PSB and PSB plus P400. 

 



43 

 

 

Figure 4.3 The total inorganic and organic P fractions for soil 1 (a) and soil 2 (b) 

measured after 7 weeks of incubation (error bars indicate standard deviation) *small 

case letters shows significant differences at p<0.05 

 

Figure 4.4 illustrates total plant available and unavailable P measures using modified Hedley 

sequential P fractionation method. The highest total plant available P for soil 1 and soil 2 was 

found in the treatment with PSB plus PL400 with PL500 respectively whereas the lowest 

total mean plant available P for soil 1 and soil 2 was found in the control and the treatment 

with with PSB respectively. Similarly, soil 1 treated with PL500 had highest mean plant 

unavailable P and soil 2 treated with PSB plus PL500 had highest total mean plant 

unavailable P. The smallest total mean plant unavailable P for soil 1 was in treatment with 

P400 and for soil 2, with P400 (Figure 4.4). 
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Statistically (from two way ANOVA test) significant differences (p<0.05) in total mean plant 

available P and total mean Plant unavailable P were found between control and samples 

treated with poultry litter biochars (PL400 and PL500) and PSB plus poultry litter biochars at 

each incubation week for both soil types while no significant differences were found between 

control and samples treated with P400, PSB and PSB plus P400. 

 

 

Figure 4.4 The total plant available P (water-P + NaHCO3-P) and total plant 

unavailable P (NaOH-P +HCl-P + residual-P) in soil 1 (a) and soil 2 (b) after 10th 

incubation week (error bars indicate standard deviation) *small case letters shows 

significant differences at p<0.05 
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Based on the results obtained, it was found that application of poultry litter biochar to soils 

resulted in larger fraction of inorganic P extracted in NaHCO3 and NaOH solution in both 

soils. This could be due to the fact that poultry litter biochar itself is alkaline in nature with 

higher pH range of 9.9-13.0 (Chan et al., 2008; Lehmann and Joseph, 2009) as compared 

with the pH of studied soils (3.9 and 4.9 for soil 1 and soil 2 respectively). On the other hand, 

the alkaline nature of the extracting solutions (NaHCO3 and NaOH) further increases the pH. 

This has significantly increased the solubility of Al and Fe-P minerals, as a result, a lot of Pi 

can be extracted in NaHCO3 (pH 8.5) and NaOH extracting solution. As the amount of water 

and NaHCO3 extractable is also increased after amendment with poultry litter biochar, the 

total available P is also higher in both soils. Chan et al. (2008) reported that use of poultry 

litter biochar to the hard setting soil (soils with high P fixation) resulted in increased available 

P. This also supports the research findings published by Nelson et al. (2011) who used 

biochar produced from hydrothermal pyrolysis of corn cobs at 305 ºC. Application of PSB 

plus poultry litter biochar to both soils showed almost same results with the one treated with 

poultry little biochars in terms of P fractions and P availability. 

 

4.2.2 P measurements 

 

4.2.2.1 Lactate extractable P 

 

The P in both soil types (1 and 2) were measured in ammonium lactate solution. The lowest 

PLAC was found in treatment with P400 and in control for soil 1 and soil 2 respectively at the 

end of fist incubation week (Table 4.3). Samples treated with PL400, PL500, PSB plus 

PL400 and PSB plus PL500 resulted in higher amounts of PLAC than the control in both soils 

at the end of each incubation week. The highest PLAC for soil 1 and soil 2 respectively was 

measured in samples treated with PL500 at the end of 13
th

 incubation week. 

 

From ANOVA test (Post hoc Dennet’s test,  multiple mean comparison), it was found that the 

samples treated with PL400, PL500, PSB plus PL400 and PSB plus PL500 resulted in 

significantly higher amounts of available P (PLAC) than the control at the end of each 

incubation week for both soil types while no significant interaction effect was observed 

among the samples treated with biochar and PSB. The highest mean difference of 444 mg P 

kg
-1

 soil was found with treatments between PSB plus PL500 and control at the end of 10
th

 

incubation week for soil 1 whereas samples treated with PL500 resulted in significantly 
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higher PLAC than control with mean difference up to 451 mg P kg
-1

 soil at the end of 4
th

 

incubation week in soil 2 (Table 4.3). 

 

Table 4.2 PLAC (mean ± stdev) at the end of each incubation week in two soil types 

    Available P (mg kg
-1

 soil) 

Treatments PLAC 

  Week 1 Week 2 Week 4 Week 7 Week 10 Week 13 

Soil 1 

Control 543.2±10.1 569.6±4.9 566.3±4.9 605.4±7.8 541.3±4.4 647.1±5.9 

PL400 900.6±17.9* 874.6±49.9* 937.5±20.1* 943.1±12* 963.3±13.3* 969.7±18.8* 

PL500 922.1±17.1* 950.3±14.5* 980.6±25.6* 978.3±53.5* 980.5±9* 1017±7.4* 

P400 523.5±33.3 582.5±1.2 608.2±8.1 613.4±5.8 543.2±4.8 619.9±7.9 

PSB 534.9±7.5 578.8±2.2 613.4±9.9 626.6±6.4 544.7±1.6 615.5±21.1 

PSB+PL400 874.1±34.3* 929.6±22.3* 946.4±6.3* 955.3±25.5* 945.2±6.1 1008.3±21.6* 

PSB+PL500 892.6±46.8* 940.4±13.3* 954.3±16.3* 925.5±20.6* 986.2±6.2 1054.9±19.3* 

PSB+P400 544.2±12.2 587.5±3.9 612.5±5.6 627.2±11.3 542.7±4.4 603.9±18.8 

        

Soil 2 

Control 66.5±2.1 69.1±2.1 67.9±2 71±4 68.3±1.1 73.4±1.2 

PL400 465±10.9* 466.1±22.8* 503.3±15.8* 459.7±41.3* 459.1±12.3* 492±13.5 

PL500 503±34.2* 491.7±12* 519.2±18* 477.9±28.8* 514.5±48.5* 495±21.1 

P400 72.5±1.6 71.9±0.8 71.8±2.6 72.4±0.9 69.9±1.3 82.3±1.6 

PSB 74.4±3.2 71.5±4 74.4±3 75.3±1.8 72.8±0.7 76.5±3.2 

PSB+PL400 446.3±36.7* 456.4±24.4* 488.9±15.4* 464±28.7* 442.7±20.7* 485.3±24.7* 

PSB+PL500 477.2±9.6* 480.1±20.6* 512.4±15.7* 460.2±8.9* 465.9±7.2* 507±30.6* 

PSB+P400 77.3±2.5 93.2±25.4 77.1±1.7 76.8±2.8 78±1.4 87.5±2.1 

*significantly higher mean difference than the control at P<0.05 

 

It was found from the direct measurement of available P in ammonium lactate solution that 

soils treated with poultry litter biochar (with and without PSB) increased the P availability 

significantly in both soils as compared to control. The effect of biochar and biochar plus PSB 

was more prominent in both soils as one can easily observe from Table 4.3. PSB and 

pinewood biochar at 400 ºC (with and without PSB) could not significantly increase the P 

availability than control. This might probably be due to lower pH of pinewood biochar at low 

pyrolysis temperature and could not significantly solubilize P fixed with Al and Fe minerals 

in soil. In addition, poultry litter biochars had higher P content which when amended with 

soil could be been changed to available P. Gaskin et al. (2008) also reported that pine chips 

biochar produced at low pyrolysis temperature (400 ºC) has relatively lower pH of 7.5 which 
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when amended with soil of low pH range has low capability of making P soluble. Biochar 

with higher pH (such as from poultry litter, herbaceous feedstocks) give them greater liming 

impact per ton of biochar added to the soil, increasing soil pH by 0.5-1.0 pH units depending 

on soil type. Poultry litter biochar has a pH range of 8.5-10.3 which is associated with the 

concentration of Ca and Mg present on it (Chan et al., 2008; Gaskin et al., 2008). This 

alkaline nature of biochar when amended to soils with acidic pH range (3.9-4.9) can 

solubilize the P fixed with Al and Fe and thereby making them available for plants to uptake 

in a large quantity. The reason behind why PSB treatment could not solubilize P as much as 

expected is unclear. Perhaps the organic acid released by PSB also lowered the pH in the 

already acidic sandy soils and was not able to solubilize P fixed in acidic sandy soils. 

 

4.2.2.2 Calcium chloride extractable P 

 

The mean CaCl2 extractable P in the samples treated with biochar and/or PSB ranged from 

smallest value (treated with PSB only) to highest value (in treatment with PL500) at the end 

of 1
st
 incubation week for soil 1 (Table 4.4). With control, the PCaCl2 varied greatly from the 

1
st
 to 10

th
 incubation weeks. Similarly, the PCaCl2 in soil samples treated with biochar and/or 

PSB for soil 2 ranged from smallest (treatment with PSB) to highest measurement (treatment 

with PL500) at the end of at the end of 4
th

 and 2
nd

 incubation weeks respectively. 

 

After analysis of the data obtained from PCaCl2, through two way ANOVA test, statistical 

significant differences among the treatment means were seen at end of each incubation week 

for both soil types. Those samples treated with poultry litter biochar (PL400 and PL500) and 

PSB in combination with poultry litter biochar (PSB+PL400 and PSB+PL500) resulted in 

significantly higher amounts of available P than the control at each incubation weeks for both 

soil types. No significant interaction effect was found between the samples treated with 

biochar and PSB.  

 

The highest mean difference of 40.5 mg P kg
-1

 soil was found with treatments between 

PL500 and control at the end of 1
st
 incubation week for soil 1 when comparing control with 

other treatments. Similarly, the samples treated with PSB plus PL400 resulted in significantly 

higher PCaCl2 than control with highest mean difference of 20.7 mg P kg
-1

 soil at the end of 7
th

 

incubation week in soil 2 (Table 4.4). 
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Table 4.3 PCaCl2 (mean ± stdev) at the end of each incubation week in two soil types 

    Available P (mg kg
-1

 soil) 

Treatments PCaCl2 

  Week 1 Week 2 Week 4 Week 7 Week 10 Week 13 

Soil 1 

Control 13.1±2.2 16.9±0.8 11.7±1.1 18.6±1.1 21.8±0.8 18.7±1.3 

PL400 49.4±6.4* 49.2±0.7* 26.5±4.7* 32±8.2* 47.7±5.5* 36.7±8.5* 

PL500 53.7±1.5* 47.3±5.1* 40.8±1.7* 40.8±3.5* 52.1±1.9* 39.9±7* 

P400 14.4±1.4 18.5±2.1 13.3±1.4 18.3±0.9 14.1±0.2 18.8±0.2 

PSB 11.3±2 17.9±0.7 16.1±1.8 19.1±0.6 14.8±0.3 21.1±0.5 

PSB+PL400 44.2±1.9* 51.3±5.3* 51.1±1.3* 46.1±3.2* 45.5±2* 52.2±1.7* 

PSB+PL500 40±5.1* 44.9±6.6* 41.1±14.2* 45.4±3.1* 46.8±13.1* 46.5±8.9* 

PSB+P400 12.4±0.9 17.7±1.7 14.2±2.2 18.2±2.4 15.5±0.4 18.9±2 

        

Soil 2 

Control 3.8±0.3 11.2±2 2.3±0.3 5.5±0.4 1.7±0.1 7.3±0.2 

PL400 20.1±0.6* 26.7±5.3* 17.9±0.9* 23.8±0.7* 18.8±1.8* 25.8±1.1* 

PL500 22.5±1.1* 28.5±2.4* 17.5±0.7* 22±1.8* 18.6±3.6* 25.1±1.8* 

P400 3.3±0.3 4.5±0.5 1.6±0.8 4.9±0.04 2.3±0.7 7.4±0.07 

PSB 3.1±0.2 8.1±4.8 1.1±0.6 5.9±0.3 1.7±0.5 7.3±0.08 

PSB+PL400 15.1±1.9* 23.3±2.8* 15.9±7* 26.2±5.7* 22.1±5.3* 26.8±6.7* 

PSB+PL500 16.3±2.3* 18.1±3.3* 16.8±6.4* 25.3±6.1* 18.9±4.1* 27.8±2* 

PSB+P400 3.7±0.4 12.1±2.4 1.4±1.4 5.5±0.5 2.0±0.2 7.7±0.3 

          *significantly higher mean difference than the control at P<0.05 

 

P extracted in 0.01 M CaCl2 solution is the one which is readily available for plants and 

plants need little energy to uptake the P. Direct measurement of available P in CaCl2 revealed 

that soils treated with poultry litter biochar (with and without PSB) significantly increased the 

P availability in both soil types as compared with control. Soils treated with pinewood 

biochar (with and without PSB) could not increase the P availability significantly than 

control. The explanation for this case will be the same as from the results of PLAC (section 

4.2.2.1) as basic principle of P availability with pH change is the same in both cases. 
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4.2.2.3 Total phosphorus 

 

Total P was measured at the last incubation week (13
th

). As compared to the total P amounts  

(from Table 4.1) measured from original soil samples from both soils, significant increase in 

P value was found at the end of the experiment except some samples from soil 2 (control, 

treatment with P400, PSB, and PSB plus P400).  Highest mean total P was measured both in 

treatment with PL500 for soil 1 and soil 2 respectively (Figure 4.5). Similarly, smallest mean 

total P were measured in treatment with P400 plus PSB and P400 for soil 1 and soil 2 

respectively. Statistically significant differences (at p<0.05) were seen between control and 

samples treated with poultry litter biochars (PL400 and PL500) and PSB in combination with 

poultry litter biochars. No significance difference in value of total P was observed between 

controls and samples treated with P400, PSB and PSB plus P400.  Highest mean differences 

(between control and treatments) of 497.2 and 563.4 mg kg
-1

 soil were observed in samples 

treated with PL500 for soil 1 and soil 2 respectively.   

 

 

Figure 4.5 The total P measured at last incubation weeks (13
th

) in soil 1 and soil 2  

(error bars indicate standard deviation) *small case letters shows  

significant differences at p<0.05 
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It was found from the direct measurement of total P that soils treated with poultry litter 

biochar (with and without PSB inoculation) resulted in significantly higher amount of total P 

than control whereas total P in soils treated with PSB and pinewood biochar (with and 

without PSB inoculation) was almost in similar range with control. As total P is the sum of 

inorganic, organic and residual P, the possible explanation for this result exactly fits with the 

one discussed in previous section with results of P fractionation after incubation (section 

4.2.1.2) and available P (PLAC) (section 4.2.2.1).    

 

4.2.2.4 Microbial biomass P 

 

The microbial biomass P was determined based on fumigated, non-fumigated and spiked 

non-fumigated samples. A lot of results (at the end of 13
th

 weeks)  were found negative due 

to the fact that the P measured from the samples after fumigation and extraction with 0.5 M 

NaHCO3 (pH8.5) was less than those with non-fumigated samples. Therefore, the 

measurement failed. Hence, the values presented in Table 4.5 are mean MBP after removing 

negative and too small values at the end of 2
nd

 incubation week. MBP in the sample treated 

with biochar and PSB ranged from smallest value (treatment with PSB) up to highest value 

(treatment with PSB+PL500) at after 2
nd

 weeks of incubation for soil 1 (Table 4.5). Similarly, 

for soil 2, MBP ranged from smallest measurement (treatment with PL500) up to highest 

measurement (treatment with PSB+P400). A lot of variation existed among the values within 

each treatment. This shows that a lot of error occurred during analysis as well as during 

measurement of samples. 
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Table 4.4 Microbial biomass P (mean ± stdev) and coefficient of variance (%) before 

incubation and after 2 weeks of incubation 

  Treatments 

Mean MBP (mg kg
-1

 

soil)   *CV (%) 

  Week 0 Week 2   Week 0 Week 2 

Soil 1 

Original sample 58.9±4.8 

  

8.2 

 Control 

 

8.2±3.8 

  

46.3 

PL400 

 

113.5±70.8 

  

62.3 

PL500 

 

318±296.2 

  

93.1 

P400 

 

35.9±18.7 

  

52.1 

PSB 

 

24.3±14.8 

  

60.9 

PSB+PL400 

 

226.2±83.2 

  

36.7 

PSB+PL500 

 

325.5±318.9 

  

97.9 

PSB+P400 

 

29.1±5.6 

  

19.2 

       

Soil 2 

Original sample 243.7±7.9 

  

3.2 

 Control 

 

1.9±0.7 

  

36.8 

PL400 

 

28.3±5 

  

17.6 

PL500 

 

2.5±1.9 

  

76.0 

P400 

 

8.2±4.7 

  

57.3 

PSB 

 

31.9±29.2 

  

91.5 

PSB+PL400 

 

3.3±3.2 

  

96.9 

PSB+PL500 

 

7.6±1.5 

  

19.7 

PSB+P400   59.9±53.8     89.8 

          *CV = Coefficient of variance calculated as STDEV/mean*100 

 

The results of MBP revealed that higher variations occurred when determining MBP which 

was due to presence of more negative results and coefficient of variance ranged from 19.2 to 

97.9% and 17.6 to 96.9% for soil 1 and soil 2 respectively (Table 4.5). It was also found in 

general that MBP in the biochar and PSB treated samples resulted in general higher MBP as 

compared to control at the end of 2
nd

 incubation weeks for both soils. Although, previous 

research on biochar effect on MBP is not available, it can be stated from this research study 

that biochar can have potential to immobilize P by providing congenial environment for soil 
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micro organisms. Brookes et al. (1982) reported that soil microbes can immobilize 3-5 times 

more P than plants. 

 

One of the limitations found during analysis of MBP was to adjust the fumigation in a proper 

way. During measurement of MBP at the end of the experiment, most of the results were 

negative because the P measured in fumigated samples was lower than those measured in 

non-fumigated samples. Problems with determination of microbial biomass nitrogen (MBN) 

and MBP have been reported also by other researchers, and this measurement remains 

difficult and challenging. This is especially the case when large amounts of organic matter 

have been added to the soil recently. So, in future it is necessary that the fumigation is 

adjusted in a good way. Another difficulties when using NaHCO3 (pH 8.5) extracting 

solution reported from previous study is appearance of colour in extractant due to dissolution 

of organic matter in the soil and thereby interferes during measurement of samples using 

spectrophotometer (Van Ranst et al., 1999). This can be solved either by using P free 

charcoal or by precipitating the organic matter with acid.  

 

4.3 Effect on soil pH 

 

The highest pH-KCl values were in samples treated with PSB plus PL500 and PSB plus 

PL400 after 1
st
 and 2

nd
 weeks of incubation for soil 1 and soil 2 respectively (Figure 4.6). 

Similarly, the lowest pH values were measured in samples treated with PSB plus P400 

measured after 10 weeks and in control measured at each incubation week for soil 1 and soil 

2 respectively. Samples treated with poultry litter biochars (PL400 and PL500) and PSB in 

combination with poultry litter biochar significantly increased the pH as compared to control 

in both types of soil at the end of each incubation week. No significant changes in pH were 

found between control and treatment with Pinewood biochar (P400). Highest mean difference 

(between control and treatments) of 1.77 (measured after 1 week) and 1.66 pH units 

(measured after 2 weeks), in both case treatment with PSB plus PL500, were found for soil 1 

and soil 2 respectively. 
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Figure 4.6 pH-KCl measured at the end of each incubation week  

for soil 1 (a) and soil 2 (b) 

 

Biochars have considerable effects on soil chemistry which can alter P availability as its 

addition into soil can have influence soil chemistry through alteration in soil pH and increase 

in CEC (Van Zwieten et al., 2010). The potentiality of biochar to increase soil pH can be 

compared as much as with liming potential however the increase in soil pH are dependent on 

biochar and soil type and can range from little to no increase and sometimes up to pH 

increase of 2 pH units  (Kimatu et al., 2008; Hossain et al., 2010). As biochar itself has 
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relatively high CEC, which in combination with, increases in soil pH, would obviously help 

to increase the overall CEC of the soil which ultimately affects nutrient availability (Yamato 

et al., 2006). The pH increase together with increased CEC after biochar application in soil 

can decrease exchangeable Al which in turn could increase the availability of applied P 

fertilizers as well as P already fixed into soil fertilized in past years. This increased 

availability of P in biochar amended soil could be the possible explanation for biochar and its 

effect of crop growth (Akinrinde, 2008; Asai et al., 2009). This explanation also supports this 

research study which also showed increase in pH after amendment with biochar. Nelson et al. 

(2011) reported that application of biochar obtained from hydrothermal pyrolysis of corn 

cobs at 305 ºC in soil resulted in higher soil pH than control. 

 

On the other hand, PSB are recognized for releasing organic acids which when applied to soil 

can lower the pH (Arcand and Schneider, 2006). Also from this research study, most of the 

samples treated with PSB were found lower in pH value than control with small mean 

differences (0.01-0.11) for both soils while samples treated with biochar in combination with 

PSB showed considerable increase in soil pH except treatment with pinewood biochar in 

which pH values were almost in similar range with control for both soils.  

 

4.4 Phosphate saturation degree 

 

The highest mean PSD were found in treatment with PL500 and with PSB plus PL500 both 

measured after 10
th

 weeks of incubation for soil 1 and soil 2 respectively (Figure 4.7). 

Similarly, the lowest mean PSD values were calculated for control and in treatment with PSB 

for soil 1 and soil 2 respectively. For soil 1, all values except control exceeded 100% because 

phosphate sorption capacity (PSC) is low.  Samples treated with poultry litter biochar (PL400 

and PL500) and PSB plus poultry litter biochar significantly increased PSD values as 

compared to control for both soils.  
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Figure 4.7 PSD measured after 10
th

 weeks of incubation in soil 1 and soil 2 

(Error bars indicates standard deviation) 

 

Even though there are not enough literatures found with effect of biochar and PSB on PSD of 

soil, it is a good environmental indicator which estimates release of P into surface water 

bodies and thus can induce eutrophication. It has been found from the research that biochar 

can have influence to increase PSD in soil. The calculation of this parameter is highly 

dependent on scaling factor (α) when computing P sorption capacity. In many cases, α is 

considered as 0.5 which sometimes over or underestimates the saturation degree. Renneson et 

al. (2010) assumed α as 0.66 when studying PSD in Walloon region of Belgium. They also 

found out that PSD is well correlated with available P allowing it to determine P availability 

in soil and also tells about the capacity of soil to retain P. The low phosphate sorption 

capacity in sandy soils results in high PSD even if P content is relatively low. The more the 

soil is saturated with P, only few sites to bind P remain available, hence improving the P 

availability but also increasing the risk of P loss (Renneson et al., 2010; De Smet et al., 

1996).  

 

Threshold values for PSD have already been proposed as an environmental indicator. A 

threshold value of 25% was proposed for acid sandy soils in the Netherlands (Breeuwsma et 
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al., 1995; Van der Zee et al., 1990), while 40% in Flemish regions in Belgium (Chardon and 

Schoumans, 2007; Renneson et al., 2010). The soils used in our research study were also 

acidic in pH and sandy in nature. All values in soil 1 are higher than 40% and some values in 

soil 2 (except control, treatment with PSB and PSB plus pinewood biochar) are higher than 

25%. The risk of P loss is much higher in soil 1 than in soil 2. 
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CHAPTER 5. GENERAL DISCUSSION AND CONCLUSION 

 

Phosphorus (P) is an essential nutrient to all forms of life on Earth and is primarily conserved 

in soils and sediments. This is often a limiting nutrient for crop. Maintaining soil P 

concentrations in an optimum range is utmost necessary in order to sustain soil fertility and 

crop productivity from an agriculture point of view. 

 

Flanders is confronted with surplus amount of P with very high P fertility status due to 

extensive use of FYM and compost in the past which makes them susceptible to leaching 

with the risk of eutrophication. Based on some known effects of biochar on nutrient dynamics 

with more focus on P availability in P deficient soils, the main purpose of this research was to 

explore whether this could be helpful to solve the problem of high P fixation in P saturated 

sandy acidic soils of Flemish region. The effect of biochar (with and without PSB) was 

analyzed using different parameters to measure P in its different forms and compare with 

control to find whether significant difference exists in between control and treatments.  In this 

study, biochar at the rate of 7 ton ha
-1

 and PSBs of two species Bacillus Brevis and 

Pseudomonas putida with bacterial concentrations of 10 * 10
8
 cfu ml

-l
 and 9 * 10

8
 cfu ml

-1
 

respectively were used.   

 

Two types of soil with acidic pH range and having higher percentage of sand fractions 

(83.1% for soil 1 and 93% for soil 2) were used in this research study. Total P analysis of 

both soils before incubation tells us that soil 1 is high in P content (total P of 116 mg kg
-1

 

soil) as compared to soil 2 (total P of 395 mg kg
-1

 soil).  Fractionation study from the original 

soil samples revealed that, the total P fractions in soil 1 was in the order of 0.1 M NaOH > 

0.5 NaHCO3 > 1 M HCl > H2O where as for soil 2, in the order of 0.1 M NaOH > 0.5 

NaHCO3 > H2O > 1 M HCl. The fraction of total P that represents NaOH extractable P was 

17% in soil and 27% in soil 2. According to the modified Hedley sequential P fractionation 

method, this fraction of total P is mainly associated with those bounded (fixed) tightly with 

Al and Fe compounds and are not available for plant uptake for short time. In fact, the 

fractions (pools) of total P which includes both Pi and Po that is extractable in NaHCO3 and 

NaOH extracting solution cannot be separated completely from each other as P extracted in 

NaHCO3 solution can also be associated Al and Fe. The plant available P (H2O-P + NaHCO3-

P) in soil 1 was lower (29% of total P) as compared to soil 2 (49% of total P). But these 

values seem exaggerated which might be due to much higher pH of NaHCO3 (pH 8.5) than 
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the actual pH of soils (3.9 and 4.9) and this could lead to excess P extraction which might not 

be available for plants easily. Therefore, in general case, results of P fractionation based on 

modified Hedley method gives an overview of Pi and Po fractions of total P in P saturated 

acidic sandy soils. In future, further analysis is required to separate Fe and Al-P pools and 

define available P in better way. 

 

The results of P fractionation after 10
th

 weeks of incubation showed that there was 

considerable increase in total Pi and Po and also in available P (H2O-P + NaHCO3-P) in both 

soils treated with poultry litter biochars pyrolyzed at 400 and 500 ºC (with and without in 

combination of PSB). The results from direct available P measurements in different 

extracting agents (PLAC, PCaCl2) and direct total P measurement revealed that samples treated 

with poultry litter biochar (pyrolyzed both at 400 and 500 ºC) with and without combination 

of PSB resulted in significant amount of available P and total P as compared to control 

(p<0.05) at the end of each incubation weeks. Treatment with pinewood biochar (pyrolyzed 

at 400 ºC) and PSB could not significantly increase the P availability. The increase in pH in 

both soils treated with poultry litter biochar was also significant with highest mean difference 

up to 1.77 and 1.66 pH units for soil 1 and soil 2 respectively which could be due to alkaline 

nature of poultry litter biochar and also associated with presence of Ca and Mg. This increase 

in pH has led to increased solubility of P bonded to Al and Fe-mineral compounds. Even 

though most of the results of MBP were negative because of lower values of fumigated 

samples than non-fumigated ones when measured at the end of the incubation experiment, the 

MBP result after 2
nd

 weeks of incubation, in general, revealed that effect of biochar and PSB 

in increasing the MBP was higher than in control for both soils. The phosphate saturation 

degree of soils treated with poultry litter biochar for both soils were much higher ranging 

from 69.9 to 132.1%. PSD values associated with soil 1 and some valued of soil 2 (treatment 

with poultry litter biochars) were much higher than the critical threshold value proposed for 

Flemish region in Belgium. From this, it has been concluded the lot of P has been fixed in 

sandy acidic soils of Flemish region with higher risk of leaching and resulting into an 

eutrophication if these already fixed P are not managed properly.     

 

The effect of biochar for increasing the availability of P in P saturated sandy acidic soils 

seems interesting and positive based the above research findings. It is also crucial to consider 

that results may vary considerably when comparisons for each parameter are made among the 

incubation weeks. The possible logic behind this could be that the soils used in this 
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experiment are unsterilized and the incubation environment created in the laboratory was not 

fully controlled and free of microbial contamination. So, long term incubation experiment 

may be required in order to draw a definite conclusion. Biochar quality and its composition 

also plays important role when evaluating its effect on nutrient availability. Hence, further 

investigation is needed under controlled environment and sterilized condition in order to 

quantify the effect with more accuracy. 

 

The main positive aspect of this research study is exploring the potentiality of using biochar 

and PSB in acidic sandy soils with high and low P status. Further validation of this research is 

needed on methods and setting up of experiment in order to have more reliable results with 

better accuracy. As for example, for the determination of MBP, the existing old methods 

should be validated on these soils. Hence, wider investigation is required in order to measure 

the best parameter for available P on these soils.     
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