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ABSTRACT  

Biochar incorporation into soils influences many of the soil‟s physical/chemical properties. 

The potential of using biochar for reclamation of saline-sodic soils is not well evaluated. 

Furthermore, how salinity would influence Phosphorus (P) sorption capacity of biochar is not clear. 

The main goals of this research were to determine the possibility of using biochar on amelioration 

of a saline-sodic soil and reduce the loss of P from soils, and to evaluate how growth and yield of 

wheat responses to a biochar amended saline-sodic soil.  

The biochars used in this research were produced from wheat straw, hardwood, and willow 

wood at pyrolysis temperature ranged between 500 and 550 °C. The used soils were sampled from 

the plow layer (0.1 m) of saline-sodic and non-saline soils of a local farm in Alberta, Canada. The 

influence of salinity and biochar type on P sorption by biochar was evaluated through a P sorption 

isotherm experiment. The hardwood biochar was selected as a soil amendment for followed 

experiments based on its high P sorption capacity. The effect of biochar application at different 

rates (0, 2, 5 and 8% [w/w]) on reducing salinity and leaching loss of P was evaluated using column 

leaching experiments. The 0 and 5% of biochar application rates were selected to evaluate the 

growth and yield of spring wheat in a pot experiment. The responses of the crop to biochar, manure 

and soil type treatments were evaluated by measuring plant nutrient contents and plant growth and 

productivity. 

Phosphorus sorption by wheat straw and hardwood biochars increased as the P concentration 

in solution increased, with willow wood biochar exhibiting an opposite trend for P sorption. 

However, the pattern for P sorption became similar as the other biochars after the willow wood 

biochar was de-ashed. Willow wood biochar had the highest P sorption followed by hardwood and 

wheat straw biochars. Salinity in the aqueous solution influenced P sorption by hardwood and 

willow wood but not by wheat straw biochar.  
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The electrical conductivity (EC) in leachates from a hardwood biochar amended saline-sodic 

soil decreased with increasing biochar application rate; however, an opposite trend occurred during 

sequential events. Biochar addition significantly increased movement of water through the soil and 

prevented waterlogging of the saline-sodic soil; however, it reduced water retention time in the soil 

which likely resulted in variation of leachate‟s EC of the biochar treatments. Generally, biochar 

addition significantly reduced EC of saturated paste extracts (ECe), exchangeable sodium 

percentage (ESP), sodium adsorption ratio (SAR), and some of the soluble and exchangeable 

cations. The evaluation of the effectiveness of hardwood biochar for reducing leaching loss of P 

from a non-saline soil revealed that leaching loss of total P (TP), dissolved reactive P (DRP) and 

multivalent cations from manured soil was significantly decreased with the increasing biochar 

application rate. The reduction of leaching losses of multivalent cations in association with 

increasing soil pH due to biochar application is suggested to be responsible for the large reduction 

of TP and DRP. 

Separate application of biochar and manure increased nutrient availability. However, the 

nutrient availability was highest when the saline-sodic soil received a combined application of 

manure and biochar. Nutrient concentrations in the plant tissue were increased by biochar 

application, but not by manure application. The crop in the treatment with biochar + manure 

application to the saline-sodic soil had the highest survival rate, nutrient contents, dry matter, and 

yield. However, manure application without biochar significantly reduced the survival rate in the 

non-saline soil. The significant response of crops to biochar application, particularly in the saline-

sodic soil, was attributed to the role of biochar in improving soil physical/chemical properties, and 

in facilitating the leaching of salts from the rooting zone.  

Hardwood biochar is an effective P sorbent relative to the other two biochars used. 

Application of hardwood biochar at 5% was the optimal rate for reducing salinity while minimizing 
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P leaching losses from soils. Also, application of this biochar enhanced general soil quality 

including soil pH, water holding capacity and infiltration, and fertilization use efficiency by plant 

and resulted in improvement in plant productivity; therefore, this biochar should be beneficial for 

saline-sodic soil reclamation as well as for reducing the negative effect on water quality from 

excessive P input. 
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CHAPTER 1. GENERAL INTRODUCTION  

1. Interoduction 

Biochar production and properties 

Biochar is a carbon-rich, solid product of the thermal decomposition of organic matter 

under a limited supply of oxygen at relatively low temperatures (<700 °C). It is produced with 

the intent to be applied to soil as a means of improving productivity, carbon storage, or the 

filtration of percolating water (Lehmann and Joseph, 2015). Biochar porosity (macro-, meso-, 

and micro-pores) is considered an important factor contributing to biochar‟s chemical properties 

(Fukuyama et al., 2001). Biochar generally presents a large surface area (Downie et al., 2009). 

This in addition to its structure and chemical properties contributes to its great sorption capacity, 

which has been largely reported for a wide range of organic compounds (Cornelissen et al., 

2005; Ping et al., 2006; Chen et al., 2008a; Cao et al., 2009).  

Biochar can be produced with a wide variety of properties and applied to a range of soils. 

Therefore, different biochars have different interactions with soil, depending on their initial 

chemical and physical characteristics. Moreover, the chemical properties and nutrient 

compositions of the biochar can vary greatly with the feedstock type. For example, biochars 

made from poultry manure can have high pH and P content (Chan et al., 2008b; 2009), while 

biochar made from sewage sludge can have high N and heavy metal concentrations (Liu et al., 

2014).  

 Cation and anion exchange capacity of biochar  

The cation exchange capacity (CEC) of biochar is found to increase as the biochar ages 

(Cheng et al., 2008), due to an increase in some of the oxygenated functional groups on the 

biochar surface (Liang et al., 2006; Cheng et al., 2006). Cheng et al. (2008) and Mao et al. 

(2012) reported that the surface chemistry of biochar is exposed to changes with time, including 

the development of carbonyl, carboxylate, ether, and hydroxyl surface moieties, which are 

largely responsible for biochar CEC. In turn, the CEC of biochar governs its activities in biochar-

amended soil; its surface charge determines the nature of interaction with other soil particles, 

such as dissolved organic matter, gases, microorganisms, and water (Joseph et al., 2009). 
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Biochar increases soil CEC and, consequently, soil sorption capacity (Glaser et al., 2002 ; Laird 

et al., 2010b; Peng et al., 2011; Sohi et al., 2010; Mao et al., 2012; Wan et al., 2014). However, 

increases in soil CEC are not always expected from adding biochar (Novak et al., 2009b).  

Very little is known about the anion exchange capacity (AEC) of biochar. Most biochar 

studies, even those that are related to anion retention have included CEC, rather than AEC, in the 

chemical analysis list. This may be due to a poor adaptability of traditional methods for soils‟ 

AEC analysis. Generally, freshly produced biochar has a low CEC (Cheng et al., 2006, 2008; 

Lehmann, 2007), but it is expected to have a high AEC (Cheng et al., 2008). However, data for 

biochar AEC is currently very scanty in the literature. Attempts to measure the AEC of biochars 

generated from oak, pine, and grass was not successful (Mukherjee et al., 2011). Cheng et al. 

(2008) were also not able to detect AEC for biochar incubated for 12 months at 70 °C, yet they 

were able to determine the AEC of fresh biochar that they incubated for 12 months at 30 °C.  

Some other studies have reported varied AEC values for diverse biochars with different stability 

over a range of pH values (Inyang et al., 2010; Silber et al., 2010). A recent study attributed the 

high biochar AEC values to many factors, including the lower competition from hydroxide ions 

for positive sites at low pH, the lower O-containing functional groups of low ash content biochar, 

and the formation of oxonium structures and pyridinal functional groups (that carry a positive 

charge at low pH values) during pyrolysis (Lawrinenko and Laird, 2015). Contrary to CEC, the 

AEC of biochar often decreases with time upon exposing it to biotic and abiotic oxidation 

(Cheng et al., 2008), especially for biochars produced under low temperature conditions. This 

indicates that biochars produced at different temperatures oxidize differently (Lawrinenko and 

Laird, 2015). In low temperature biochar, the oxonium heterocycles that are responsible for AEC 

convert to pyran- and cyclic ether-like structures through oxidation, resulting in the reduction in 

AEC. However, biochar produced under higher temperature conditions tends to have more 

condensed aromatic C, which is more resistant to oxidation (Lawrinenko and Laird, 2015). 

Biochar surface functional groups and pH 

Biochar pH plays an important role in the surface charge, which is found to be directly 

related to the O contents of the functional groups. Many of the functional groups commonly 

present on the surface of biochars exhibit amphoteric properties, and the reactivity and 

electronegativity depend on the pH of the environment (Amonette and Joseph, 2009). That 
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functional gropus can either receive or donate a proton (H
+
) depending on the pH. At a higher 

pH, the carboxylic acids (-COOH) and some of the hydroxyls (-OH) give up protons and become 

negatively charged (-COO- and -O-, respectively). At low pH environments, these same groups 

can accept a proton.  Lawrinenko and Laird (2015) reported that carboxylate groups are always 

in base form at most soil pH values; thus, they are mainly responsible for the CEC of biochar as 

a function of their formal negative charge. Poultry litter has been reported to produce biochar 

with a pH range of 8.5–10.3, based on its concentration of Ca and Mg. Furthermore, the pH 

buffer capacity of biochar expands by increasing its Ca concentrations (Chan and Xu, 2009; 

Gaskin et al., 2008). Upon the addition of biochar to soil, the reactive surface of biochar allows 

cations to accumulate and increase soil pH (Mikan and Abrams, 1996). 

2 The Impacts of Feedstock Type on Biochar Chemical Properties 

Many studies have highlighted the importance of feedstock type and production conditions 

as key factors for managing the properties of biochar to fit its different uses, including the 

formation of stable soil organic matter and increasing the retention of contaminants and soil 

nutrients such as N and P. Amonette and Joseph. (2009) and Collison et al. (2009) reported that 

biochar properties are highly heterogeneous, both within individual biochar particles and among 

biochars produced from different feedstocks. The feedstock‟s chemical composition influences 

the resulting biochar‟s chemical and structural composition and, therefore, is reflected in its 

behavior, function, and fate in soils.  

Feedstock type refers to the type of biomass used for making biochar. Biochar and its 

byproducts have been produced from a wide variety of feedstock, such as organic farm waste, 

waste treatment plant slurry, and woods with high cellulose/lignin content (Chan and Xu, 2009). 

Only a limited number of pyrolysis studies have been conducted, to compare the influence of a 

wider range of feedstock types on the chemical properties of the generated biochar (Day et al., 

2008; Day et al., 2005). In general, biochars‟ surface chemistry varies due to their heterogeneous 

composition, which is inherited from the initial feedstock (Amonette and Joseph, 2009; Collison 

et al., 2009). Heteroatoms such as Hydrogen, O, N, P and S are found incorporated within the 

aromatic rings; this is thought to be responsible for the heterogenous surface chemistry and 

reactivity of biochar (Brennan et al., 2001). 
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The major chemical constituents of biochar are carbon, volatile matter, mineral matter 

(ash), and moisture (Antal and Gronli, 2003; McLaughlin et al., 2009). The relative proportion of 

these components controls the chemical and physical behavior and function of biochar, as well as 

its transport and fate in the environment (Brown, 2009). Demirbas (2004) found that the majority 

of the feedstock‟s mineral content is retained in the produced biochar, where it concentrates due 

to the gradual loss of C, hydrogen (H), and oxygen (O) during processing.  

Generally, feedstock contains elements other than carbon (C), hydrogen, and oxygen; 

therefore, the amount of ash in biochars reflects the amounts of the mineral elements in the 

feedstock used. Feedstock with a high content of silica produces biochar with high ash content. 

For example, chicken-litter biochars are found to contain more than 45% ash (Lima and 

Marshall, 2005). Agricultural wastes such as nutshells and fruit stones, however, have high 

lignin and low ash contents (Aygün et al., 2003), sometimes even less than 1% (Kim et al., 

2009). The proportion of inorganic components (ash) affects biochars‟ physical and chemical 

properties (Rodriguez-Mirasol et al., 1993). Some studies have suggested that high mineral-ash 

content biochar has a strong ability to adsorb some contaminants in soil, such as heavy metals 

and pesticides (Swiatkowski et al., 2004; Lima and Marshall, 2005).  In another study, ash 

content was found to have a significant effect on functional groups present on biochars‟ surfaces 

(Schnitzer et al., 2007). As well, Schnitzer et al. (2007) and Koutcheiko et al. (2007) have 

suggested that, in high mineral ash biochar, some of the functional groups may contain metals; 

they found this to be true in a range of N- and S- based functional groups in chicken manure 

biochar. More knowledge is required to enable the selection of feedstock type to achieve specific 

biochar properties and thereby provide the benefits most appropriate for each particular 

agricultural system and for each purpose. 

3 Use of Biochar as a Soil Amendment  

3.1 Salt-affected land 

Since ancient times, soil degradation has occurred due to salinization. Today, it is one of 

the world‟s major environmental concerns, threatening the sustainability of global agricultural 

production. It is prevalent in arid and semi-arid regions (Manchanda and Garg, 2008), where 

rainfall is not sufficient for adequate leaching (Pathak and Rao, 1998). Around 23% of the 
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earth‟s surface is occupied by salt-affected lands; this has a major negative impact on the 

productivity of agricultural crops and pastures (NLWRA, 2001; Szabolcs, 1994). Most of these 

lands are classified as saline-sodic soils, which occupy around 10% of all salt-affected lands 

worldwide (NLWRA, 2001). In the Canadian prairies (Alberta, Saskatchewan, and Manitoba) 

more than 80,000 and 2.5 million hectares of irrigated and non-irrigated lands, respectively, are 

classified as saline or saline-sodic. 

Salt-affected soils generally contain high concentrations of dissolved mineral salts, 

primarily composed of chlorides, sulfates, carbonates, bicarbonates of sodium (Na
+
), calcium 

(Ca
2+

), and magnesium (Mg
2+

) (Manchanda and Garg, 2008; Qadir et al., 2000). The 

concentration and proportions of these salts are commonly varied. 

“Salt-affected lands” are defined as groups of soils whose concentration of soluble salt is 

high enough to restrict the growth of most crops (Paul, 2013), and to degrade the soils‟ 

physicochemical properties (Shrivastava and Kumae, 2015). General classification of salt-

affected soils is based on their electrical conductivity of saturated paste extracts (ECe), soil 

sodium adsorption ratio (SAR), and exchangeable sodium percentage (ESP) (Richards, 1954). 

Based on these parameters, Richards (1954) and James et al. (1982) divided salt-affected soil 

into saline soils, sodic soils, and saline-sodic soils. Saline soils are recognized by their high 

content of soluble salt (Electrical conductivity (ECe) >4, an exchangeable sodium percentage 

(ESP) < 15 and pH <8.5). Meanwhile, sodic soils are characterized by their high exchangeable 

sodium (ECe < 4, an ESP >15 and pH >8.5). Saline-sodic soils, on the other hand, contain both 

soluble salt and exchangeable sodium at high concentration (EC >4, an ESP >15 and pH >8.5) 

(James et al., 1982). The accumulation of salts in soils will affect both plant growth and general 

soil health by altering the soils‟ physical, chemical, and biological properties (Bernstein, 1974; 

Lakhdar et al., 2009; Manchanda and Garg, 2008). 

The major physical properties of soils that are influenced by elevated levels of 

exchangeable Na
+
 in saline-sodic soil are low pore volume and poor relation of soil-water and 

soil-air (Rengasamy and Olsson, 1991). Sodicity also causes clays to swell, resulting in swelling 

induced effects such as breakdown of aggregates. This in turn decreases soil hydraulic 

properties, including hydraulic conductivity and infiltration rate (Rengasamy and Sumner, 1998). 

Sodium causes the dispersion of soil particles and, consequently, permanent blockage of water 

navigation pores (Sumner, 1993) and reduction of soil structural stability (Quirk, 1994; 
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Rengasamy and Olsson, 1991). “Hard setting” is a unique characteristic of saline-sodic soil. It 

refers to a formation of an impermeable subsoil layer with high bulk density (Qadir and 

Schubert, 2002), which causes a permanent or frequent condition of poorly aerated, waterlogged 

soil. These conditions are unfavourable for plant growth and production (Nelson et al., 1998). 

The high values of ECe, ESP, SAR, and pH in high salinity and/or sodicity soils affect 

many morphological, physiological, and biochemical processes in plants. These include 

increased osmotic pressure of the soil solution (Gadallah, 1996); toxic ion action, such as of 

boron (Smith et al., 2010b); unbalanced uptake of essential nutrients and/ or the combination 

thereof (Maas and Hoffman, 1977; Willenborg et al., 2004). Generally, salt-affected soils are 

highly deficient in their nitrogen (N), phosphorus (P), and potassium (K) contents (Lakhdar et 

al., 2009). Furthermore, decline in vegetation growth in such soil results in lower C input and 

further deterioration of the soil‟s physical and chemical properties (Wong et al., 2009). 

Mechanisms involved in the effectiveness of biochar for saline-sodic soil reclamation 

Until now, few studies have focused on the possibility of using biochar for the reclamation 

of salt-affected soils, such as a saline-sodic soil. However, the incorporation of biochar into non-

saline soils is shown to affect the preexisting soil properties in ways attributed to the physical 

and chemical properties of biochar (Amonette and Joseph, 2009; Chan and Xu, 2009; Slavich et 

al., 2013). For example, in recent studies, biochar was found to provide many benefits to 

amended non-saline soils. These included adding basic cations such as Ca
2+

 and Mg
2+

 (Major et 

al., 2010; Laird et al., 2010b; Chan et al., 2008b; Gaskin et al., 2010; Novak et al., 2009a), which 

has been found effective for offsetting the Na
+
 on the exchange sites in a saline-sodic soil 

(Chaganti et al., 2015). Furthermore, biochar application was found to improve physical soil 

properties such as bulk density, porosity, and aggregate stability (Herath et al., 2013; Ayodele et 

al., 2009; Laird et al., 2010b). These, in turn, facilitate water infiltration through soil layers. 

Biochar also reduces salinity stress through adsorption of Na
+
 (Lashari et al., 2013; Akhtar et al., 

2015a; Akhtar et al., 2015b). Therefore, the benefits of biochar for adding divalent cations 

together with its role in enhancing soil chemical and physical properties could help salt leaching 

from biochar-amended saline-sodic soil.  
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3.2 High soil test phosphorus soil 

The major sources that contribute to phosphorus loading from agricultural watersheds into 

water bodies include soil phosphorus (P) and phosphorus from fertilizers, manure, and biosolids. 

The accumulation of P in soil is a function of the characteristics of the P sources added (e.g., 

solubility), soil properties, and agricultural management practices. Most soils have a high 

capacity for retaining the P applied as synthetic fertilizers or manure (Brookes et al., 1997). 

Soluble P forms from these sources react quickly with soil constituents, and P adsorbs to fine 

mineral particles (clay, Fe and Al oxides, carbonates, etc.); precipitates, as inorganic compounds 

of low solubility (for example, as calcium and /or iron phosphates); or is retained in complex 

organic molecules. Thus, in most situations there is little movement of P through the soil profile. 

This leads to the accumulation of P near the soil surface when it is applied at rates that exceed 

crop removal (Simard, 2000). However, when the soil becomes enriched in P to a level that 

exceeds the P retention capacity of the soil, the excess P could potentially move downward 

through the soil (Koopmans et al., 2007; Lehmann et al., 2005; Ulén et al., 2011; Parvage et al., 

2013), causing eutrophication in water bodies (Chen et al., 2008b; Borda et al., 2011; Csathó et 

al., 2007). 

3.2.1 Mechanisms involved in phosphorus retention in biochar and biochar-amended soils   

The physical and chemical stabilization mechanisms of biochar in soils determine its 

effects on soil functions. Two properties of biochar make it a valuable soil amendment: (1) its 

high stability against decay; and (2) its superior ability to retain nutrients, compared to other soil 

organic matter (Lehmann, 2007). Its chemical and physical properties such as its high charge 

density and its particulate nature, along with its specific chemical structure and high microbial 

and chemical stability all contribute to greater nutrient retention and resistance to microbial 

decay than that possessed by other organic matter (Atkinson et al., 2010). Historical studies have 

examined biochar‟s effect on the transformation of nutrients, and have found that it clearly has 

important roles in nutrient retention, availability, and leaching. For instance, pot studies have 

found a significant reduction in nutrient leaching, upon addition of biochar to soils (Ding et al., 

2010; Laird et al., 2010 a; Lehmann et al., 2003; Singh et al., 2010b). In particular, phosphorus 

concentration in leachate was found to decrease with increasing biochar application due to the 
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great P sorption capacity of biochar (Novak et al., 2009a). The influence of biochar on nutrients 

depends on its properties, ion of interest, and soil environment. As previously discussed, the type 

and source of feedstock used to produce biochar are shown to affect the availability of key 

macronutrients such as N and P, and some metal ions such as Ca
2+

 and Mg
2+

, when incorporated 

into the soil (Atkinson et al., 2010). 

Several studies have reported that the cation exchange capacity (CEC) of biochar is 

significantly higher than that of the soil alone, clay minerals, or soil organic matter (Sohi et al., 

2010; Lehmann et al., 2003). The negatively charged sites (CEC) on biochar surfaces are directly 

benefiting the retention of positively charged elements. However, they may indirectly contribute 

to the retention of other elements with a negative charge by holding cations that eventually co-

precipitate with those of negatively charged elements, such as that between phosphate and Ca
2+

, 

Mg
2+

, Fe
3+

, and Al
3+

. The CEC of the biochar also benefit the retention of P directly through 

increasing the electrostatic adsorption (specific adsorption). 

Phosphorus chemistry, reactions, and cycling in the soil and surrounding environment are 

complex. The fate of P in soil is a function of many soil properties, such as temperature (Barrow, 

1974), structure, pH, and clay content (Arai and Sparks, 2007). It has long been known that the 

major chemical processes controlling solution composition in agricultural soils for phosphorus 

are adsorption/desorption and dissolution/precipitation (Edwards and Withers, 1998). Inorganic 

phosphorus in water occurs almost exclusively in the form of orthophosphate. It can be present in 

soils as H2PO4
-
 (pH 5-6), HPO4

-2
 (pH 6-8), and in apatites such as Ca (pH < 8) and Al (pH <4) 

phosphate (Coelho et al., 2012; Ulén et al., 2012). Other speciations of phosphate in soil and 

water environments are H3PO4 and PO4
-3

.  

As already discussed, the beneficial characteristics of biochar as a soil amendment are 

associated with its high cation exchange capacity (CEC; 40 to 80 meq per 100 g); its high surface 

area (51 to 900 m
2
 g

-1
), which leads to accumulated basic cation and increased soil pH (Mikan 

and Abrams, 1996); and its affinity for micro- and macro- plant nutrients (Lehmann, 2007; Laird, 

2008; Gaunt and Lehmann, 2008; Novak et al., 2009a; Roberts et al., 2009). The high CEC and 

surface area of the biochar were considered as important chemical characteristics that favor the 

potential to adsorb P or influence the precipitation of P in insoluble pools (DeLuca et al., 2015). 

In many studies, the leaching of anions such NO3
-1

 and phosphate were found to be significantly 

reduced upon addition of biochar to soils (Laird et al., 2010a; Knowles et al., 2011). The 
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influence of biochar on phosphorus retention in biochar-amended soils varies by biochar type. 

For example, Yao et al. (2012) found that biochars made from pepperwood caused additional 

phosphate loss from soil columns. However, the loss was significantly reduced by using peanut 

hull biochar. Furthermore, soil properties also have an important impact on the amount of 

phosphorus retention by biochar-amended soils. For example, Xu et al. (2014) reported that 

sorption of phosphorus by biochar-amended soils is highly influenced by both the biochar 

application rate and the pH values of the amended soil. The phosphorus sorption increased along 

with an increasing rate of biochar application in acidic soil, due to the increases in Ca-bounded P 

that associated with an increasing of soil pH upon the increases of biochar addition. It faintly 

decreased, however, in alkaline soil. Lawrinenko and Laird (2015) reported that a negative 

charge is the main charge for both phosphate ions and the biochar surface. Despite this, 

significant adsorption occurs through an interaction capable of overcoming the electrostatic 

repulsion (Beaton et al., 1960). This adsorption may be due to biochar AEC (Lawrinenko and 

Laird, 2015). However, there is limited knowledge about the anion adsorption mechanisms of 

biochars. Generally, the main mechanisms that are involved in phosphorus retention in soil, 

biochar, or soil/biochar mixtures are electrostatic adsorption and precipitation. These are 

discussed in some detail in following section. 

3.2.1.1 Electrostatic adsorption (specific adsorption) 

Basically, adsorption is a concentration of a liquid or gaseous material on the surface of a 

solid. This phenomenon is further defined as the net accumulation of matter (adsorbate), in the 

two-dimensional molecular arrangements at the interface between a solid phase (adsorbent) and 

an aqueous solution phase (Sposito, 1989). Absorption, on the other hand, is a phenomenon 

involving the bulk properties of a solid, liquid or gas. It involves atoms or molecules crossing the 

surface and entering the volume of the material. Sorption includes both adsorption and 

absorption; this term is used when the exact mechanism of removal is not clear (America, 2008). 

Motts (1981) classified anions into two groups: (1) non-specifically adsorbed ions (or outer 

sphere complexes); and (2) specifically adsorbed ions (or inner sphere complexes). Adsorbed 

ions (e.g., Cl
-
 and NO3

-
) that are retained on positive sites by simple electrostatic attraction 

following anion exchange are classified as non-specifically adsorbed ions. These are expected to 
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be influenced by the diffuse layer equilibrium (Arnold, 1978), and therefore easily displaced or 

exchanged.  

Phosphate ions belong to the second group, which generally consists of anions that have a 

great affinity for soil surfaces against their concentration in solution. These groups of ions are 

therefore much stronger than the first groups, because they form when ions penetrate the 

coordination shell of the Fe (or Al) atom and exchange OH
-
, H2O, or H

+
 and are retained by 

covalent bonds. Furthermore, the phosphate form in solution has an important influence on P 

sorption strength. In one study, adsorption of H2PO4
-
 was found to be greater than that of HPO4

2-
 

or of PO4
3-

 regardless of their ionic concentration. This was attributed to the greater capacity of 

H2PO4
-
 for hydrogen bonding, as well as its smaller electrostatic repulsion effect (Beaton et al., 

1960). 

As already discussed, many chemical properties of biochar are influenced by feedstock and 

pyrolysis condition. For example, adsorptive capacity for phosphorus was found to increase with 

increasing pyrolysis temperature (Beaton et al., 1960). Also, biochars with higher surface areas 

and especially when associated with metal oxides on their surfaces were found to play important 

roles for phosphorus removal as inner sphere complexes. Yao et al. (2011b) reported that 

magnesium oxide (MgO) and Fe
3+

 have been shown to be present on the surface of biochars and, 

depending on pH, have a strong affinity for anions. Phenolic acid groups are mainly responsible 

for the adsorptive properties of biochar for phosphate (Beaton et al. 1960; Mia et al. 2017). This 

adsorption occurs via the formation of hydrogen bonds through a protonation and deprotonation 

process between phenolic groups and H2PO4
-
, respectively (Beaton et al. 1960).  

3.2.1.2 Chemical precipitation 

Precipitation is a chemical process that occurs between liquid material and the surface of a 

solid, which involves development of a three-dimensional molecular structure (Sposito, 1989). 

The amount of precipitated P is controlled by the pH of the solution, as well as the abundance of 

the divalent or trivalent metal salts that precipitate as an insoluble metal phosphate. Phosphorus 

precipitates with Ca or Mg to form Ca or Mg phosphates in high pH. However, at lower pH, P 

combines instead with Fe and Al (Morse et al., 1998; Reddy et al., 1980). When biochar is 

involved, these insoluble pools of precipitated phosphorus could be influenced by biochar 

addition through alteration of pH, which in turn influences the strength of ionic phosphorus 
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interactions with Al
3+

, Fe
2+3+

 and Ca
2+

 (Lehmann et al., 2003; Topoliantz et al., 2005). For 

example, Chen et al. (2011) found that co-precipitation of Fe
3+

/Fe
2+

 creates magnetism in some 

biochars, which are found to be more effective at P removal than non-magnetic biochars. Biochar 

also has a high affinity to sorb organic molecules (Smernik, 2005), which may act as chelates of 

metal ions that precipitate P.  

4. Biochar Impact on Crop Production 

Numerous historical studies have indicated that biochar application into soils enhances the 

overall soil quality by altering the soil‟s physical, chemical, and biological properties which in 

turn increase plant productivity (Asai et al., 2009; Atkinson et al., 2010; Chan and Xu, 2009; 

Jones et al., 2012; Laird et al., 2010b; Lehmann et al., 2011; Rondon et al., 2007; Solaiman et al., 

2010; Spokas et al., 2009; Thies and Rillig, 2009; Van Zwieten et al., 2010). Biochar often has 

high concentrations of available nutrients (e.g., NH4, PO3, Ca
2+

, and Mg
2+

) on its surfaces, which 

can have fertilization effects over short time-scales (Jeffery et al., 2011; Pluchon et al., 2014). 

However, Amonette and Joseph (2009) reported that, during pyrolysis of the biomass, the 

majority of the potassium (K), chlorine (Cl), and N vaporizes at relatively low temperatures, 

while calcium (Ca), magnesium (Mg), phosphorus (P), and sulphur (S) vaporize at relatively 

higher temperatures due to increased stability. The availability of the remaining minerals in 

biochar, for plants‟ and soil microbes‟ consumption, is considered limited. For example, Bagreev 

et al. (2001) found that by increasing pyrolysis temperatures N forms pyridine-like complexes 

that reduce its availability. Biochar addition to soil was found to have a continuous effect on the 

soil‟s physical and chemical properties, contributing to long-lasting positive effects on soil 

fertility that, in turn, reduce the need for fertilizer (Gavin et al., 2003; Gouveia et al., 2002; 

Pessenda et al., 2010). For instance, the Terra Preta soils of the Amazon Basin are still fertile 800 

years after charcoal application (Glaser et al., 2002; Lehmann et al., 2003). However, negative 

yield responses to biochar have also been found, particularly in neutral to basic soils. This is due 

to micronutrient deficiencies at high soil pH values, which are often associated with biochar 

addition (Lehmann et al., 2003; Rondon et al., 2007; Vaccari et al., 2011). 
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5. Thesis Structure 

The main objectives of this thesis were to determine the effectiveness of biochar on (1) 

amelioration of a saline-sodic soil, (2) mitigation of P leaching from a soil with high soil test P, 

and (3) to evaluate the effect of biochar amendment on crop production. Four experiments were 

conducted, including three laboratory experiments and one greenhouse experiment, to test the 

following hypotheses. 

 The phosphorus sorption capacity of biochar would vary, based on P concentration in solution 

and biochar properties. Thus, to some extent, the sorption capacity would increase with 

increasing P in solution, as well as with increasing CEC, and surface area of the biochar as.  

 The feedstock type used to produce the biochar would also influence its P sorption capacity, 

through its influence on the generated biochar‟s properties such as ash and associated metal 

elements, CEC and surface area.  

 Removing ash from the biochar could increase on its P sorption capacity.   

  The phosphorus sorption capacity of biochar would decrease under saline conditions, due to 

increasing in ionic strength of the solution.   

 Biochar application to saline-sodic soil could enhance the leaching of salt, by releasing 

divalent cations such as Ca and Mg that are necessary for offsetting Na
+
 from the 

exchangeable sites of soil. 

 Biochar could also facilitate the leaching of salt from saline-sodic soil by improving soil 

physical properties such as water infiltration. 

 The addition of cations such as Ca and Mg contained in biochar increases soil pH could 

facilitate P retention, resulting in a reduction of P leaching losses.  

 The increases of water-infiltration rate with an increasing biochar application rate could be 

associated with proportional increases of P leaching losses. Therefore, there may be an 

optimal rate of biochar application that could minimize the associated losses of P. 

  Biochar application to saline-sodic soil could increase plant growth and productivity, as a 

result of its expected roles in reducing salinity and improving soil quality including water 

infiltration rate, and water holding capacity. The expected increase of soil pH, due to biochar 

addition, could also contribute to the retention of soil nutrients in an available form for plant 

uptake. 
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This thesis consists of six chapters. Figure 1-1 describes the relationships among the 

chapters. Each of chapters 2 to 5 constitutes a manuscript that has been submitted or will be 

submitted for publication. 

Chapter 1 provides background information and an overview of the thesis. 

Chapter 2 focuses on the effects of biochars derived from different feedstock types on P 

sorption capacity under non-saline and saline conditions. A manuscript entitled “Phosphorus 

sorption capacity of biochar varies with biochar type and salinity level” was submitted to 

Environmental Science & Pollution Research.  

Chapter 3 focuses on effects of biochar application rates on P leaching losses from soil 

with high and low soil test P. Dry cattle manure was used as a source of P in the involved 

treatment.  A manuscript entitled “Hardwood derived biochar reduces leaching losses of 

phosphorus from manure amended soil” is being developed for submission for publication. 

Chapter 4 focuses on effects of biochar application rates on leaching of salt from non-

saline and saline-sodic soils. A manuscript entitled “Reclamation of a saline-sodic soil with 

biochar: effects of biochar application rate” is being developed for submission for publication.  

Chapter 5 focuses on effects of an investigated biochar optimal rate and nutrients addition 

from manure on growth and productivity of wheat crop in the non-saline and saline sodic soils 

under greenhouse condition. A manuscript entitled “Biochar application improved soil quality, 

wheat growth and yield in a manured saline-sodic soil” is being developed for submission for 

publication. 

Chapter 6 provides a summary of research findings and suggests future research. 
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Figure 1.1: Flow chart showing the relationship between thesis chapters. Boxes with a solid border 

indicate an experiment. Boxes with broken border indicate a selected treatment.  *Abbreviations: HSTP= 

High soil test phosphorus, LSTP= Low soil test phosphorus, EC= Electrical conductivity, P= Posphorus. 
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CHAPTER 2. PHOSPHORUS SORPETION CAPACITY OF BIOCHAR VARIES WITH 

BIOCHAR TYPE AND SALINITY LEVEL 

1. Introduction 

Phosphorus (P) is an essential nutrient for plant growth and often needs to be applied to 

achieve optimal crop yield. Phosphorous is required for many critical plant functions including 

photosynthesis, respiration, seed production and root growth. However, land application of 

supplemental P in the form of animal manure, mineral fertilizer, and plant residues can also 

increase the risk of P loss to surface water to cause eutrophication (Ngatia et al., 2014); this is 

well known as one of the main factors for causing water quality degradation (Gartley and Sims, 

1994; Sims et al., 2000, 2002; Kronvang et al., 2005; Karunanithi et al., 2015).  

The eutrophication of surface waters has become a significant environmental problem in 

many countries and agriculture has been identified as a significant source of P (Kronvang et al., 

2005; Csatho et al., 2007). There have been many historical efforts to reduce the loss of P from 

soils; most of these efforts aimed to improve the soil‟s capacity for P retention which was 

considered as an important mechanism controlling the release of P from the soil to water 

(Karunanithi et al., 2015).Sorption is one of the common mechanisms for P retention in the soil 

(Villapando et al., 2001; Berg and Joern, 2006).  

Biochar is one of the organic amendments that has been evaluated for P sorption and has 

been considered as an environment friendly sorbent that can adsorb P from aqueous solutions 

through precipitation of P with Ca
2+ 

and Mg
2+

 from biochar materials (Chen et al., 2011; Yao et 

al., 2011b; Sarkhot et al., 2013; Shepherd et al., 2016; Shepherd et al., 2012; Wang et al., 2016), 

and reduce P leaching from soils (Lehmann et al., 2003; Laird et al., 2010a; Yao et al., 2012). 

Understanding P retention and release mechanisms of biochar will provide crucial information 

for the effective management of P to enhance crop production and sustain soil and water quality. 

Biochar is a carbonaceous material produced by thermal degradation of organic material during 

pyrolysis (Keiluweit et al., 2010; Novak et al., 2015). The utilization of biochar as a chemical 

sorbent in agroecosystems has both economic and environmental benefits. Recently, biochar has 

been used widely as an amendment for improving soil chemical and physical properties 

including the soil‟s P retention capacity. Biochar has been found to increase P availability in the 

soil by minimizing P leaching loss through increased P sorption (DeLuca et al., 2009; 
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Thangarajan et al., 2015) and to enhance the availability and plant uptake of P due to biochar‟s 

high anion exchange capacity (AEC) and surface area (Deluca et al., 2009; Farrell et al., 2014; 

Lehmann et al., 2015).  

Saline soils are defined as soils that have an electrical conductivity (EC) above 4 dS m
-1

 

based on water-saturated soil paste extraction (Chinnusamy et al., 2005; US Salinity Laboratory 

Staff, 1954). However, the threshold value at which negative effects of salinity occur depends on 

many factors including plant type (Roy et al., 2014). Generally, soil salinity poses a huge threat 

to soil productivity in agricultural land (Masoud and Koike, 2006; Yoon et al., 2009; Zhang et 

al., 2012). In Alberta, for example, there are more than 3 million hectares of saline land under 

agricultural use (Sommerfeldt and Rapp, 1982; Sommerfeldt, 1988). There have been attempts to 

use biochar to mitigate salt stress in agricultural lands to improve crop production; for example, 

Lashari et al. (2013) used a wheat straw biochar as an amendment in salt stressed soils and found 

that application of a poultry manure compost with biochar and the pyroligneous solution from 

crop straw significantly reduced the negative effect of salinity on crop productivity. However, 

salinity could differently affect P sorption and desorption of biochars based on the type of 

biochar used. Also salinity and P levels could interact to affect P reactions in a system with 

particular properties. For example, salinity and temperature are found to influence P sorption on 

marine sediments; thus, P sorption was found to increase with increasing temperature or 

decreasing salinity (Zhang and Huang, 2011). Therefore, the influence of salinity on P sorption 

and desorption on the biochar applied as a soil amendment has to be well understood for the 

purpose of maximizing P retention and decrease its leakage under this condition. 

Comparing the P sorption capacity of various biochars under non-saline and saline 

conditions is useful in understanding biochar characteristics that may contribute to reduce P 

leaching from soils receiving P fertilizer. Generally, the benefit of using biochar for soil 

reclamation is highly related to the chemical characteristics of both the biochar and the soil in 

question. Biochar characteristics are variable due to feedstock type, pyrolysis temperature, 

heating rate and other conditions (Antal and Gronli, 2003; Guo and Rockstraw, 2007). One of 

those chemical characteristics of biochar is its sorption capacity, particularly for P. 

Understanding how P sorption by different biochar is influenced by salinity conditions will help 

producing biochars that are effective in reclaiming salt affected soils. In this study, three biochars 

were produced from the slow pyrolysis of wheat straw, hardwood and willow wood feedstock. 
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The overall goal of this study was to narrow down the available biochars to the most likely to 

have positive and measurable results under saline and non-saline conditions. The specific 

objectives of this study were 1) to compare the influence of feedstock type (wheat straw, 

hardwood, and willow wood) on the P sorption capacity of biochars. We hypothesize that 

biochar‟s P sorption capacity would increase with increasing P concentration in the solution, and 

increasing biochar cation exchange capacity (CEC) and total surface area will facilitate sorption. 

These biochar properties would be influenced by the feedstock type used for making biochar; 2) 

to investigate the effects of biochar de-ashing and de-ashing methods on the P sorption efficiency 

of biochars. We hypothesize that removing ash could increase P sorption capacity of biochars;, 

and 3) to investigate the effects of salinity on P sorption by the three biochars. We hypothesize 

that ionic strength would increase with increasing salinity of solution and that would reduce the 

P sorption capacity of biochars. 

2. Materials and Methods 

Two experiments are reported in this paper that deal with different aspects of sorption by 

biochar. The first experiment was focused on P sorption characteristics of the biochars before 

and after de-ashing using acid and water. The second experiment was focused on the influence of 

salinity on P sorption characteristics of biochars made with different feedstock types. 

2.1 Biochar production  

For this study, biochars were produced from wheat straw, hardwood, and willow wood by 

Alberta Innovates - Technology Futures (AI-TF) at Vegreville, Alberta, Canada. The willow 

wood and hardwood biochars were produced in an auger retort carbonizer (ABRI- Tech, 1 tonne 

retort system, Alberta Biochar Initiative- AI-TF Vegreville) and the wheat straw biochar was 

produced in a batch carbonizer (AI-TF, Prototype 1.0), both units were built locally. The batch 

carbonizer had a much slower heating rate than the continuous auger retort carbonizer. The 

pyrolysis temperature ranged between 500- 550 °C for wheat straw and hardwood biochars, and 

it was 500-560
 
°C for willow wood biochar. Heating rate was 85-100 °C minute

-1
 for hardwood 

and willow wood biochars, and 9-10 °C minute
-1

 for wheat straw biochar. 

2.2 Chemical analyses 
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The biochars were homogenised and ground to < 2 mm for use for most of the analyses. 

For total elemental analysis, biochar samples were ground to < 1 mm. At least 3 replicates were 

used for each analysis. Surface areas of biochars were measured from N2 isotherms at 77 K using 

a gas sorption analyzer (NOVA-1200; Quantachrome Corp. Boynton Beach, FL, USA). The 

samples were degassed for 6 h under vacuum at 473 K prior to conducting the gas adsorption 

measurements. The N2 adsorbed per g of biochar was plotted versus the relative vapor pressure 

(P/Po) of N2 ranging from 0.02 to 0.2, and the data were fitted to the Brunauer–Emmett–Teller 

equation (BET) to calculate surface area. Total pore volume was estimated from N2 adsorption at 

P/Po ~0.5. The Barret–Joyner–Halender method was used to determine the pore size distribution 

from the N2 desorption isotherms (Park and Komarneni, 1998). The pH and EC of biochars were 

determined in a suspension of 1:5 (w:v) biochar to deionized water using an Orion digital pH 

meter (Thermo Electron Corp., Waltham, MA, USA) and an Orion EC meter (Thermo Electron 

Corp., Waltham, MA, US/555A Orion 3 Star Conductivity meter) after shaking for 1 h following 

Lou et al. (2016) and Li et al. (2013) for the pH and EC, respectively. 

Exchangeable cations of the biochar samples were measured using 1 M
 
ammonium acetate 

(pH 7) following Dume et al. (2016). The elemental composition of biochars including C, H, N, 

S and O were determined by dry combustion using an elemental analyzer (EA1110, CE 

Instruments, Milan, Italy); these data were used to calculate molar ratios of H/C, O/C, (O+N)/C, 

and (O+N+S)/C (Ahmad et al., 2014; Rajapaksha et al., 2014). 

In order to investigate the effect of ash and associated metal elements on the sorption of P 

by biochars, all biochars were washed by two methods: 1) acid wash, biochars were washed by 

adding 1 M HCl and 0.05 mol L
-1

 HF at a 1:5 solid to liquid ratio and shaking at 140 rpm (40 °C) 

for 5 days (Sun et al., 2013a). After that, the mixture was rinsed with de-ionized water and 

centrifuged at 4500 rpm (2240 g) for 30 minutes and the supernatant was removed. This 

treatment was repeated for six times to get samples with increased % organic carbon (OC), then, 

the washed samples were freeze-dried (Sun et al., 2013a); and 2) water wash, biochars were 

washed by packing them in a polyethylene plastic column and leaching by deionized water. This 

treatment was repeated until the EC of the leachate was < 20 µs cm
-1

 (Xu et al., 2011), then the 

biochar samples were air dried before running the sorption isotherm experiment. 

The P retention capacity is often determined in the laboratory by equilibrating soil with a 

range of P concentrations for a set period of time. The amount of P sorbed is calculated as the 



19 
 

difference between the amount of P added and the P remaining in the solution at equilibrium. 

The data obtained are then fitted to different sorption models and various indices of P sorption 

capacity are calculated (Barrow and Carter, 1978; Chien and Clayton, 1980; Kinniburgh, 1986). 

Phosphorus sorption was determined according to the procedure outlined in Nair et al. (1984). 

All glassware was acid washed in a HCl bath (1 M) and rinsed with deionized water prior to use. 

Preliminary sorption experiments were performed using all three types of biochars to evaluate 

the biochar to liquid ratio and to obtain preliminary sorption results for P (results not shown). 

The sorption experiments were performed by using three replicates of each biochar sample. A 

0.5 g sample of each biochar was transferred to 50 mL centrifuge tubes. Then 40 mL solutions 

containing 0, 1.25, 2.5, 6.25, 12.5, 18.75, and 25 mg P L
-1

 were added to centrifuge tubes with 

biochar samples. The added P was equivalent to 0, 100, 200, 500, 1000, 1500, and 2000 mg P kg
-

1 
of biochar. Two drops of chloroform were added to each centrifuge tub to inhibit microbial 

growth. Samples were equilibrated on a reciprocal shaker (Eberbach E 6010) at 180 oscillations 

per minute for 24 h at room temperature and then centrifuged for 10 minutes at 5200 rpm (3000 

g) to collect the supernatant. The supernatant was filtered through 0.45 μm filter papers. 

Inorganic P remaining in the filtrate was measured by the ammonium molybdate–antimony 

potassium tartrate ascorbic acid method of Murphy and Riley (1962). For the purpose of tracking 

any possible influence of the described experimental procedure on the initially added P, a control 

treatment run by repeating that procedure but without addition of a biochar sample to the 

centrifuge tube. A constant P concentration at the final measurement for each level of the added 

P means that no influence occurred on the added P due to the procedure. 

For assessing the influence of salinity and pH on biochar‟s capacity for P sorption, the 

sorption experiment was repeated twice. First, an experiment was done by using solutions with 

EC values of 0, 4 and 8 dS m
-1

 to represent a wide range of salinity conditions. Sodium chloride 

was used to make the saline solutions. Second, an experiment was carried out by controlling pH 

of the equilibrium solution to between 3 and 11, with one pH unit interval. However, since the 

chemical form of phosphate is pH sensitive, we conducted the other sorption experiments 

without controlling pH. 

Sorbed P was calculated as the difference between the initial P concentration and the P 

concentration at equilibrium. The Freundlich and Langmuir isotherm models were used to 

describe the sorption of phosphate onto the biochars, which are expressed as follows (Gerente et 
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al., 2007): 

 

The Freundlich equation;         
   

  (1) 

 

which can be expressed as:                   
 

 
           (2) 

 

and the Langmuir equation: 
    

      

      
  (3) 

 

where qe is the amount of the sorbed P (mg kg
-1

), Ce is the equilibrium P concentration (mg L
-1

) 

in the supernatant after shaking, kF (mg g
-1

) and kL (L mg
-1

) are the Freundlich and Langmuir 

constants, respectively. 1/n is sorption intensity and qm is maximum adsorption capacity (mg kg
-

1
). The parameters for both isotherms are listed in Tables 2-3 and 2-4. 

The P sorption ratio and sorption amount were calculated using the following relationships: 

 Sorption ratio (%) = 
𝐶𝑖−𝐶𝑡

𝐶𝑖
×  00           (4) 

 Amount of P sorbed (qe) = 
𝑉

𝑀
  𝑖 −  𝑡            (5) 

where Ci and Ct are the corresponding P concentration (mg L
-1
) at the initial time and a given 

time, respectively, M (g) is the mass of adsorbent and V is the volume of P solution (L). 

2.3 Statistical analysis 

Statistical analysis of variances (ANOVA) was performed using PROC MIXED in the 

Statistical Analysis Systems software (SAS) package (SAS 9.4). Before performing the ANOVA 

analysis, the normality of distribution and homogeneity of variance were tested. All assumptions 

were met and no transformation of the datasets was required. Two-way ANOVAs were 

conducted to test the effect of de-ashing methods and salinity conditions on P sorption by 

biochar as well as to test the effect of biochar type and initial P concentration on P sorption by 

water-washed biochars. Tukey‟s HSD (P ⩽ 0.05) was used to compare treatment means, and to 

test the statistical differences of the sorped P (%) between initial P concentration and biochar 

types.  
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3. Results and Discussion 

3.1 Phosphorus sorption on biochars 

The biochars derived from different feedstocks had different chemical and physical 

properties (Table 2-1). The pH, EC, CEC, surface area and pore volume were the highest in 

willow wood biochar followed by wheat straw and hardwood biochars, except that surface area 

was higher in hardwood than in wheat straw biochar. The CEC value was around 11-fold higher 

in willow wood biochar than in hardwood and wheat straw biochars, with respective values of 

196, 18 and 17.6 cmol kg
-1

.  However, surface area was around 7-fold lower in wheat straw 

biochar than in hardwood and willow wood biochars, with respective values of 55.2, 324 and 380 

m
2
 g

-1
. Consistent with many other studies (Amonette and Joseph, 2009; Collison et al., 2009), 

feedstock type had a marked influence on the properties of the biochars produced. 

In this study, P sorption was significantly higher with the willow wood biochar (1.93 mg g
-

1
 in a 25 mg L

-1
 P solution) than with the other two biochars, indicating that the willow wood 

biochar has a large P sorption capacity (Figure 2-1). However, the P sorption trend of willow 

wood biochar was in opposite direction to that of the other biochars as shown in Figure 1. There 

is a dynamic equilibrium between release and surface precipitation of P on the adsorbent as 

calcium and magnesium phosphates ( Philip, 1988; Lai and Lam, 2009). Therefore, high sorption 

rate of P could be expected if surface precipitation of P on biochar is greater than its release and 

versa vice. However, the reason for the opposite trend of P sorption by willow biochar is not 

clear but its higher initial P content (Table 2-2) might have influenced the P sorption. 

Elemental concentration was higher in willow wood than in the other two biochars (Table 

2-1). The concentrations of Ca and Mg in willow wood biochar were 19.6 and 2.14 mg g
−1

, 

respectively. However, the concentrations of these two elements were markedly lower in the 

hardwood (1.7 and 0.18 mg g
−1

 for Ca and Mg, respectively) and wheat straw biochar (1.4 and 

0.18 mg g
−1

 for Ca and Mg, respectively). We hypothesize that the greater P sorption by willow 

wood biochar in comparison to the other two biochars could be also due to the high Ca and Mg 

concentrations in the former biochar (Table 2-1) that has been known for a long time as a 

favored formation for the surface precipitation of P (Morse et al., 1998; Reddy et al., 1980). 

Also, in a recent study, elements such as Fe, Al, Ca and S in the biochar material were found to 

play important roles for P retention (Shepherd et al., 2017). The high sorption rate of P by 
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biochars was previously shown to be the result of high surface precipitation (Yao et al., 2011b; 

Qian et al., 2013; Zeng et al., 2013). It has been reported that biochar surfaces are often 

negatively charged, repelling negatively charged ions such as phosphate (Eberhardt et al., 2006; 

Yao et al., 2011c; Lee et al., 2010; Lawrinenko, 2014). Therefore, sorption of phosphate from 

aqueous solutions is emphasized to be mainly controlled by the surface area of the adsorbent and 

formation of metal-ion complexes (Zeng et al., 2013). Moreover, P release and retention 

processes such as sorption/desorption, ion exchange, and precipitation/dissolution are known to 

be controlled by the availability of aluminum, iron, and other divalent cations such as Ca and Mg 

in the soil (Reddy et al., 1999) as well as in biochar material (Hale et al., 2013; Mukherjee and 

Zimmerman, 2013). 

Another potential mechanism of high P sorption by willow wood biochar was the salinity 

effect. Willow wood biochar had a significantly higher salt content (higher EC), which was 

approximately three times greater than the other biochars (Table 2-1), indicating the existence of 

water soluble salts that can cause extra sorption of P. The concept of salinity effect on P sorption 

was proposed by Jun et al. (2013) who found that the amount of P sorbed by artificial saline soils 

was up to three times higher than that by the control soil. The mechanism for that action is not 

clear but can likely be attributed to the possible precipitation of PO4-P with Ca
2+

 and Mg
2+

 in the 

saline condition. 

Hardwood and wheat straw biochars showed the same trend of P sorption but opposite to 

that of the willow wood biochar. However, hardwood biochar sorbed more P than wheat straw 

biochar in a non-saline aqueous solution, but at a very high P concentration in equilibrium 

solution (> 18 mg P L
-1

), P sorption by wheat straw biochar exceeds that of hardwood biochar 

(Figure 2-1). Generally, these two biochars showed different sorption capacity, with 1.20 and 

1.06 mg g
-1

 in a 25 mg L
-1

 P solution, for hardwood and wheat straw biochars, respectively. 

However, both biochars had comparable chemical properties including EC, pH, and Ca and Mg 

concentrations (Table 2-1), which provide no clear reason for the observed differences on their P 

sorption. On the contrary, in willow wood biochar, formation of ion complexes could be the 

primary reaction affecting P sorption. That is because all biochars‟ properties are relatively 

comparable except their CEC value and the concentrations of Ca
2+

 and Mg
2+

, which were at least 

10-fold higher in the willow wood as compared to the other biochars (Table 2-1). Also, analysis 

of water that collected after washing biochar indicated that Al
3+

 concentration in willow wood 
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biochar was about 7-fold higher than that in the other biochars (Table 2-2). Existence of these 

cations at high concentration together with high CEC could facilitate formation of ion complex 

with P.  

3.2 Phosphorus sorption on washed biochars 

Unwashed and both acid and water washed hardwood and wheat straw biochars showed a 

similar trend of P sorption; however, unwashed biochars generally showed a tendency to have a 

higher but not significant P sorption (p = 0.14) at most of the equilibrium concentrations 

measured for P sorption (Figure 2-2). Also, water washed biochar tended to have a relatively 

higher but not significant P sorption capacity (p = 0.14) than that of acid washed biochar for all 

three studied biochars (Figure 2-2). Even though, these results showed non-significant p values, 

they indicate that acid washing tended to increase the capability to leach Ca and other elements 

from the biochars and tended to reduce P sorption efficiency than the water washing method. The 

affinity coefficient (KF) values for wheat straw biochars with different washing methods were 

very similar (Table 2-3), with values of 0.29, 0.351 and 0.321 mg kg
-1 

for unwashed, water and 

acid washed biochar, and with R
2
 of 0.99, 0.99 and 0.98 for the three biochars, respectively. 

These parameters indicate that the P sorption capacity of that biochar was not highly influenced 

by washing. However, P sorption capacity of unwashed hardwood is significantly higher than 

that of water or acid washed biochar (KF values were 0.37, 0.29, and 0.25 mg kg
-1

, and with R
2
 

values of 0.99, 0.94 and 0.98, respectively). Also, P sorption capacity of unwashed willow wood 

biochar was significantly higher than that of water or acid washed biochar (p < 0.01), their KF 

value were 3.49, 0.40 and 0.40 mg kg
-1

, and with R
2
 values of 0.83, 0.99 and 0.99, respectively. 

As mentioned above, the reduction of P sorption efficiency for washed biochars may coincide 

with a loss of calcium (Ca) due to leaching during pre-treatment (Table 2-2). Zheng et al. (2010) 

reported similar results, noting that the sorption capacity of biochar for P was significantly 

reduced for deionized water washed biochar in comparison to that of the unwashed biochar. On 

the contrary, Ji et al. (2011) suggested that removing ash by washing biochar with acid or 

deionized water could eventually create additional sites on the biochar surface and facilitate 

more sorption of anions. 

The pattern of P sorption by the washed (with acid or water) willow wood biochar became 

the same as that of other biochar types with or without washing. The change of the pattern for P 
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sorption for the willow wood biochar before and after being washed could be due to the release 

of the P from the biochar (Table 2-2) through the washing process. The release of P from biochar 

has been reported a long time ago (Toyron, 1948) and recently the mechanism of that release is 

considered to be simple; charring organic materials volatilizes organic C, cleaves organic P 

bonds, and makes P releasable from the charred material (Deluca et al., 2015). Also, removing 

ash from willow wood biochar through washing could reduce the concentration of associated 

elements (particularly Ca and Mg) and open up more pores on the biochar material, which in turn 

cause the pattern of P sorption to become similar to that of other biochar types. 

3.3 Effects of pH on P sorption capacity by biochars 

In this research, the pH value of the aqueous solution was higher for the willow wood than 

that of hardwood and wheat straw biochars, indicating the existence of suitable conditions for P 

to interact and precipitate with other ions, such as Ca and Mg. This could be another explanation 

for why the willow wood biochar had the highest P sorption capacity. The high pH values of 

willow wood biochar may be due to the hydrolysis of carbonates and bicarbonates of the present 

base cations such as Ca, Mg, Na, and K, which existed in high concentrations in the biochar 

materials (Table 2-1). The linkage between hydrolysis and pH value of biochar was also reported 

by Gaskin et al. (2008). High CEC and surface area of willow wood biochar could be additional 

factors leading to high pH reported for different biochar types, causing the soil pH to increase in 

biochar applied soils (Mikan and Abrams, 1996; Liang et al., 2006; and Cheng et al., 2008). The 

% ash in willow wood biochar was much greater than that of other biochars (Table 2-1) and this 

is another reason for the high pH of this biochar. High ash content and high pH occur together 

commonly in biochars made from plant biomass (Glaser et al., 2002; and Singh et al., 2010a). 

The P sorption capacity of hardwood biochar increased sharply with increasing pH up to 

about 7 and then became constant or decreased slightly, suggesting the existence of an optimum 

pH for maximum phosphate sorption. The wheat straw and willow wood biochars had a higher 

capacity for P sorption at low pH values as compared to the hardwood biochar. However, pH 

seemed to have no or a negligible effect on P sorption by willow wood biochar, while P sorption 

by wheat straw biochar followed the same trend as hardwood biochar at pH values between 6 

and 11 and both had the same optimum pH (~7) (Figure 2-3A). A similar range of optimum pH 

was found in a study of the pH effect on P sorption from aqueous solutions by other carbon-
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based adsorbents (Kumar et al., 2010). The fluctuation of P sorption by wheat straw and 

hardwood biochars based on solution pH was identical to a study by Yao et al. (2011c) who 

found the sorption of P by biochar was increased as solution pH rose from 2.1 to 4.1. However, 

no further increases were observed beyond that pH value. Conversely, Jung et al. (2015) found 

that P sorption capacity decreased as pH increased to 7 and then eventually increased as pH rose 

to 12. In our study, in the range of pH values between 3 and 11 studied, pH showed no 

remarkable effect on P sorption of the willow wood biochar. This biochar showed high and 

stable sorption of P when solution pH was low and tended to decrease after pH 7. 

The influence of pH dependent charges on the sorption of P from solution seems to be 

negligible because the pHzpc (zero point of charge) of biochar in general reported to be in a range 

between 2.0 and 3.5 depending on the biochar type (Mukherjee et al., 2011), which means that 

biochar surfaces will have no charge between these values but will be negatively charged when 

the solution pH is greater than the ZPC. In another study, biochar surface was suggested to be 

negatively charged at pH larger than 3 (Shepherd et al., 2017). Also, the anion exchange capacity 

on the biochar surface is mainly at the acid pH range (Cheng et al., 2008). Thus, by increasing 

the pH of the solution beyond 3, the adsorbent is supposed to carry more negative charges, 

which, in turn, repulse the negatively charged solute in the solution (Singh et al., 2005; Yang et 

al., 2006) and reduce their sorption; however, this was not supported by the P sorption by 

biochars results found in this study. The result suggests that high pH encourages surface 

precipitation of Ca and Mg with P on the biochar more than repulses negatively charged 

phosphates. At optimum pH, all phosphate exists in the form of H2PO4
-
; however, at pH levels 

higher than that, polynuclear components may compete for adsorption sites, resulting in a 

significant reduction in P sorption on the biochar surface (Yao et al., 2011c).  

3.4 Effectiveness of Biochar for P Sorption 

Both the Freundlich and Langmuir models fit the sorption data for wheat straw and 

hardwood biochars, and the Freundlich but not the Langmuir model fit the data for willow wood 

biochar. Therefore, only the Freundlich sorption isotherms are discussed here. The Freundlich 

model assumed that the sorption of ions occurs on a heterogeneous sorbent surface; however, the 

Langmuir model assumed the sorption to occur on a homogenous sorbent surface (Zheng et al., 

2010). Biochar usually contains carbonized and non-carbonized fractions, making its surface 
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heterogeneous (Chen et al., 2008a; Cao et al., 2009).The highly non-carbonized fraction (ash) 

content in willow wood biochar (Table 2-1) likely resulted in a severely heterogeneous surface, 

causing the Langmuir model to fail to fit the data. 

The Freundlich equation satisfactorily described P sorption by the three biochars, as shown 

by the high r
2
 values (Table 2-3). The sorption intensity was higher for wheat straw and 

hardwood biochars than for willow wood biochars (0.757, 0.658, and -0.352, respectively) 

(Table 2-3), suggesting that the first two biochars did not reach their saturation point. A potential 

explanation for the low sorption intensity of willow wood biochar is that its high capacity for P 

sorption (based on the slope of the curve) causes a large portion of the available sites for P 

sorption to be saturated. Also, based on the model affinity coefficient (KF), willow wood biochar 

had a higher affinity for P sorption than wheat straw and hardwood biochars whether it‟s 

unwashed or washed with water or acid. This result is consistent with the intensity values as 

indicator for saturation states that, in all described biochar washing treatments, the highest 

affinity for P sorption of willow wood biochar was associated with the lowest intensity values 

(Table 2-3). This relation occurred because as more P is sorped, fewer sorption sites remained 

available for P sorption. This indicates that biochars made with different feedstock type have 

different adsorption intensities and affinities. Studies have shown that feedstock type and 

pyrolysis condition affect chemical properties, including the specific surface area of the char 

(Lehmann and Joseph, 2009), which is one of the main factors affecting P sorption. 

3.5 Effects of initial P concentration on P sorption by water- washed biochars 

As only washed biochars had a similar trend for P sorption, water-washed biochars were 

used to study the effects of initial P concentration and biochar type on P sorption. The results 

showed that there were inconstant patterns of P sorption based on the initial concentration of P 

and the biochar type (Figure 2-3B). However, P sorption of washed biochars was significantly 

affected by initial P concentration (p= <0.001) and biochar type (p= <0.001) with no significant 

interaction between them. At high initial P concentrations (12.5 to 25 mg P L
-1

), sorption of P by 

willow wood biochar was significantly higher than that of the other biochars; however, its 

sorption was similar to the other biochars at very low initial P concentrations (1.25, 2.5 and 6.25 

mg L
-1

). These results indicate that the sensitivity of P sorption based on biochar type increases 

with increasing P concentrations. The proportion of sorbed P increased as the initial P in the 



27 
 

solution increased, depending on the biochar type. Similar results were obtained through 

comparing P sorption capacity of corn stover, ponderosa pine wood residue, and switchgrass 

biochars (Chintala et al., 2014). 

3.6 Phosphorus sorption under saline condition  

Very little work has focused on the effect of salinity on the P sorption capacity of biochar. 

This study showed that higher salt concentration in the biochar materials associated with 

increases in P sorption capacity of biochar. Also, the amount of P sorped by biochars gradually 

increased with increasing P concentration in each of the three solutions with different salinity 

levels (EC of 0, 4 and 8 dS m
-1

), however, the P sorption trend of willow wood biochar was 

opposite to that of the former two biochars (Figure 2-4). Statistically, the two-way ANOVA 

results showed that the salinity factor had no significant effect on P sorption capacity of wheat 

straw biochar (p = 0.71). The P sorption capacity of hardwood followed the order EC4 > EC8 > 

EC0 (their KF values were 0.45, 0.28, and 0.12mg kg
-1

, respectively; p=0.006). The P sorption 

capacity of willow wood biochar was higher in the salinity condition of 8 than 0 ds m
-1

 (the KF 

values were 2.44 and 1.56 mg kg
-1

, respectively; p=0.027). The Freundlich equation did not 

satisfactorily describe P sorption by willow wood biochar under EC4, as shown by a low r
2
 

(Table 2-4, Figure 2-4). 

 Generally, the P sorption capacity of the three biochars was higher under saline than under 

non-saline condition, similar to results in Jun et al. (2013), who attributed that to precipitation of 

P with Ca- and Mg-containing minerals in the saline solution. The result for P sorption by the 

studied biochars is inconsistent with Clavero et al. (1990), who found that P sorption in soil 

sediments decreases as salinity increases. The differences of the examined material, reaction time 

and solution dynamic cycle in the current study may be responsible for the observed dissimilarity 

in the results. For most P concentrations in the equilibrium solution tested in this study, the 

maximum P sorption was in EC4 and the minimum was in EC0 (Figure 2-4). The observed 

reduction of the P sorption capacity of biochar at EC8 as compared to EC4 could be related to 

the changes in ionic strength and associated changes in ionic double layer thickness. Diffusion 

rate of P toward the sorbent surface reported to reduce with the increases of both ionic strength 

(Huang et al., 2015) and double layer thickness (Bar-Yosef et al., 1988). Therefore, the increase 

of these two parameters with the increases of EC could be responsible for that reduction of P 
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sorption at EC8. The sorption of some monovalent ions such as Cl
-
 classified as non-specifically 

adsorbed ions (forming outer sphere complexes), which means that these
 
ions are weakly 

retained on positive sites on the sorbents surface by simple electrostatic attraction (Motts, 1981) 

under the influence of diffuse layer equilibrium (Arnold, 1978). Therefore, in saline solution 

these ions could occupy a high portion of the positive sites of the biochar surface. But, the 

phosphate ions added to the saline solution could be more effective for displacing majority of Cl
- 

ions when existed in relatively low concentration, which resulted in increased P sorption capacity 

of biochar in EC4 compared to that in EC8. The displacment of ions happens because the 

phosphate ions are specifically adsorbed ions (or ions in inner sphere complexes) that have a 

stronger affinity for sorption sites than non- specifically adsorped ions (Motts, 1981).  However, 

the reason that caused the P sorption capacity in EC0 to be the lowest is not known. Therefore, 

how changes in the salinity level affect the chemical and physical properties of biochars that 

control P sorption has to be examined more mechanistically in order to clearly understand the 

behaviour of P sorption by biochar under these conditions. 

3.7 Effects of pH on P sorption capacity of biochars under saline condition  

The pH values of the aqueous solutions after adding the three biochars are consistent with 

the first part of this experiment with the solution with willow wood biochar having higher pH 

than the other two biochars. The pH values for solutions with 8, 4 and, 0 dS m
-1

 were 8.5, 8.7, 

and 8.6, respectively, for those added with willow wood biochar. The corresponding pH values 

were 6.8, 6.7, and 6.6, respectively, for solutions added with hardwood biochar, And 6.8, 6.4, 

and 6.6, respectively, for solutions added with wheat straw biochar. Solution pH among the 

biochars was uncontrolled due to the sensitivity of phosphate forms to pH. The uncontrolled pH 

might limit the comparison of sorption capacity between biochar types under different salinity 

conditions. But for each individual biochar, the consistency of the pH values among the three 

salinity levels indicates that no changes in solution pH occurred due to salinity effect. These 

results conclude that the variation of P sorption capacities of hardwood and willow wood 

biochars across the studied salinity conditions was not related to the pH effect.  

4. Conclusions 
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We conclude that 1) feedstock type had a strong influence on biochar properties that 

control their P sorption capacity. Willow wood biochar had a higher P sorption capacity than the 

other two biochars and P sorption by willow wood biochar mainly occurred due to precipitation 

of P with cations such as Ca and Mg contained in the biochar; 2) solution pH influenced the 

sorption of P by the wheat straw and hardwood biochars, but had negligible influence by the 

willow wood biochar in non-saline solutions; 3) willow wood biochar released P when exposed 

to a solution with a low P concentration which caused the unique sorption trend observed, and 

which limited its benefit as a P sorbent; and 4) salinity conditions played an important role on the 

P sorption, depending on the biochar type. High salinity increased P sorption by hardwood and 

willow wood biochars, but not by wheat straw biochar. The results from this study suggest that 

hardwood biochar can be an effective sorbent for removing P from aqueous solutions as 

compared to the other two biochars studied under both non-saline and saline conditions. Further 

study in column tests using saline soils with high soil test P is necessary before using this biochar 

for field applications. 
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Table 2-1: Selected physicochemical properties of the three studied biochars. 

Property Wheat straw Hardwood Willow wood  

pH (1:20 w:v) 10.130.02 9.960.01 10.50.004 
C (%) 86.97 89.22 86.74 

H (%) 2.64 2.67 2.17 

O (%) 8.85 7.90 10.25 

N (%) 1.32 0.20 0.83 

S (%) 0.22 0.01 0.01 

EC (1:5) (dS m
-1

) 0.530.01 0.270.01 2.270.02 
CEC (cmol kg

-1
) 17.6 18 196 

Surface area (m
2
 g

-1
) 55.24 324.6 380.0 

Pore volume (cm
3 

g
−1

) 0.03 0.02 0.04 

Pyrolysis temperature (°C ) 500 - 560 500 - 550 500 - 550 
Ash content (%) 31.841.9 35.81.4 37.70.8 
Mobile matter (%) 

 

28.200.8 16.620.8 19.910.9 
Fixed Matter (%) 18.09 35.94 30.04 
Pore size (nm) 26.11 17.44 17.60 

E
x
tr

ac
te

d
 

el
em

en
ta

l 

co
n
ce

n
tr

at
io

n
 Ca               1.40.18 1.70.23 19.64.8 

Mg          0.180.03 0.180.01 2.140.38 
Na     mg g

−1
 0.270.03 0.380.06 0.660.08 

K            3.30.41 2.70.24 33.71.24 
NH4-N           2.040.16 3.130.34 6.970.85 

 Mean of some parameters expressed with standard error [± SE], n = 3. 
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Table 2-2: Elemental concentration in water collected after washing biochar 

Biochar type Na Mg Al P K Ca Fe Mn Ni Cu Zn B 

   µg L
-1

   
  Wheat straw 224815 18726 20924 ND 857268 117643 ND 0.80.1 ND ND 122.9 24 0.1 

Hardwood 251330 24812 1069 ND 225522 102567 ND 8.50.5 ND ND 478.2 390.8 

Willow wood 688740 149219 496478 906 57298320 159370 ND 4.10.1 ND 2.40.4 400.3 833.6 

Mean elemental concentrations are expressed with standard error [± SE], n = 3. (ND) Not detected.  
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Table 2-3: Parameters obtained from Freundlich isotherms for P sorption by three biochars 

under three washing conditions 

 Wheat biochar  Hardwood biochar  Willow biochar 

Parameter Un-

washed 

Water Acid  Un-

washed 

Water Acid  Un-

washed 

Water Acid 

KF (mg kg
-1

) 0.290 0.351 0.32

1 

 0.375 0.292 0.25

7 

 3.493 0.407 0.404 

1/n 0.757 0.674 0.69

4 

 0.658 0.747 0.76

1 

 -0.353 0.545 0.495 

R
2 

0.99 0.99 0.98  0.99 0.94 0.98  0.83 0.99 0.99 

KF is the Freundlich constant, 1/n is sorption intensity and R
2 

is the correlation coefficient 
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Table 2-4: Parameters for the Freundlich model that describe P sorption by three biochars under 

three salinity levels 

Parameter Wheat straw biochar  Hardwood biochar  Willow wood biochar 

 EC 0 EC 4 EC 8  EC 0 EC 4 EC 8  EC 0 EC 4 EC 8 

KF (mg kg
-1

) 0.06 0.16 0.07  0.12 0.45 0.28  1.56 0.92 2.44 

1/n 1.09 0.78 1.04  0.90 0.47 0.61  -0.37 -0.49 -0.49 
R

2 
0.97 0.94 0.98  0.98 0.84 0.97  0.97 0.23 0.80 

KF is the Freundlich constant, 1/n is sorption intensity, R
2 

is the correlation coefficient, and EC is 

electrical conductivity. 
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Figure 2-1:  Linearized Freundlich isotherm for phosphorus adsorbed to unwashed (U) biochars. 

Phosphorus (P) concentration in an aqueous solution (Ce) and sorbed P (qe). 
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Figure 2-2:  Linearized Freundlich isotherm for phosphorus sorbed to unwashed and washed 

biochars. Phosphorus (P) in the aqueous solution (Ce) and sorbed P (qe).  
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Figure 2-3: a) Effect of pH on phosphate (P) sorption isotherms by three biochars; and b) Effect 

of initial phosphorus (P) concentration and water -washed biochars on % P sorption. Vertical 

bars are standard deviations (n=3)
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Figure 2-4:  Linearized Freundlich isotherm for phosphorus sorbed to biochars under different 

salinity levels. Phosphorus (P) concentration in the aqueous solution (Ce) and sorbed P (qe) 
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CHAPTER 3. HARDWOOD DERIVED BIOCHAR REDUCES LEACHING LOSS OF 

PHOSPHORUS FROM A MANURED SOIL  

1. Introduction 

Phosphorus (P) is an essential macronutrient for profitable crop and animal production and 

manure is commonly being applied as a source of P in crop production. However, land 

application of manure can increase the risk of P loss and negatively impact surface water quality, 

since manure is considered a direct source of P in leaching and runoff due to its high soluble P 

concentration (Mueller et al., 1984; Sharpley et al., 1994).  When soil P exceeds the P sorption 

capacity of the soil, the excess P can move downward through the soil (Koopmans et al., 2007; 

Lehmann et al., 2005; Ulén et al., 2011; Parvage et al., 2013), causing eutrophication in water 

bodies (Chen et al., 2008b; Borda et al., 2011).  Since P is the most limiting nutrient in many 

water bodies, increased P input can cause eutrophication at concentrations as low as 0.02 to 

0.035 mg L  (Canadian Council of Ministers of the Environment, 2004). Hence even a small, 

agronomically insignificant loss of soil P can adversely affect water quality (Correll, 1999; 

Brookes et al., 1997). Conversely, high concentrations of P in the soil help to improve crop 

production (Sharpley, 1994).  

Phosphorus concentrations in most agricultural soils were initially very low, and P has 

been added to enhance crop yield. However, the addition of P from manure and fertilizers over 

many years and in excess amounts has increased soil P concentration beyond what is needed for 

optimum crop production (Bergström et al., 2005). A significant increase in the soil P 

concentration from 34 to 48 mg kg 1  in soils used for vegetable production was attributed to 

long term application of synthetic P fertilizers in Wisconsin during the period of 1967-1990 

(Sharpley et al., 1994). Increasing animal production in certain areas can result in a large amount 

of manure (more than the P requirement of crops) being applied to the agricultural land, resulting 

P surpluses on farms and high P concentration in the percolation water (Chardon et al., 2007) and 

in the surrounding watershed (Sharpley et al., 2001). Applying manure on the basis of crop N 

requirement often results in the accumulation of P in the soil and increased P loss via erosion, 

overland flow and leaching (Schoumans and Groenendijk, 2000; Bai et al., 2013; Edwards and 

Daniel, 1994), with much of the P lost as dissolved P (Kleinman et al., 2005). The concentration 

of dissolved P (DP) in subsurface flow increased (up to 28-fold) after the broadcast application 

1
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of dairy manure near the study site (Kleinman et al., 2009). 

Most of past efforts to reduce nutrient loading in waterbodies were focused on point 

sources rather than non-point agricultural sources, which provide a large amount of P to cause 

eutrophication in receiving waterbodies (Sharpley et al., 1994; Andersson et al., 2013). There are 

three pathways of P movement to water bodies, including leaching and runoff of DP, as well as 

erosion of particulate P (PP). Leaching of DP is generally greater in coarse-textured soils than in 

fine textured soils due to high infiltration rates in the former. In the Canadian prairie, the 

combination of a flat landscape and an increasing amount of manure being applied to the land 

favors the loss of P as DP (Glozier et al., 2006). Input of DP into the aquatic environment is 

more harmful than that of PP, due to DP‟s immediate and high biological availability to 

cyanobacteria (Regan et al., 2014). Adsorption/desorption and dissolution/precipitation are main 

chemical processes that control the concentration of P in the soil solution (Edwards and Withers, 

1998); which in turn control the movement of P to waterbodies (Campbell and Edwards, 2001). 

Therefore, increasing soil‟s P sorption capacity could reduce P loss and help mitigate its harmful 

impact on water bodies.  

Recently, biochar is recognized as an important soil amendment that can enhance soil 

chemical and physical properties (Gaskin et al., 2010; Atkinson et al., 2010; Brockhoff et al., 

2010; Singh et al., 2010a) and increase the soil‟s capacity to retain and recycle nutrients 

(Verheijen et al., 2010), including P (Yao et al., 2012; Chintala et al., 2014). Biochar is produced 

from the pyrolysis of organic feedstocks in the absence of oxygen (Sanghi and Singh, 2012; 

Novak et al., 2016a) and has a great ability to adsorb P from solutions (Yao et al., 2011b; 

Sarkhot et al., 2013) and reduce P leaching losses from soils (Lehmann et al., 2003; Laird et al., 

2010a). The large surface area and porosity, and high charge density of biochar are important to 

enhance P retention (Farrell et al., 2014; Lehmann et al., 2015). The existence of carboxylate 

groups on biochar‟s surface helps increase the cation exchange capacity (CEC) of biochar-

amended soils (Novak et al., 2009b); this increase of negatively charged sites may indirectly help 

retain P by holding cations that precipitate with P, such as Ca, Mg, Fe and Al. Alteration of soil 

pH, due to biochar addition, could influence the type of co-precipitating cations and the strength 

of ionic P interaction with these cations (Lehmann et al., 2003; Topoliantz et al., 2005). For 

example, magnesium oxide (MgO) and Fe
3+

 on the surface of biochars is found to have a strong 

affinity for anions, depending on the pH (Yao et al., 2011b). Biochar also has high affinity for 
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organic molecules (Smernik, 2005) that may act as chelates for metal ions that precipitate P. 

Given the above P retention properties biochar could be potentially used to reduce P leaching 

from manured soils (Laird et al., 2010a).  However, other factors such as the rate of biochar 

application; the initial concentration of soil test P (STP) and the quality and quantity of other 

elements in manure might affect P retention by biochar.  

The objective of this study was to evaluate the effect of biochar addition on P leaching, and 

to compare the influence of biochar application rates on the concentration of P in the leachates. 

We hypothesized that: 1) biochar improve the soil P sorption capacity and reduce P loss by 

leaching, and 2) biochar addition increase soil pH that facilitates P precipitation reaction with Ca 

and Mg in biochar, manure and soil. We also hypothesized that continuous increases in soil-

water infiltration rate, accompanying increased biochar addition, could impose a negative impact 

on soil capacity for P retention. Therefore, we aimed at finding the optimal rate of biochar 

application with maximum P retention that overrides the leaching of P due to increased 

infiltration. 

2. Materials and Methods 

2.1 Soil and biochar 

Soil was sampled from the plow layer (between 0.1 to 0.2 m) of an agricultural field in 

Holden, County of Beaver; 100 km east of Edmonton, Alberta, Canada. The majority of the soil 

types in the sampling site are belong to Chernozemic and Solonetzic orders (Kjearsgaard et al., 

1983).  

A hardwood biochar was selected for the soil column leaching study due to its best overall 

P sorption performance among the biochars tested (chapter 2). The biochar was produced by 

Alberta Innovates - Technology Futures, Vegreville, Canada. Spruce, Pine and Fir mixtures 

feedstocks were slowly pyrolyzed in an auger retort carbonizer (ABRI- Tech, 1 Tonne retort 

system, Alberta Biochar Initiative- AI-TF Vegreville) at temperature ranged between 500 and 

550 °C (heating rate, 85-100 °C/min). The properties of the biochar and soil are given in Table 3-

1; however, their preparation discussed in detail in chapter 2 and 4. 

2.2 Preparation and leaching of soil columns  
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The experiment included four biochar application rates, and two manure treatments (i.e., 

manured and unmanured soils). The manured and unmanured soils are abbreviated as HSTP and 

LSTP indicating high and low soil test P, respectively. To ensure equal P content in all different 

biochar treatments, HSTP soil was prepared by mixing manure at application rate of 5.17 t ha
-1

 

with the entire volume of soil before biochar addition. Biochar then mixed with the entire soil 

mass to bring the final biochar content to 0, 2, 5, and 8% (w/w). Then soil of each treatment was 

mixed with acid- washed sand at 20% (v/v) to improve the infiltration in the control without 

biochar, and each treatment was triplicated. 

The columns are acrylic tubes with an inner diameter of 10 cm and15 cm high (1178 cm
3
 

volume). The columns were sealed at the base with a perforated PVC plate to allow for the 

outflow of leachates. The perforated plate was designed to allow the collection of leachates by 

gravity flow. Three vertical channels with diameter of 3 mm were joined at the column base, and 

two holes were drilled in each channel plus one hole in the joint center for water drainage, which 

eventually flowed out through one outlet (Figure 3-1). A fine-screen mesh was installed in the 

base of the column to prevent the blockage of the leachate outlet. A coarse, acid-washed sand 

layer (to a height of 1.5 cm) was placed at the bottom of each column, ensuring that the soil 

remained free draining. 

To ensure a uniform bulk density and that the soil was restored to the initial values of 1.13 

to 1.16 g cm
-3

, soil mass was added to the columns in batches and gently compacted with a 

wooden plate until the top of the soil columns sank no further. This packing procedure also helps 

to prevent the formation of preferential flow pathways. The treatments were pre-wetted with 

deionized water to 60% of water holding capacity (WHC), and incubated for two weeks at room 

temperature (25 1 °C). The WHC of the treated soils was determined using plastic containers 

(10 cm in diameter) in which the bottom was perforated and fitted with a fine screen mesh. The 

containers were filled with 100 g of soil to a uniform compaction and leached three times with 

deionized water to ensure maximum saturation. Excess water was drained until no more drainage 

was observed. After half an hour, saturated soils were weighed to determine the WHC. By the 

end of the incubation period, all columns were leached six times every other day with deionized 

water that is equivalent to pore volume at each time. Leachate was collected during following 

24-h period and stored in 250 mL polyethylene bottles and kept refrigerated until the time of 

analyses. The pore volume for each treatment was calculated using the following equation 
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according to Kirkham (2014): 

PV=Vs x Øs                                                                                                                             (1) 

where (Vs) is the volume of soil in the column, and (Øs) is associated porosity. The pore volume 

of the biochar treatments of 0 and 2 was 500 cm
3
 whereas other two biochar treatments (i.e., 5 

and 8) had a pore volume of 650 cm
3
.  

The net change in soluble elements due to the interaction between manure and biochar was 

determined by the difference between soluble element concentration in respective biochar 

treatments in manured and unmanured soils. The percent of P that was added with the manure 

and recovered in the leachate was estimated using the following equation of Laird et al. (2010a): 

Rxi = ((Xmci−   c) 100)/ Xmi                                                                                                  (2) 

where Rxi is the percent recovery of element X for column i; Xmci is the mass of X that leached 

from a specific column (i), at a particular manure application rate (m) and biochar treatment (c); 

  c is the average mass of   that leached from control columns (i.e., without manure addition) 

for the biochar treatment (c); and Xmi is the mass of element X in the manure that was added to 

column (i). 

2.3 Leachate analysis 

All leachate samples were subjected to several chemical analyses. The pH and EC of the 

leachate samples were measured using an AP75 portable waterproof conductivity/TDS meter 

(Thermo Fisher Scientific Inc., Waltham, MA, US) and an Orion pH meter (Thermo Fisher 

Scientific Inc., Beverly, MA, US), respectively. The leachates were filtered using Whatmann # 

40 filter paper and analyzed for Na
+
, Ca

2+
, Mg

2+
, Al

3+
, Fe

3+
, and SO4

3-
 ions using Perkin Elmer 

Optima 3000 DV inductively coupled plasmamass spectrometer (ICP-MS) (PerkinElmer Inc., 

Shelton, CT). The unfiltered leachate samples were tested for TP after digestion in a nitric acid–

perchloric acid mixture (Olsen et al., 1982). Sub-samples of leachate were filtered using 0.45-μm 

filters to remove particulates and then analyzed for dissolved reactive P (DRP) colorimetrically 

according to Murphy and Riley (1962). The P load in leachate was calculated by multiplying the 

leachate volume per event, by the corresponding volume-weighted concentrations (mg L
-1

) of the 

respective P form since the total volume of leachate varied depending on the treatment.  

2.4 Soil and manure analysis 
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Sub-samples of air-dried after the two weeks of incubation were analyzed to determine soil 

chemical and physical properties. The particle size distribution of the original soil was 

determined using the hydrometer method (Gavlak et al., 2003). The sand content was 22% and 

the clay content was 34% (equivalent to a clay loam). Chemical analyses were conducted after 

sieving sub-samples of soil using 2 mm mesh. Electrical conductivity (EC) measured on the 

original soil using saturated paste extracts, (Richards, 1954), using an AP75 portable waterproof 

conductivity/TDS meter (Thermo Fisher Scientific Inc., Waltham, MA, US). Soil pH was 

measured for the original and final soils; both measurements were done at soil: water ratio of 1:1 

(m:v) using an Orion pH meter (Thermo Fisher Scientific Inc., Beverly, MA, US). Soluble 

cations were analyzed after extracting incubated soil with deionized water at 1:1 (m:v) ratio by 

inductively coupled plasma molecular absorption spectrophotometry (ICP-MS) using a Perkin 

Elmer ELAN 6000 spectrophotometer (PerkinElmer, Inc.MA). Total phosphorus (TP) in 

incubated soil was extracted by digestion of 2 g of finely ground soil using HClO4 + HNO3 

(Olsen et al., 1982). Incubated soil samples also analyzed for available P (AP) using the modified 

Kelowna extraction method (0.015 M NH4F, 1.0 M HOAc, 0.5 M NH4OAc) (Ashworth and 

Mrazek, 1995).  

Dry cattle manure was obtained from a farm in Edmonton, Canada. Manure collection, 

handling and preparation were done according to the guidelines of A&L Canada Laboratories 

Inc. Dry matter content of the manure was determined by drying five sub-samples of manure at 

105 °C and chemical properties of the manure (Table 3-2) were determined using following 

procedures. Organic matter content was estimated by heating manure samples to a temperature of 

550
 
°C for 24 h. (Navarro et al., 1993). Total P content was determined by digesting 2 g of dried 

manure at 105
 
°C using agua regia digestion (3:1, v/v, HCl/HNO3). Water-extractable P in the 

manure was determined by mixing 20 g of manure with 200 mL deionized water, and shaking 

horizontally at 150 strokes (3000g) for 20 minutes (Kleinman et al., 2007). The mixture was then 

filtered through a 0.45-μm membrane filter, and DRP/TRP were determined in the filtrate. All P 

analyses were conducted using the ascorbic acid molybdate blue method (Murphy and Riley, 

1962). 

2.5 Data analysis 
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Statistical analysis of variances (ANOVA) was performed using PROC MIXED in the 

Statistical Analysis Systems software (SAS) package (SAS 9.4). Before performing the ANOVA 

analysis, the normality of distribution and homogeneity of variance were tested. A two-way 

factorial design was used to test the degree of significance of effect of biochar rates; the effect of 

STP level; and the interaction between these factors at α = 0.05. A one-way factorial design was 

used only for the HSTP soil to test the degree of significance of the biochar rates effect on the 

percentage of P recovered in leachate and the initial and net changes of soil-soluble elements due 

to manure addition. Significant differences between the treatment means were analyzed using 

Tukey‟s test at 95% significance level (P < 0.05). Analyses of variances for the two- and one-

way factorial designs were performed according to the following equations, respectively: 

Yijk=µ+Ai+ Bj+ (AB)ij+ ɛijk;                                                                                                                                                       (3)                                                                                                                                                                                                                           

Yik=µ+Ai+ ɛik;                                                                                                                                                                                      (4)                                                                                                                                                                                                                                                         

where Yijk /Yik are dependent variables, µ is the overall mean, Ai and Bj are the effects of i
th

 and 

j
th

, biochar rate, STP, respectively, and ɛijk/ ɛik are the random variable error within the 

experiment.  

3. Results and Discussion 

3.1 Changes in leachate composition due to manure and biochar addition    

The reported alkaline pH of biochar (Table 3-1) is common for thermally-produced biochar 

(Lehmann and Joseph, 2009). The high pH of biochar was expected to facilitate P precipitation 

along with other cations in soil and biochar material. The oxygen and hydrogen contents of 

biochar were 7.9% and 2.6%, respectively (Table 3-1). These elements are expected to be present 

in organic functional groups on the biochar surface (Uchimiya et al., 2011; Inyang et al., 2011) 

and known as polar groups, which have a great influence on biochar chemistry and its 

interactions with soil and solutes (Lawrinenko and Laird, 2015).  

In general, biochar effect on the leachate composition was identified only when biochar 

was applied at high rates (5 and 8%). At the first leaching event, the biochar treatment of 8% 

applied to LSTP soil caused a significant increase in the pH of leachate compared to the control 

treatment likely due to the higher pH of biochar than the soil (Table 3-1). In consistent with our 

results, a recent study showed an increase in the pH of the leachate that was collected from an 
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acidic soil after treated with different biochar types (Buecker et al., 2016). However, biochar had 

no significant influence on leachate pH of the subsequent leachate events. The pH of the leachate 

gradually increased during the subsequent leaching events probably due to the reduction in 

leached sulfate across the leaching events (Table 3-3). Even though the concentration of basic 

cations in the leachate was reduced during the leaching events (Table 3-3), the sulfate releases 

seemed to have a stronger influence on the leachate pH than the releases of basic cations. 

The highest concentration of Ca
2+

 and Mg
2+ 

was observed in the leachate collected during 

the first leaching event but markedly decreased thereafter showing 8- and 10-fold reduction in 

the concentration of Ca
2+

 and Mg
2+

, respectively (Table 3-3). In the first event, the 

concentrations of these cations in the leachate from the 8% biochar treatments were significantly 

lower than that from the control. Element valency was shown to have an important influence on 

element concentration in the leachate of the three selected leachate events. In the most cases, the 

concentration of multivalent cations such as Ca
2+

 and Mg
2+

 significantly decreased; however, the 

concentration of monovalent cations such as K
+
 and Na

+
 significantly increased with the 

increasing biochar application rate. That indicating the ability of biochar to adsorp the Ca
2+

 and 

Mg
2+

 over the K
+
 and Na

+
, which are essential for P retention in the high pH soil. Similar results 

have been reported in a previous study and the difference in ion retention strength per cation type 

was attributed to the proportional relationship between the charge of the ion and the distances 

between the biochar surface (sorbent) and sorbate (Novak et al., 2009a). 

The removal of Al
3+

 and Fe
3+

 with the leachate was opposite to that of basic cations.  

During the first leaching event the concentration of Al
3+

 was significantly lower in all biochar 

treatments than the control whereas Fe
3+ 

concentration was lower than the detection limit in all 

samples. The concentration of Al
3+ 

and Fe
3+

 increased during the subsequent leaching events 

probably due to the influence by soil pH and the associated P sorption/ desorption activities. In 

the first leaching event, the pH of the leachate was neutral and relatively low compared to the 

subsequent leaching events suggesting the relatively low pH in soil at the beginning of the 

leaching. Adsorption of phosphate to the surfaces of iron (III) and aluminum oxide and hydrated 

oxide is long been known to be important for P retention in acid and neutral soils (Bromfield, 

1965; Syers et al., 1971; Torrent, 1987). Therefore, at the beginning of leaching, most of the 

hydrous oxides of the Al
3+

 and Fe
3+

 were tightly retained through phosphate adsorption 

especially for the HSTP soil. However, removal of sulfate and other acidic sources during the 
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leaching events increased the soil pH (Table 3-3). The increase of soil pH is favored for P 

retention by precipitation with Ca
2+ 

and Mg
2+ 

than through the oxide and hydrated oxide of Al
3+

 

and Fe
3+

. That favourable reaction might facilitate the removal of these trivalent cations with 

leachate (Table 3-3).  

3.2 Influence of manure and biochar on soluble elements and phosphorus leaching 

Understanding the changes in soil elements due to biochar and manure interaction during 

incubation is helpful to improve our understanding on benefits of biochar application for P 

retention in soil. The changes of the soluble elements in the incubated soil that were treated with 

manure and biochar are presented in figure 3-2. Since manure was distributed homogenously in 

the soil, the concentration of elements introduced with the manure considered equal in all 

biochar treatments. Significant changes in the contents of soluble elements, particularly for the 

multivalent cations were observed at the end of incubation. Such findings indicated possible 

reactions between soluble elements added with manure and the specific effects of biochar 

application rates on the soluble element content (Figure 3-2).  

The initial soluble Na
+
 in the soil was not influenced by biochar addition; also the amount 

of soluble Na
+
 that introduced with the manure application (net change of soluble Na

+
) was not 

influenced by the reaction between manure and biochar (Figure 3-2). It is well known that 

divalent cations are preferred at the exchange site than monovalent cations (Phongikaroon et al., 

2006) and the competition by multivalent cations for the exchange sites of the biochar might 

have resulted in similar soluble Na
+
 content among different biochar treatments. However, the 

initial soluble K
+
 content in soil was significantly higher in the 5 and 8% biochar treatments in 

comparison to that of the control but when biochar and manure interaction was considered, net 

change of soluble K
+
 content was higher in the control than in these biochar treatments (Figure 

3-2). Biochar was found to release a significant amount of soluble K
+
 when applied to soil at a 

high rate as it appeared for the LSTP soil (Table 3-3). This is due to the higher K
+
 concentration 

in the biochar compared with soil; the difference was about 8-fold as found for the same biochar 

and same un-manured soil (Table 3-1). Also, in other study a significant release of K and P from 

a biochar-amended soil compared to that un-amended soil has been reported (Buecker et al., 

2016; Laird et al., 2010a). The high solubility of K
+
 probably has resulted from the ash in the 

charred material, which is considered be a source of available nutrients (Glaser et al., 2002). The 
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soluble K
+
 that was added with the manure may be high enough to make the order of K content 

in manured soil to be opposite to that was initially found between biochar treatments of the un-

manured soil. Concurrently the K
+
 added with the manure may be adsorbed to the high rate of 

biochar treatments in higher intensity than that adsorbed to the control (0% biochar) in order to 

keep an equilibrium balance of K content between the solid and the liquid form. As a result, 

soluble K
+
 in the control treatment became higher than that in the other biochar treatments when 

a comparison was made of the net changes of the K
+
 due to manure addition. 

The initial soluble Ca
2+ 

and Mg
2+ 

contents in soil varied in a similar way among different 

biochar treatments, compared with the net changes of each element due to manure addition and 

reaction with biochar (Figure 3-2). In both cases, Ca
2+

 and Mg
2+ 

were found to decrease as 

biochar application rate increased. The 8% biochar treatment released significantly lower 

concentrations of soluble Ca
2+

 and Mg
2+

 than the control treatment and difference between the 

two treatments was about 50% for both elements. Such finding indicates the high potential of 

biochar to adsorb these divalent cations and reduce their removal as soluble ions. However, 

affinity of biochar to adsorb Ca
2+

 was higher than that for Mg
2+

 when these cations were added at 

high amounts along with the manure addition as shown for their net changes (Figure 3-2). There 

was no significant difference between the different biochar treatments when the net change of 

soluble Mg
2+

 was considered.  In contrast, net change in soluble Ca
2+

 was about 50% lower in 

the 8% biochar treatment than in the control (Figure 3-2).  

Initial soluble Al
3+

 and Fe
3+

 contents in soil increased with the increasing biochar rate. The 

two elements were significantly higher in the 5 and 8% biochar treatments when compared with 

the control and 2% biochar treatment indicating that biochar could be an important source of 

these elements. However, the net changes of these elements were negative after manure 

treatment (Figure 3-2). For example, the average concentrations of Al
3+

 and Fe
3+

 in the 0% 

biochar and without manure were 30 and 23, respectively. After manure was added, the 

concentrations dropped to 24 and 19.5 mg column
-1

 (data not showed). The reduction in the net 

change of these elements was found to increase as biochar addition rate was increased may be 

ascribe to the soil pH changes. The soil with 0% biochar had an average initial pH value of 7.1. 

Adding manure to soil with such a neutral pH was expected to encourage P to adsorb on the 

surface of Al
3+

 and Fe
3+

 hydrous oxides in insoluble form. The adsorption reaction likely 

consumed a large quantity of the soluble Al
3+

 and Fe
3+

 elements, both from those that were 
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added and from those initially presented in the soil. This adsorption of P with Al and Fe hydrous 

oxides may also be responsible for the reduction of their leachate losses in the first leaching 

event, which was discussed in 3.1 and presented in table 3-3. However, saturation of soil during 

leaching events could resulted in increased solubility of Fe
3+

 and Al
3+

 through the reduction that 

convert them from trivalent to divalent species with high potential to be leached out from soil 

during substantial events.  

3.3 Effects of biochar addition on soil pH and phosphorus leaching 

The soil pH measured at the end of the leaching experiment showed that pH increased with 

increasing biochar rate (Figure 3-3). The pH of the control soil was 7.3 and while the pH of 8% 

biochar treatment was 8.9. The pH change created by biochar addition was greater in HSTP soil 

than that in LSTP soil. This may be due to the additional base cations that were introduced with 

manure treatment. Furthermore, the relatively higher pH of the manure in comparison to that of 

soil (Manure pH was 8.5, Table 3-2) could be another reason for the raised pH of the HSTP soil.  

The pH of the biochar used in the current study was about two degrees higher than the pH of two 

soils (Table 3-1) and increase in soil pH was expected. Our results are in agreement with Laird et 

al. (2010b); Yao et al. (2011a); Chintala et al. (2014). A significant reduction in soil pH has been 

also noted in a biochar-amended saline soil, and was attributed to the lower pH of biochar than 

the soil (Wu et al., 2014). 

The solubility of orthophosphate is affected by the pH and the presence of other ions: Al
3+

, 

Fe
3+

, Ca
2+

 and Mg
2+

. In low-pH conditions, P precipitates mostly through formations of insoluble 

compounds, such as Fe3 (PO4)2.8H2O and AlPO4.2H2O. However, the high soil pH created by 

biochar, is expected to help precipitate P along with basic cations (i.e., formation of Ca-P / Mg-P 

species), resulting in a considerable reduction of P leaching. The leaching losses of Ca
2+

 and 

Mg
2+

 are found to be lower in the biochar-amended soil in comparison with that of the control 

(Table 3-3), resulting in the lowest DRP in the 8% biochar treatment (Figure 3-4). Soil-soluble P 

concentration found to decrease with an increase in the biochar application rate, which coincided 

with associated increases in soil pH; that reduction attributed to a reaction between P and the 

added Ca
2+

 and Mg
2+

 with biochar (Parvage et al., 2013).   

3.4 Effects of soil test phosphorus and biochar addition on phosphorus leaching 
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A comparison of the DRP in the leachate from HSTP and LSTP soils treated with different 

biochar rates showed that the biochar treatments affected DRP in the leachate from the HSTP 

soil but not the LSTP soil (Figure 3-4). The DRP losses decreased significantly with the 

increasing biochar application rate. However, for the LSTP soil, although not statistically 

significant, the DRP in the leachate decreased with increasing biochar application rate from 0 to 

the 5% biochar treatment and increased with the 8% biochar treatment (Figure 3-4). In 

comparison with the control, the 2, 5 and 8% biochar treatments released about 26, 47 and 23% 

less DRP, respectively.  

In most of the leaching events, as well as in the calculated cumulative amount, similar loss 

patterns were observed for DRP and TP. A significant effect of biochar application on the P 

losses was identified only in the HSTP soil (Table 3-4 and Fig 3-4). Since removal of dissolved P 

from soil is immediately available for organisms in the water, the losses of DRP from the HSTP 

soil will be discussed in more detail.  

For the HSTP, the losses of DRP from control increased to a level of around 1.05 mg 

column
-1

, and after 4 events decreased down to a level of 0.5 mg column
-1 

at the end of the 

leaching period (Table 3-4). The highest losses of DRP occurred in event 3 and were 0.8, 0.7 and 

0.55 mg column
-1

 for 2, 5 and 8% biochar treatments, respectively, and then continuously 

decreased after that to end up with values of 0.6, 0.6 and 0.66 mg column
-1

, for 2, 5 and 8 biochar 

treatments, respectively. Regardless of the soil P level, the losses of DRP from the two soils very 

comparable in the first event indicating the P retention ability in the HSTP soil against losses by 

leaching. Even though the losses of P from the two soils in this event were the lowest, the two 

factors of soil P level and biochar had significant influence on the DRP losses. However, there 

was no interaction between them (p=0.085). The influence of biochar on reducing P losses was 

obvious even in the soil of LSTP; thus, in the first event the losses of DRP from the 8% biochar 

treatments were significantly lower than those from the control (0% biochar) for both soils. In 

the second and third events, the DRP losses were higher from the control and 2% biochar 

treatments than from the 5 and 8% biochar treatments of the HSTP. Also the fourth and fifth 

events of HSTP followed similar described trend of the DRP losses except that the losses from 

the 2 and 5% biochar treatments were not significantly different during these events. 

Nonetheless, in the last event the difference between treatments in the DRP losses was the 

opposite to that of the previous events. Here, the DRP losses increase with the increases of 
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biochar, until the losses from 8% biochar became significantly higher than that from the control 

treatment. These differences were due to the variation between the treatments with respect to P 

sorption and desorption capacities during the whole leaching period. The 5 and 8% biochar 

treatments may have sorbed high P, released some part of it gradually over the time. However, 

the control and 2% biochar treatments sorbed less P, and simultaneously released it quicker 

compared to the other two treatments. Phosphorus leaching losses increased rapidly after the first 

leaching event as indicated by the high increase in the DRP concentration. The increase in P 

losses may have resulted from the increased solubility of P due to the reduction of Fe
3+

 to Fe
2+

 

under saturated soil conditions (Zhang et al., 2010). 

The changes in cumulative DRP with different biochar treatments agreed with the DRP lost 

during most of the individual leaching events. The result for the HSTP soil showed that biochar 

application at high rates (5 and 8%) caused significant reduction in both TP and DRP in 

comparison to that from the control treatment with average reduction of 26 and 33% for the two 

P forms, respectively. The high concentration of cations such as Ca
2+

, Mg
2+

 are important for P 

retention in the biochar-amended soil due to the binding to positively charged metal complexes 

formed on biochar surfaces (Novak et al., 2009a; DeLuca et al., 2015), or through precipitation 

with Ca
2+ 

(Ulén and Snäll, 2007) and Mg
2+

 (Rahaman et al., 2008). Furthermore, it has been long 

known that the P precipitation with the divalent or trivalent ions is controlled by the pH of the 

soil solution (Morse et al., 1998; Reddy et al., 1980). Thus, the associated increase of soil pH in 

the biochar-amended soil encouraged P- Ca and Mg precipitation. 

Phosphorus may be held much more tightly through Fe oxides than through Ca
2+

 and Mg
2+

 

precipitation (Green et al., 1978). Therefore, the lowest concentration of Al
3+

 and Fe
3+

 in the 

leachate during the first event may confirm the retention of these elements with P in insoluble 

form (Table 3-3), resulting in a highly comparable quantity of P losses between the HSTP soil 

and the other LSTP soil. The increase of soil pH is linked with breakdown of the P bond with 

Al
3+

 and Fe
3+

, resulting in increased losses of P and the associated Fe
3+

 and Al
3+

 elements (Table 

3-3). The influence of increased soil pH on a reduction in P adsorption on oxide mineral surfaces 

with pH-dependent charge, and on an increase in its movement in soil, was also reported by 

Kang et al. (2011). On the other hand, the high removal of Ca
2+

 and Mg
2+

 with leachate in the 

first event reduced their benefit in terms of holding much P through precipitation when the soil 

pH increased. Despite the fact of higher removal of Ca
2+

 and Mg
2+

 in the first leaching event, in 



51 
 

comparison to the average removal from the sequential events (8- and 2-fold, respectively), there 

was significantly less removal of Ca
2+

 and Mg
2+

 from the 8% biochar treatment when compared 

to the other biochar treatments (Table 3-3). This fact, especially when combined with the 

noticeable increase in soil pH, could be responsible for the consistent lowest leaching losses of P 

from the 8% biochar treatment among all different biochar treatments (Table 3-4). Another 

possible reason for this result is that colloidal soil P may be flocculated due to elevated levels of 

Ca
2+

, Mg
2+

, and K
+
 in the high biochar treatments (Parvage et al., 2013). Some of the soil 

colloids that are formed may be large and unable to pass through the 0.45 μm filter that is used to 

separate this form of P (Koopmans et al., 2005). The result of that could be a low concentration 

of the measurement of DRP in the leachate from the 8% biochar treatment, whereby highest 

cations are added and retained. However, in our study, the influence of soil colloids on the 

accuracy of DRP measurement could be negligible as indicated by the obtained similar leaching 

losses pattern of the TP and DRP (Table 3-4), where the TP representing all P forms. 

The percentages of recovered P in the leachates that were initially introduced with manure 

to the different treatments were evaluated using a mass balance analysis technique adopted from 

Laird et al. (2010a). A summary of these results is given in table 3-5. As expected, the manure 

added a substantial amount of AP to the soil and the added amount was about 8-fold higher than 

the average amount that was added with the biochar. Simultaneously, more P was added due to 

the increase in the biochar application rate. It has been reported that significant increases of soil-

soluble P up to 253% with addition of 1% of wheat straw biochar have been reported (Parvage et 

al., 2013). In the current study, even with the addition of more P as the biochar application rate 

increased, the recovered P in the leachate as DRP decreased significantly (Table 3-5). This was 

consistent with the result obtained by Laird et al. (2010a) and Beck et al. (2011). However, the 

8% biochar was the only treatment that significantly reduced the leachate losses of TP among the 

examined treatments (Table 3-5). This indicates that biochar is more effective in reducing the 

losses of the reactive form of P than the other P forms. In addition to the already discussed 

effects of biochar on leaching losses of DRP, the soil-water infiltration rate (IR) was also found 

to be influenced by biochar application. Our finding is consistent with the results from many 

recent studies (Ayodele et al., 2009; Novak et al., 2016b), where the IR was found to rise along 

with increases in biochar addition (Figure 3-5). However, the leaching losses of DRP showed 

opposite trend and decreased as biochar addition increased (Figure 3-4). Overall the IR for each 
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individual treatment started with relatively high IR and dropped significantly over the leaching 

period, except for the control treatment which started with an initial low IR that remained 

constant during all leaching events. Movement and precipitation of small soil particles, 

particularly with the high IR in the biochar amended soil is expected to be responsible for the 

eventual reduction of IR. The explanation of the effect of biochar in increasing IR and the 

associated leaching loss of P is a bit more complex. Overall P movement in soil is controlled 

physically through water infiltration rate, and chemically through the sorption intensity of 

biochar. As shown in figure 3-5, both infiltration rate and P retention by biochar increased as the 

rate of biochar increased. In general, we can conclude that the reduction of DRP losses when 

biochar addition is increased, even with the associated increases of IR, can indicate a tight 

retention of DRP in the biochar material against leaching losses.  

4. Conclusions 

The efficiency of biochar on minimizing leachate removal of basic cations increase with 

the increasing of the valency of the cation; however, that efficiency decline with the increasing 

of the elemental concentration in the biochar material. The retention of divalent cations such as 

Ca
2+

 and Mg
2+

 is essential for P retention in biochar-amended soil. Thus P losses generally 

decrease with increase of biochar application rate. That decreases perhaps due to a combination 

of reactions that include: 1) adsorption and precipitation by Ca, Mg-phosphates, which could be 

facilitated by the associated increase of soil pH due to biochar addition; 2) adsorption of PO4
3- 

by 

Fe and Al oxides and hydroxides. Soil infiltration rate increased significantly due to biochar 

addition. However, the increased soil infiltration rate appeared to have no or only minor 

influence on the biochar‟s capacity to retain P. The results obtained from the current column 

leaching study suggests a great potential for hardwood biochar as soil-amendment for 

minimizing the potential environmental pollution problems due to leaching of P to water bodies 

when it present at high concentrations in manured soil. 
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Table 3-1: Selected physical and chemical properties of used soils and biochar.  

Characteristic LSTP soil HSTP soil Biochar 

Surface area (m
2
 g

-1
) nm nm 324.6 

Pore volume (cm
3
g
−1

) nm nm 0.02 

Pyrolysis temperature (°C ) nm nm 500 - 550 

Ash content (%) nm nm 37.74 

Sand (%) 22 nm nm 

Silt (%) 44 nm nm 

Clay (%) 34 nm nm 

Texture Clay loam nm nm 

Bulk density (g cm
-3

) 1.13 1.0 nm 

C (%) 3.39±0.3 3.5±0.1 89.22 

N (%) 0.36±0.06 0.31±0.02 0.20 

CEC (cmol kg
-1

) 34 36 18 

pH (w/v) 7.07(1:1) 7.37(1:1) 9.96(1:2) 

ECe (ds m
-1

) 1.8±0.05 2.4±0.1 0.27±0.01 

Na
+ 

(mg kg
-1

) 21±4 53±3 380± 60 

Ca
2+

( mg g
-1

) 1.8±0.08 2.1±0.2 1.7±0.23 

Mg
2+

( mg g
-1

) 0.28±0.02 0.32±0.01 0.18±0.01 

K
+
 (mg g

-1
) 0.38±0.01 0.68±0.02 2.7±0.24 

Total P (g kg
-1

) 0.51±0.03 0.61±0.04 nm 

Available P(mg kg
-1

) 32±2 80±5 nm 

Mean of some parameters expressed with standard error [± SE], n=3. 

 nm= not measured;CEC= cation exchange capacity; ECe = Electrical conductivity of the soil; P= 

Phosphorus; LSTP and HSTP= Low and high soil test phosphorus, respectively.  
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Table 3-2: Selected characteristics of manure used in the study. 

Properties Mean Standard deviation 

Moisture content (%) 65.3 1.9 

Dry matter content 34.7 1.2 

Total P (g kg
-1

) 5.89 0.08 

DRP
*
 in 200:1 extract (mg L

-1
) 3.94 0.02 

TDP in 200:1 extract (mg L
-1

)
 

4.07 0.1 

pH 8.5 0.05 

DRP
*
 = Dissolved reactive phosphorus, TDP= Total dissolved phosphorus. 
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Table 3-3: Leachate composition of manured (HSTP) and unmanured (LSTP) soils with different biochar application rates during 

three selected leaching events in soil column experiment. 

Treatment
z
  

Leaching 

time 
pH 

K
+ 

(mg L
-1

) 

Na
+ 

(mg L
-1

) 

Ca
2+

  

(mg L
-1

) 

Mg
2+ 

(mg L
-1

) 

Al
3+ 

(mg L
-1

) 

Fe
3+ 

(mg L
-1

) 

SO4
2- 

(mg L
-1

) 

HSTP-Bio 0% Event 1*
 

7.14±0.04 c
y 

220±1 b 114±6.5 a 585±24 ab 163±6.7 a 0.14±0.03 a ND 156±23 a 

HSTP-Bio 2% 7.20±0.1 c 241±15 b 124± 13 a 626±48 a 165±17 a 0.03±0.001 b ND 127±30 a 

HSTP-Bio 5% 7.5b±0.06 bc 279±1 a 134±5.4 a 453±30 abc 139±0.9 ab 0.04±0.001 b ND 100±3.1 a 

HSTP-Bio 8% 7.7±0.06 ab 295±6 a 138±7.8 a 327±50 cd 106±4.1 b 0.04±0.01 b ND 99±4.7 a 

LSTP-Bio 0% 7.3±0.1 bc 69±0.9 d 34±6.9 b 385±4.6 bc 97±2.4 bc 0.02±0.01 b ND 85±1.4 a 

LSTP-Bio 2% 7.4±0.07 bc 81±3.3 cd 43±13 b 337±20 cd 87±11 bc 0.03±0.006 b ND 95±1.5 a 

LSTP-Bio 5% 7.4b±0.03 bc 110±1 c 58±11 b 354±27 cd 92±8.4 bc 0.02±0.01 b ND 92±17 a 

LSTP-Bio 8% 8.0±0.1 a 100±6.2 cd 42± 2.1 b 167±36 d 45±15 c 0.02±0.01 b ND 67±23 a 

Prob>F 0.37 0.03 0.71 0.16 0.48 0.03  0.37 

          

HSTP-Bio 0% Event 3 7.8±0.09 a 80 ±0.9 bc 25±0.6 abc 65±8.5 a 14.1±1.5 a 0.12±0.03 a 0.30±0.03 a 9.8±1.6 a 

HSTP-Bio 2% 8.2±0.1 a 103±8.4 ab 30±1.7 a 66±0.4 a 15.2±1.4 a 0.10±0.07 a 0.1±0.01 a 8.9±2.9 a 

HSTP-Bio 5% 8.3±0.2 a 119±2 a 28±0.2 ab 64±2.2 a 15.1±0.1 ab 0.08±0.02 a 0.1±0.01 a 8.2±2.6 a 

HSTP-Bio 8% 8.4±0.2 a 122±13 a 24±1.8 abc 54±5.7 a 13.3±1.2 ab 0.14±0.04 a 0.05±0.01 a 9.8±1.2 a 

LSTP-Bio 0% 7.7±0.02 a 25±5.3 d 9.1±3.3 d 58±11 a 8.2±2.2 b 0.12±0.04 a 0.51±0.2 a 8.9±3.4 a 

LSTP-Bio 2% 7.9±0.1 a 34±0.7 d 11±2.4 d 62±4.6 a 8.5±0.1 ab 0.08±0.02 a 0.1±0.01 a 11±2.4 a 

LSTP-Bio 5% 8.2±0.1 a 43±0.2 d 14±1.9 cd 51±3.8 a 8.4±0.1 ab 0.09±0.05 a 0.1±0.01 a 14±2.0 a 

LSTP-Bio 8% 8.0±0.2 a 60±7.3 cd 17±3.0 bcd 42±2.2 a 9.3±1.1 ab 0.07±0.06 a 0.02±0.01 a 17±3.0 a 

Prob>F 0.82 0.48 0.11 0.87 0.66 0.51 0.86 0.37 

          

HSTP-Bio 0% Event 6 8.1±0.05 a 71±6.3 a 10.2±0.9 a 69±1.8 a 21±1.1 a 0.02±0.01 a 0.12±0.02 a 9.8±0.3 a 

HSTP-Bio 2% 8.5±0.08 a 76±1.0 a 10.3±0.65 a 59±3.1 ab 13.8±0.2 b 0.05±0.03 a 0.07±0.01 a 8.8±0.4 a 

HSTP-Bio 5% 8.7±0.1 a 70±0.4 a 8.8±0.2 ab 48±1.0 abc 10b±0.1 cd 0.05±0.001 a 0.05±0.01 a 8.5±0.6 a 

HSTP-Bio 8% 8.8±0.2 a 71±1.1 a 7.9±1.0 ab 40±2.5 bc 8.6±0.5 cde 0.09±0.01 a 0.03±0.01 a 8.4±0.6 a 

LSTP-Bio 0% 8.0±0.04 a 26±0.1 c 4.9±1.1 b 53±2.6 abc 11.0±1.1 bc 0.04±0.009 a 0.11±0.01 a 9.8±0.7 a 

LSTP-Bio 2% 8.4±0.2 a 32±2.2 bc 6.5±1.4 ab 52±5.9 abc 8.3±1.3 cde 0.05±0.02 a 0.04±0.01 a 8.2±0.6 a 

LSTP-Bio 5% 8.7±0.2 a 41±2.1 b 7.5±0.3 ab 44±5.0 bc 5.98±0.4 de 0.05±0.002 a 0.06±0.01 a 8.3±0.8 a 

LSTP-Bio 8% 8.7±0.1 a 45±0.5 b 8.1±0.1 ab 33±1.9 c 5.03±0.2 e 0.11±0.05 a 0.05±0.01 a 7.0±0.6 a 

Prob>F 0.93 0.01 0.06 0.56 0.01 0.98 0.9 0.95 
* 
Data from each leaching event was analysed spereately.  
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y
Mean values followed by the same letter within a column are not significantly different (p < 0.05, Tukey‟s test). 

z
HSTP = high soil phosphorus, LSTP= low soil phosphorus; Bio 0%, Bio 2%, Bio 5%, and Bio 8%  denote biochar application rate 

based on weight.  
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Table 3-4: Phosphorus concentration in leachates from manured (HSTP) and unmanured (LSTP) soils with different biochar 

application rates during leaching events and cumulative leaching loss of P over the experimental period. 

Treatment z Event 1*  Event 2  Event 3  Event 4  Event 5  Event 6  Accumulative 

 DRP TP  DRP TP  DRP TP  DRP TP  DRP TP  DRP TP  DRP TP 

            mg column-1           
                   

HSTP-Bio 0% 0.12ay 0.58a  0.82 a 1.39 a  1.06a 1.71 a  1.05 a 1.78 a  0.98 a 1.45 a  0.51 b 0.83 bc  4.52a 7.78a 

HSTP-Bio 2% 0.07b 0.43b  0.71 a 1.38 a  0.84ab 1.60 b  0.78 b 1.55 b  0.81 ab 1.49 a  0.60ab 0.72 c  3.82b 7.18b 

HSTP-Bio 5% 0.045bc 0.28c  0.57 b 1.22 b  0.71b 1.44 c  0.67 bc 1.35 c  0.70 b 1.31 ab  0.62ab 1.22 a  3.33c 6.81b 

HSTP-Bio 8% 0.026 c 0.17d  0.40 c 0.68 c  0.55 b 1.15 d  0.59 c 1.18 d  0.72 b 1.13 b  0.66a 1.01 ab  2.99c 5.34c 

LSTP-Bio 0% 0.07b 0.18d  0.10 d 0.22 d  0.15 c 0.28 e  0.17 d 0.27 e  0.19 c 0.31 c  0.23c 0.31 d  0.93d 1.63d 

LSTP-Bio 2% 0.05bc 0.11de  0.09 d 0.16 d  0.12 c 0.19ef  0.12 d 0.18 e  0.12 c 0.18 c  0.13c 0.16 d  0.65d 1.02e 

LSTP-Bio 5% 0.042bc 0.06ef  0.08 d 0.14 d  0.09 c 0.15f  0.11 d 0.17 e  0.11 c 0.17 c  0.10c 0.14 d  0.55d 0.86e 

LSTP-Bio 8% 0.026c 0.02 f  0.09 d 0.10 d  0.10 c 0.12 f  0.15 d 0.15 e  0.16 c 0.17 c  0.16c 0.17 d  0.70d 0.76e 

Prob>F 0.08 <0.01  <0.01 <0.01  0.01 <0.01  <0.02 <0.01  0.03 <0.03  <0.01 <0.01  <0.01 <0.01 
*
A separate analysis was done for each of the leaching events and also for total cumulated P. 

y
Mean values followed by the same letter within a column are not significantly different (p<0.05, Tukey‟s test). 

z
HSTP = high soil test phosphorus, LSTP= low soil test phosphorus, DRP= dissolved reactive phosphorus, TP= total phosphorus. Bio 

0%, Bio 2%, Bio 5%, and Bio 8% denote biochar application rate based on weight
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Table 3-5: Mass of cumulative P added with manure and biochar treatments to soil columns and 

recovered percentages in leachates.  

Mass of phosphorus added to the columns with the manure and biochar (mg 

column
-1

) 

Component Available P Total P 

Manure (87g) 83 105 

2% Biochar (34 g) 9 20 

5% Biochar (85 g) 11 40 

 8% Biochar (135 g) 14 50 

Total mass of P leached during events 1–6 (mg column
-1

) 

Treatment
z 

  

HSTP-Bio 0% 4.52±0.09 a
y 

7.78±0.13 a 

HSTP-Bio 2% 3.82±0.16 b 7.18±0.13 b 

HSTP-Bio 5% 3.33±0.09 c 6.81±0.10 b 

HSTP-Bio 8% 2.99±0.15 c 5.34±0.11 c 

LSTP-Bio 0% 0.93±0.03 d 1.63±0.05 d 

LSTP-Bio 2% 0.65±0.02 d 1.02±0.02 e 

LSTP-Bio 5% 0.55±0.02 d 0.86±0.02 e 

LSTP-Bio 8% 0.70±0.01 d 0.76±0.01 e 

Prob>F <0.01 <0.01 

 Percent  of P added with the manure recovered in the leachate 

Treatment    

HSTP-Bio 0% 4.326±0.15 a
y 

5.82±0.17 a 

HSTP-Bio 2% 3.814±0.23 ab 5.83±0.14 a 

HSTP-Bio 5% 3.355±0.12 bc 5.63±0.11 a 

HSTP-Bio 8% 2.764±0.20 c 4.33±0.09 b 

Prob>F <0.02 0.01 

The calculation methodology is detailed in Laird et al. (2010). 

y
Mean values followed by the same letter within a column are not significantly different (p<0.05, 

Tukey‟s test). 
z
HSTP = high soil test phosphorus, LSTP= low soil test phosphorus, Bio 0%, Bio 2%, 

Bio 5%, and Bio 8%= % denote biochar application rate based on weight. 
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Figure 3-1: Soil column made from acrylic tube used in the leaching experiment.  
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Figure 3-2: Concentration of initial and net changes of soluble elements in incubated soil due to soil, manure and biochar interaction. 

Blue bars represent soluble elements in un-manured soil; Gray bars represent net change of soluble elements after manure addition. 

Each bar illustrates the mean (n=3). Vertical error bars indicate standard error of the means (SEM). 
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Figure 3-3: Effects of biochar application rate on soil pH at the end of the leaching experiment of 

manured (HSTP) and unmanured (LSTP) soils. HSTP = high soil test phosphorus, LSTP= low soil test 

phosphorus. Each bar illustrates the mean (n=3).Vertical error bars are standard error of the means 

(SEM).
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Figure 3-4: Comparison of soil P level (bars) of incubated soil and cumulative leachate loss of 

dissolved reactive P. Each bar illustrates the mean (n=3). Vertical error bars are standard error of the 

mean (SEM). HSTP = high soil test phosphorus, LSTP= low soil test phosphorus, DRP= dissolved 

reactive phosphorus.  
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Figure 3-5: Changes in soil water infiltration rate and leached dissolved reactive P in different 

treatments during the six leaching events for manured (HSTP) soil. IR is infiltration rate, DRP is 

dissolved reactive phosphorus. Vertical error bars are standard error of the mean (n=3). 
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CHAPTER 4. RECLAMATION OF A SALINE-SODIC SOIL WITH BIOCHAR: 

EFFECTS OF BIOCHAR APPLICATION RATE  

1. Introduction 

Soil salinity poses a serious threat to soil productivity in agricultural land (Lobell et al., 2007; 

Rengasamy, 2006; Wong et al., 2009). The salts are mainly carbonates, chlorides, sulfates, and 

bicarbonates of calcium (Ca
2+

), magnesium (Mg
2+

), and sodium (Na
+
) (Manchanda and Garg, 2008). 

Salt-affected soils are estimated to occupy around 831 million hectares, representing more than 23% of 

the earth‟s land surface (NLWRA, 2001; Szabolcs, 1994; Martinez-Beltran and Manzur, 2005). 

Around 10% of salt-affected land is saline-sodic (NLWRA, 2001). High levels of exchangeable Na
+
 in 

saline-sodic soils cause poor soil physical properties (Rengasamy and Olsson, 1991) such as low 

hydraulic conductivity and infiltration rate due to the breakdown of aggregate as a result of slaking, 

clay swelling and soil particle dispersion (Rengasamy and Sumner, 1998). The majority of saline soils 

are in semiarid and arid regions, where the rainfall is not sufficient for adequate leaching (Pathak and 

Rao, 1998). More than 80,000 hectares of irrigated lands and 2.5 million hectares of non-irrigated 

lands in Alberta, Saskatchewan, and Manitoba are classified as saline or saline-sodic lands. The major 

salts in these areas are sodium, magnesium, calcium and potassium sulfates, and with small amounts 

combined with chloride, bicarbonate, and carbonates (Sommerfeldt et al., 1988). Most of these soils 

contain sufficient precipitated gypsum and lime, therefore, soil reclamation can be achieved by 

drainage and leaching (Sommerfeldt et al., 1988). 

Removal of the soluble salts from the rooting zone is required to restore productivity of saline 

soils. Leaching is the only feasible method for reducing soluble salts in the rooting zone. But the 

effectiveness of leaching for reducing salinity is highly dependent on the soil structure, which is 

usually poor or weak for most salt-affected soils with high exchangeable Na
+
. Reclamation of saline-

sodic soils involves replacing Na
+
 in exchange sites by divalent cations such as Ca

2+
 and Mg

2+ 
(Gupta 

and Abrol, 1990). The replaced Na
+ 

has to be removed from the rooting zone by sufficient leaching in 

order to avoid re-sodification. Numerous studies have been conducted over decades for the use of 

chemical amendments such as gypsum (CaSO4. 2H2O), as a source of Ca
2+

, also the use of sulfur and 

sulfuric acid to react with calcium carbonate in soil and provide soluble Ca 
2+

 to replace Na
+ 

on the 

exchange sites of saline-sodic soils (Qadir et al., 2002; Ghafoor et al., 2001; Mace and Amrhein, 2001; 

Oster et al., 1996). Recently, phyto-remediation has examined and considered as an alternative 
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technique to chemical amendments for reclamation of calcareous saline-sodic soils (Qadir et al., 2007; 

Qadir and Oster, 2004). This technique provides soluble calcium through influencing plants to change 

partial pressure of CO2 in root zone for facilitating the remediation. Organic amendments such as dry 

sludge, farmyard manure, chicken manure (Rehman et al., 1996) and composts (Chaganti et al., 2015) 

have been studied for their effectiveness in improving soil properties such as soil structure, aggregate 

stability, hydraulic conductivity, and in turn on their effectiveness in saline- sodic soil reclamation.  

Biochar, a carbon-rich, solid product from thermal decomposition of organic matter under a 

limited supply of oxygen at relatively low temperatures (<700 °C) (Lehmann, 2009), is well known as 

a source of divalent cations (Tsai et al., 2012; Laird et al., 2010b). For instance, Major et al. (2010) 

found that availability of Ca
2+

 and Mg
2+

in an Oxisol increased significantly after addition of biochar at 

a rate of 20 tones ha
-1

. The availability of these cations in soils could help improve soil structure due to 

their role for replacing the exchangeable Na
+
 for leaching. Furthermore, biochar application was found 

to improve soil physical properties such as reducing bulk density, and increasing porosity and 

aggregate stability (Herath et al., 2013; Ayodele et al., 2009; Laird et al., 2010b), which in turn 

facilitates water infiltration through the soil. In another study, Barzegar et al. (1997) observed that 

addition of pea straw to a saline-sodic soil significantly reduced clay dispersion regardless of SAR 

value of the soil resulting in the enhancement of soil structural stability.  

Biochar application can improve crop production through enhancing soil chemical, physical and 

biological properties, with most research conducted on soils that are not affected by salt (Gaskin et al., 

2008; Gaskin et al., 2010; Atkinson et al., 2010; Brockhoff et al., 2010; and Singh et al., 2010a). 

However, much less attention has been paid to the potential role of biochar for the reclamation of 

saline and sodic soils. Therefore, the objective of this study is to evaluate the effect of biochar addition 

to a saline-sodic soil for reducing soil exchangeable Na
+
 and enhancing salt leaching. We hypothesize 

that 1) adding biochar to saline-sodic soils could enhance the releases of Na
+
 due to the high 

concentration of divalent cations (Ca
2+ 

and Mg
2+

) contained in the biochar that replace Na
+
 on the 

exchange sites, and 2) biochar can improve soil‟s physical properties, such as water infiltration which 

in turn could lead to more salt being washed out with the percolation water.     

2. Materials and Methods  

2.1 Soil sampling and preparation 
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A saline-sodic soil and a non-saline soil were collected to a 0.1 m depth from a farm located in 

Holden, Beaver County, which is 100 km east of Edmonton in Alberta, Canada. Most soils in the 

sampling site are classified in Cernozemic and Slonetzic orders.  

Plant residues and coarse fragments were removed from the soil samples before they were air-

dried at room temperature (18-25 ºC). The soils were sieved twice through a 10 mm mesh to ensure the 

soil thoroughly mixed. Sub-samples were used to analyze the soil chemical and physical properties. Air 

dried samples were ground into fine powder using a ball mill (MM200, REtsch GmbH, Haan, 

Germany) and analyzed for total C and N concentrations. Soil texture analysis was conducted using the 

hydrometer method (Gavlak et al., 2003). This analysis indicated that both soils have a clay loam 

texture. The ECe measurements of the soils were evaluated on a saturated paste, following the method 

described in Richards (1954) using an AP75 portable waterproof conductivity/TDS meter (Thermo 

Fisher Scientific Inc., Waltham, MA, US) and soil pH was measured in a 1/1 soil weight to deionized 

water volume ratio using an Orion pH meter (Thermo Fisher Scientific Inc., Beverly, MA, US). 

Soluble cations were also analyzed in a 1/1 soil weight to deionized water volume ratio by inductively 

coupled plasma molecular absorption spectrophotometry (ICP-MS) using a Perkin Elmer ELAN 6000 

spectrophotometer (PerkinElmer, Inc.MA). Soil cation exchange capacity (CEC) was estimated 

according to the Na
+
 saturation method (Polemio and Rhoades, 1977). Extractable cations (K

+
, Na

+
, 

Ca
2+

, and Mg
2+

) were measured by rinsing soils with excess of 1 M ammonium acetate solution 

buffered at pH 8.5 (Normandin et al., 1998).  Exchangeable cations were then determined by 

subtracting soluble cations from total extractable cations following the method described in Chaganti et 

al. (2015). The properties of the saline soil (Table 4-1) showed that ECe, and ESP values exceeded the 

maximum for crop production (ECe >4 ds m
-1

, and ESP >15 %), indicating that the soil is saline-sodic, 

and sodium sulfate was the dominant salt in this soil. 

2.2 Biochar production and properties 

The hardwood biochar produced by Alberta Innovates - Technology Futures, Vegreville, Canada, 

by using an auger retort carbonizer (ABRI- Tech, 1 Tonne retort system, Alberta Biochar Initiative- 

AI-TF Vegreville). More details about the biochar production along with chemical and physical 

properties were presented in study done by Dugdug et al. (Submitted). 

2.3 Soil treatments and incubation 
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The experimental design consisted of two soil types (saline-sodic and non-saline soils) and four 

rates of biochar treatments: control, no biochar (0%), and biochar application at rates of 2, 5 and 8% 

[w/w]. The experiment was set up in a completely randomized design with three replicates, resulting in 

a total of 24 soil columns. Soil infiltration for each treatment improved by mixing the soil with acid-

washed sand at 20% [v/v] to facilitate the collection of leachates from control soils. 

Soil columns were acrylic tubes with a diameter of 10 cm and a length of 15 cm (1178 cm
3
 

volume) and closed with perforated PVC plates in the bottom to allow the outflow of leachates. Three 

vertical channels were drilled through the perforated plate, and two holes were drilled into each 

channel plus one hole in the joint center. The design of the used soil column was descriped in detals in 

chapter 3. 

 Biochar were thoroughly mixed into the soil, and then the mixture was placed into the columns 

with repeated tapping, followed by gently pressing the soil material with a wooden pestle until the top 

of the soil columns sank no further. This procedure ensured a restored the bulk density to the range of 

the initial values in the field that ranged between 1.13 to 1.16 g cm
-3 

for the two soils; it also prevented 

the formation of preferential flow pathways. The soils in the columns were pre-wetted with deionized 

water to bring the moisture content to 60% water holding capacity (WHC). The WHC of the treated 

soils was determined by the method described in chapter 3. All columns were then incubated for two 

weeks at room temperature (25 1 °C). 

2.4 Leaching experiment 

By the end of the incubation period, the columns were leached with deionized water equivalent 

to six times the soil pore volume (PV) in the packed columns. Leaching occurred every other day over 

a 12-day period. The PV of each soil column was calculated using the following equation (Kirkham, 

2014): 

PV= Vs x Øs                                                                                                                            (1)                                                                                                                  

where (Vs) is volume of the soil in the column, and (Øs) is associated porosity. Porosity values were 

very close for the control and 2% biochar treated soil columns; therefore, they had a mean initial PV of 

500 cm
3
. Similarly, the 5 and 8% biochar treatments had a mean initial PV of 650 cm

3
 due to their 

close values of soil porosity. However due to waterlogging after third leaching event, the added water 

was not equal among all treatments. Full PV was added to the 5 and 8% biochar treatments; however, 

for other treatments, water was added based on the required volume to refill the treatments back and 
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attain a full PV. 

The leachate from each column was collected in polyethylene bottles and stored in a refrigerator 

until analysis. The leachates were analyzed for Na
+
, Ca

2+
, Mg

2+
, HCO3

-
, and SO4

3-
 concentrations using 

an ICP as described above. Leachate EC was measured using an AP75 portable waterproof 

conductivity/TDS meter (Thermo Fisher Scientific Inc., Waltham, MA, US). After completion of the 

leaching phase, all columns were allowed to drain freely. Soils from the columns were carefully 

removed, air-dried, and crushed to pass through a 2 mm sieve. Some soil samples collected after 

incubation and before leaching were also air dried and sieved. These air dried soil samples were 

analyzed to determine their respective chemical properties, including ECe, pH, ESP, SAR, soluble and 

exchangeable cations (Na
+
, K

+
, Ca

2+
 and Mg

2+
), and CEC using the same methods and equipment 

described above. 

2.5 Data analysis 

Data on leachate EC, infiltration volume as well as leachate losses of elements were analyzed 

separately for each leaching event using a two-way factorial analysis of variance (ANOVA). 

Exchangeable cations were also analyzed separately for initial and post leaching soils using a two-way 

ANOVA. Data on soil pH was analyzed using a two-way ANOVA. In order to get the effects of 

leaching and its interaction with other main factors, data on soil ECe, ESP, as well as SAR were 

analyzed for initial and post leaching soils using a three-way ANOVA. All analyses were done using 

PROC MIXED model of Statistical Analysis System (SAS) software package (SAS 9.4). to test the 

degree of the significance of the biochar effect, soil effect and the interaction between these factors 

(α<0.05), and to compare between initial and post leaching soils, leaching effect was included in the 

analyses that were involved in a three- way ANOVA. Residual was evaluated if ANOVA assumptions 

of normality and equal variance were fulfilled. Only data on leachate ECe of second and third events, 

soil ECe, ESP, and SAR were non-normally distributed; therefore, log-transformation was applied to 

these data before further analysis; however, original data are presented. Significant differences between 

the treatment means were analyzed using Tukey‟s test at 95% significance level (P < 0.05). Two- and 

three-way analysis of variances was performed according to linear models (2) and (3), respectively: 

Yijk=µ+Ai+ Bj+ (AB)ij+ ɛijk;                                                                                                                                                      (2) 

Yijkl=µ+Ai+ Bj+ Ck+ (AB)ij+ (AC)ik+(BC)jk +(ABC)ijk + ɛijkl;                                                                       (3) 

where Yijk  and Yijkl are dependent variables, µ is the overall mean, Ai and Bj and Ck are the effects of 
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ith and jth and kth salinity level, biochar rate, and leaching, respectively, and ɛijk and ɛijkl are the 

random error terms within the experiment. 

3. Results and Discussion 

3.1 Effects of biochar on soil physical properties and salinity 

3.1.1 Effects of biochar application on infiltration and percolation volume  

The amount of leachates collected at the end of the first event from the 5 and 8% biochar 

treatment was significantly lower than that from the control and 2% biochar treatment (Figure 4-1). 

These results indicate the biochar‟s ability to increase the soil‟s water-holding capacity (Novak et al., 

2009b; Chan et al., 2008a; Laird et al., 2010b; Brockhoff et al., 2010; and Thomas et al., 2013). In the 

second event, the amount of leachate from different biochar treatments was not significantly different 

(p> 0.05) which could be due to the stability in water movement in the treatments after saturated during 

the first event. There was no significant difference in the leachate volume between the 0 and 2%, and 

also between the 5 and 8% biochar treatments after the second event. However, the amount of 

leachates from 5 and 8% treatments was significantly higher than that from the control and 2% biochar 

treatments. Moreover, the leachates from the 5 and 8% biochar treatments were relatively stable during 

most events, but the leachate volume from the other two treatments was reduced considerably after the 

second leaching event (Figure 4-1). The observed low infiltration volumes from the 2 and 5% biochar 

treatments could be due to soil particle dispersion caused by high Na
+
 concentration in these 

treatments. However, high Ca
2+ 

and Mg
2+ 

concentration in the biochar material helped reduce the levels 

of Na
+
 from the saline-sodic soil in the 5 and 8% biochar treatments.  

In general, biochar application had a positive effect on percolation during measured eight hours 

of leaching, and as a result, the water retention time decreased with an increasing biochar application 

rate (Figure 4-2). The water retention time was 4 to 6 hours and more than 24 hours for high (5 and 

8%) and low (0 and 2%) biochar treatments, respectively. All treatments showed a decrease in 

percolation over a short period (hours), reflecting the reduction of water volume on the soil surface. 

The decrease of percolation for soil with 0 and 2% biochar treatments occurred gradually during each 

leaching event, but this decrease of percolation occurred rapidly when a comparison was made across 

sequential events. Because of this rapid decrease, the 0 and 2% biochar treatments reached the water-

logged stage in the third leaching event, which markedly reduced percolation during the following 
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leaching events. An opposite trend occurred in the 5 and 8% biochar treatments; the decrease was 

relatively stable and gradual during all leaching events, resulting in no soil waterlogging. These results 

suggest that biochar amendment has the ability to improve the water infiltration rate of the studied 

saline-sodic soil, which is normally prone to waterlogging due to its high Na
+
 concentration. Generally, 

biochar application to soil is more efficient for improving soil aggregation and the associated water 

infiltration than for enhancing the soil‟s water-retention capacity (Ayodele et al., 2009; and Novak et 

al., 2016b). Our results agreed with Xiao et al. (2015), who found the influence of biochar on water 

infiltration to be dependent on soil type and the biochar application rate. They found that biochar 

addition to Aeolian and Loessial soil reduced water infiltration and increased water holding capacity 

when applied at a high rate (5%, w/w). This could be due to different soil texture. Thus, biochar could 

increase infiltration in fine-textured soils and decrease infiltration in course-textured soils (Tseng and 

Tseng, 2006).  

3.1.2 Effects of biochar treatment on leaching and leachate EC   

The majority of the salts were leached from both soil types in the first leaching event, and 

regardless of the biochar treatment, there was a significant difference in leachate EC between saline-

sodic and non-saline soils, which reflected the initial salt content in each soil type (Table 4-2). Biochar 

treatments significantly affected leachate EC of the saline-sodic soil only; therefore, the discussion in 

this study will be focused mainly on this soil. In the first leaching event, the leachate EC of the saline-

sodic soil has the following order: 0 > 2 >5 > 8% biochar, which is consistent with the net volume of 

water that infiltrated through these treatments (Figure 4-1 and Table A-1). In the second and third 

leaching events, the leachate EC of the 8% biochar treatment was significantly higher than that of other 

treatments. This trend also corresponded with the net volume of percolated water especially for the 

third leaching event, where the collected volume from the 5 and 8% biochar treatment was higher than 

that from other treatments (Figure 4-1). After the third leaching event, the saline-sodic soil became 

waterlogged, in which the volumes of leachate collected from the control and the 2% biochar treatment 

were 4 to 6 times lower than those collected from the other biochar treatments. At the waterlogging 

stage, the EC measurement may not accurately represent salt loss from treatments (0 and 2%) that were 

waterlogged due to the influence of the dilution factor, and, as a result, reducing further salt leaching in 

those treatments. The other two biochar treatments (5 and 8%) maintained the rate of leaching with a 

continuous decrease in EC until equilibrium was reached between the EC of the leachate and that of 
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soil solution at the fifth and sixth events as indicated by consistency of leachate EC during these 

events. 

Water retention time was longer in the control and 2% biochar treatment (> 24 hours) than in the 

5 and 8% biochar treatment (4 to 8 hours). The differences in water retention time may also have 

influenced the amount of salt leached by the percolated water, that is, the longer the retention time, the 

more salt was dissolved and released. The higher porosity of the biochar amended soil in comparison 

to that of the control soil could have allowed water to move through faster. In other words, the 

improvement of soil permeability due to biochar application facilitated the movement of water through 

the soil by creating larger pores. Based on this improved permeability, we can conclude that the contact 

time between salts and percolating water was short for the biochar treatments. Therefore, fluid in the 

small pores cannot be easily replaced in comparison to that in the large pores, so there is no complete 

displacement of the effluent in small pores (Gharaibeh et al., 2011). These concepts could explain the 

trend observed in the first event, in which the mean leachate EC decreased with the increasing biochar 

application rate. This trend occurred because the salts came mainly from large pores under the 

influence of fast percolation, which made less contact with salts in the small pores. Our results agree 

with Sika and Hardie (2014) who found the leachate EC from a 10% biochar treatment was lower than 

that from the control at the beginning of leaching; however, the leachate ECs followed the opposite 

trend with time. In another study, Buecker et al. (2016) compared the leachate EC from soils treated 

with four biochar types that applied at 0, 1 and 3% (w/w); they found only wheat straw biochar 

amended soil leached a greater amount of salt in comparison to the other treatments. 

3.2 Effects of biochar treatments on soil’s chemical properties and salinity  

In addition to the described effect of biochar on salt removal by altering the soils‟ physical 

properties, biochar could also influence salt removal by altering soils‟ chemical properties. The 

observed trend of releasing salt from biochar treatments (0 > 2 >5 > 8%) in this study was also reported 

by Thomas et al. (2013), who found that salt washed quickly through the control and low biochar 

treatment (5 t ha
-1

), but it washed slowly and gradually through the high biochar treatment (50 t ha
-1

). 

This result was attributed to biochar‟s high initial sorption of salt with gradual desorption over time, 

but the high ionic concentration in the control or low biochar treatments forced quick and large releases 

of salt. Our results contrast with Chaganti et al. (2015), who found that the amount of salt leaching 

from organic amended soils, including biochar, was higher than that from the control soil. These 
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differences can likely be attributed to the chemical quality of the supplied water as Chaganti et al. 

(2015) used reclaimed water with moderate SAR. This reclaimed water may not have been as effective 

as deionized water in dissolving and, hence, replacing the existing Na
+
 and other salt ions in the soil.   

3.2.1 Soil pH 

Biochar addition at 5 and 8% increased soil pH of post-leaching soils more than the 2% 

treatment, with no difference between the two high rates (Figure 4-3). The biochar pH was around two 

units higher (data not shown) than the soil (Table 4-1). Our results agree with the results obtained by 

Chan et al. (2008a) and Laird et al. (2010b); however, they contrast with Chaganti et al. (2015), who 

reported a decrease in soil pH upon biochar addition to a saline-sodic soil. They assumed leaching of 

Na
+
 salt from biochar-amended soils contributed to the reduction of soil pH.  Also, Wu et al. (2014) 

found that the addition of furfural biochar into saline soil caused the reduction of soil pH. They 

attributed that reduction to the acidification from the biochar used, which had a much lower pH relative 

to that of the soil; the pH of their biochar and soil were 4.5 and 8.3, respectively.  

3.2.2 Soil ECe  

 All biochar treatments of both soil achieved significant reductions in soil ECe after leaching due 

to the effective salt removal in the examined leaching events (Figure 4-4A). However, the release of 

salt was relatively higher from saline-sodic soil than that from non-saline soil that caused the EC of the 

former soil to be within the average value for the non-saline soil. The post-leaching soil ECe of saline-

sodic soils with 5 and 8% biochar treatments was significantly lower than that of the control and 2% 

biochar treatments. After 6 leaching events, the ECe values of these two treatments (5 and 8%) became 

even lower than those of the non-saline soil with the same biochar application rate. The decreased ECe 

in the high biochar treatment (5 and 8%) was due to facilitated leaching of ions through the soil as a 

result of the great improvements in the soil‟s physical properties made by biochar. Similar reductions 

of soil ECe upon biochar addition to saline-sodic soils were reported by Chaganti et al. (2015). 

Correspondingly, Rehman et al. (1996) obtained a substantially decreased ECe of saline-sodic soils 

treated with various organic amendments including dry sludge, farmyard and chicken manure. 

3.2.3 Soil ESP and SAR 
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As a result of the low initial Na
+
 concentration in non-saline soil, no changes occurred to the ESP 

of this soil type due to biochar addition and soil leaching. On the contrary, biochar addition and 

leaching held a significant influence on the ESP of saline-sodic soil (Figure 4-4B). Post-leaching soil 

with 2, 5 and 8% biochar treatments showed a significantly lower ESP in comparison to the control, 

but the 8% biochar treatment was also significantly lower than the 2 and the 5% biochar treatments 

regarding the ESP value. After 6 leaching events, the ESP values were 9, 4, 2, and 1.5 for the 0, 2, 5, 

and 8% biochar treatments, respectively. The adsorption of divalent cations at the exchange site is 

preferred over monovalent cations (Phongikaroon et al., 2006), and it is well known that biochar is an 

important source of these cations in biochar-amended soils (Tsai et al., 2012; Laird et al., 2010b). 

Therefore, the reduction of soil ESP in the high biochar treatment was expected as a result of the 

biochar‟s replacement of Na
+ 

on the exchange site by Ca
2+

 and Mg
2+

. Similar results were reported by 

other studies that compared the influence of gypsum and other organic amendment applications 

including biochar on the ESP value of saline-sodic soils (Chaganti et al., 2015; Gharaibeh et al., 2011; 

Jalali and Ranjbar, 2009; Tejada et al., 2009). 

Leaching caused no changes to the SAR of the non-saline soil, but biochar addition at a rate of 

8% caused significant increases of SAR in comparison to the control treatment (Figure 4-4 C). The 

sodium concentration of biochar is notably higher than that of the original soil; the concentrations were 

0.38 and 0.034 mg g
-1

 for biochar (not presented) and soil (Table 4-1), respectively. Therefore, the 

application of biochar at a high rate could be the main reason for the increases of the SAR in the soil 

with low initial Na
+
 concentration. The situation differed completely for the saline-sodic soil, in which 

the biochar Na
+
 concentration is negligible relative to that in the soil. Overall, the heavy removal of 

Na
+
 through leaching from saline-sodic soil caused significant reductions in the SAR for all treatments 

in comparison to their initial values; the reduction reached an average of 95% for all treatments. In 

contrast, biochar addition at high rate (5 and 8%) caused a significant reduction in the SAR for post-

leaching saline-sodic soils relative to the control and 2% biochar treatments. The release of Ca
2+

 and 

Mg
2+

 from biochar into the soil solution helped offsite and replace Na
+ 

on exchange sites of the saline-

sodic soil. The reduction of SAR after leaching due to biochar addition to saline-sodic soil was also 

reported by Chaganti et al. (2015). Also, significant reduction observed in the SAR after leaching when 

soil was treated with organic amendments (Shaaban et al., 2013; Tazeh et al., 2013). This reduction 

attributed to either an increase in Ca
2+

 and Mg
2+

 or a decrease in Na
+
 (Paraguarí and Simpson, 2012). 

3.2.4 Effects of biochar treatments on exchangeable cations 
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Initial soil analysis showed that no changes occurred in the exchangeable Na
+ 

and Mg
2+

 cations 

of both soil types after the biochar application during incubation time. Furthermore, the interaction 

between soil type and biochar was significant only for the Mg
2+

 and Na
+
 of the post-leaching soils 

(Table 4-3). In the post-leaching saline-sodic soil, the exchangeable Na
+
 was the only cation that 

decreased in concentration as the biochar application rate increased (Table 4-3). Thus, the 

exchangeable Na
+
 concentration of the control treatment was significantly higher than the other biochar 

treatments. Relative to the initial measurements, the average decrease in exchangeable Na
+
 after 

leaching were 60, 79, 88, and 90% for the control, 2, 5, and 8% biochar treatments, respectively. Van 

de Graaff and Patterson (2001) reported that Na
+
 could be easily replaced by divalent cations because 

Na
+
 was less effective in neutralising the negative charge at the soil exchange site. Therefore, the 

decreased Na
+
 concentration with a high biochar application could be attributed to the release of 

divalent cations from the biochar, which displaced the Na
+
 from the exchange sites in the soil.  

The concentration of exchangeable K
+
 in soils increased significantly after application of 

biochar. However, no significant differences between the 5% and the 8% biochar treatments were 

observed (Table A-3). This could be attributed to the higher K
+
 concentration in the biochar material 

compared with the concentration in the soil. When the concentration in post-leaching soil compared 

with the initial measurements, the exchangeable K
+
 concentrations decreased, as was observed for the 

Mg
2+

 concentrations. The average decreases were 2.6, 10, 12.5, and 18% for the control, 2, 5, and 8% 

biochar treatments, respectively. Walker and Bernal (2008) found that K
+
 competed strongly with Na

+
 

at the exchange site of the sodic soil. Therefore, the increase in exchangeable K
+
 concentration with the 

increases in biochar application to post-leaching soil could partially help replace Na
+
 from the soil‟s 

exchange site. 
 

The exchangeable Ca
2+

 concentration found to increase with the increase of biochar addition 

(Table A-3). There were also relative increases observed in the Ca
2+

 concentrations in the post-leaching 

saline-sodic soil compared with the initial values before leaching; the average increases were 1.5, 1, 2, 

and 5.7% for the control, 2, 5, and 8% biochar treatments, respectively. The increase in exchangeable 

Ca
2+

 concentration after biochar application and after leaching was likely due to the replacement of 

Na
+
 in the soil exchange sites, which resulted in an important release of Na

+ 
with the percolation of 

water especially with the enhancement in the soil structure of biochar- amended soils (Chaganti et al., 

2015). This result confirmed that biochar was an important source of Ca
2+ 

in biochar-amended soils. 
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Exchangeable Mg
2+

 concentration in post-leaching of saline-sodic soil was significantly lower 

for the control treatment in comparison with the biochar treatments, although the concentrations were 

not significantly different between the biochar treatments themselves (Table 4-3). The average 

concentration of Mg
2+

 in post-leaching soil of control treatment was 27% lower than the concentrations 

in the other biochar treatments. However, the exchangeable Mg
2+

 concentration in post-leaching soil 

decreased compared to the initial measurements before leaching; the average decreases were 38, 27, 

25, and 20% for the control, 2, 5, and 8% biochar treatments, respectively. Similar results were found 

by Chaganti et al. (2015) who compared the changes in exchangeable cations upon treating saline-

sodic soil with organic amendments, including biochar. Jalali and Ranjbar (2009) attributed the 

decrease in exchangeable Mg
2+ 

to the increase in Ca
2+

, which was favored more at the soil exchange 

sites. Our results confirmed that the percentage decrease in Mg
2+

 was found to be consistent with the 

percentage increase in Ca
2+

.  

3.3 Effect of biochar treatments on leachate losses of soil cations 

In the most of the three selected leaching events, there were no significant differences between 

the different biochar treatments on the leached cations from the non-saline soil (Figure 4-5). Therefore, 

the discussion focused mainly on the saline-sodic soil. As expected, the losses of saline cations during 

the studied events coincided with the EC of the leachates. In general, the average losses of these 

cations were extremely high in the first leaching event relative to the losses of cations during the 

following sequential events. Furthermore, Na
+
 was the dominant cation in the leachate, followed by 

Mg
2+

, Ca
2+

, and K
+
, respectively.  

The average leachate loss of Na
+
 from all treatments in the first event was up to 15 times higher 

relative to the average losses of the other measured cations. Therefore, the EC values of the leachate 

were likely controlled by the concentration of the Na
+
 in the leachates, especially in the first event. In 

the first event, the biochar treatments leached significantly different amounts of Na
+
 in the order 0 > 2 

> 5 > 8% of biochar treatments (Figure 4-5). This result could be related to the variation in the outcome 

of leachate volume and water retention time, as was previously discussed. In the third event, the 

biochar treatment of 8% leached significantly higher amounts of Na than did the other treatments. This 

result could be due to the accumulative effect from the first event in which the loss of Na
+ 

from the 8% 

biochar treatment was lower compared with the huge intensive releases from the control and the other 

biochar treatments. In the sixth event, the 5 and 8% biochar treatments leached significantly higher 
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amounts of Na
+
 than did the control and the 2% biochar treatments. Although the accumulative effect 

could be partially responsible for this result, the main reason for the results could be the waterlogged 

stage that occurred for the control and the 2% biochar treatment after the third event and continued 

until the end of the experiment. There were not many differences in the leachate losses of Mg
2+

 during 

the studied events, except for some minor variation in the degrees of significance between treatments, 

these variations were not vital for generating a new concept. Similar results were reported by Akhtar et 

al. (2015a) who found that the addition of biochar had no effect on the Na
+
 concentration in non-saline 

soils. However, the Na
+
 concentration was significantly reduced in the biochar-amended saline soil 

because higher levels of Na
+
 were adsorbed by the biochar relative to the levels adsorbed by the 

control. 

The leachate loss of K
+
 was significantly higher with the 5 and 8% biochar treatments compared 

with the 0 and 2% biochar treatments (Figure 4-5). The chemical composition of biochar (Dugdug et 

al., submitted) revealed that the biochar concentration of K
+
 is up to 90% higher than the other 

measured elements. Therefore, the soluble K
+
 could be released mainly from the biochar material in the 

5 and 8% biochar treatments, reflecting the equilibrium roles in balancing soluble and exchangeable 

elements in the biochar-amended soil. In the third and sixth events, no significant difference in the 

leachate loss of K
+
 was observed between treatments. 

4. Conclusions  

Hardwood biochar application at high rate (5 and 8%) was vital for improving the physical 

properties of the soils, including water infiltration. However, these physical improvements had a 

negative impact on salt removal by 1) reducing the contact between the soil, water, and salt, and 2) 

reducing the water retention time. Both factors reduced the amount of salt that dissolved and was 

released from the saline-sodic soil. The majority of the salt was released in the first leaching event and 

even with the decreased salt losses that found as the percentage of biochar application increased in this 

event, the ECe, ESP, and SAR of saline-sodic soil treated with high rate of biochar application (5 and 

8%) were lower than those of the control treatment and in some cases even lower than the values in the 

non-saline soil. We conclude that biochar plays an important chemical role in reducing salt by 

adsorbing Na
+
 from the soil and/or by adding divalent cations (Ca

2+
 and Mg

2+
), that help replace and 

release Na
+
 from the soil exchange site. The results obtained from this study suggest great benefits of 

biochar for saline-sodic remediation.  The maintained infiltration rate due to the biochar treatments 
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particularly could help with the continuous release of salts and prevent re-salinization and re-

sodification of this type of soil in the long term.  
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Table 4-1: Physical and chemical properties of the two soils 

Soil characteristics Saline-sodic soil Non-saline soil 

Sand (%) 23±0.4 22±0.1 

Silt (%) 39±0.1 44±0.3 

Clay (%) 38±0.2 34±0.1 

Texture Clay loam Clay loam 

Bulk density (g cm
-3

)
 

1.15±0.07 1.13±0.1 

TC (%) 2.56±0.03 3.39±0.54 

TN (%) 0.26±0.09 0.36±0.02 

CEC (cmol kg
-1

) 30±2.0 34±2.5 

pH 7.18±0.01 7.07±0.5 

ECe (ds m
-1

) 28±0.2 1.8±0.05 

ESP 18.5±1.5 1.06±0.02 

Soluble Na
+ 

(mmol L
-1

) 41.4±0.6 0.3±0.02 

Soluble Ca
2+

( mmol L
-1

) 2.66±0.01 0.39±0.01 

Soluble Mg
2+

( mmol L
-1

) 6.42±0.6 0.17±0.01 

SO4-S (mmol L
-1

) 7.9±0.92 0.09±0.03 

HCO3(mmol L
-1

) 1.79±0.20  1.34±0.16 

Values are means and standard errors (± SE, n=3). 
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Table 4-2: Mean leachate ECe for non-saline and saline-sodic soils with different biochar application 

rate during six leaching events in a soil column leaching experiment. 

Treatment z 1st event* 2nd event 3rd event  4th event  5th event  6th event Mean 

   ds m-1   
    

N-0% Bio 3.6±0.07 ey 0.53±0.01 d 0.37±0.03 c 0.40±0.04 0.42±0.01 c 0.42±0.01 c 0.80±0.01 e 

N-2% Bio 2.6±0.03 e 0.57±0.01 d 0.44±0.01 c 0.41±0.03 0.42±0.02 c 0.43±0.03 c 0.80±0.01 e 

N-5% Bio 2.6±0.10 e 0.64±0.01 d 0.46±0.01 c 0.39±0.01 0.37±0.01 c 0.36±0.01 cd 0.81±0.01 e 

N-8% Bio 1.9±0.13 e 0.68±0.05 d 0.52±0.04 c 0.42±0.02 0.37±0.02 c 0.33±0.01 d 0.69±0.01 e 

S-0% Bio 63±0.31 a 6.1±0.29 b 0.80±0.03 b 0.58±0.01 0.73±0.01 a 0.73±0.02 a 12.2±0.12 a 

S-2% Bio 61±0.23 b 5.2±0.18 c 0.81±0.01 b 0.55±0.01 0.51±0.01 b 0.57±0.02 b 11.4±0.06 b 

S-5% Bio 55±0.18 c 6.1±0.14 b 0.87±0.01 b 0.49±0.01 0.37±0.01 c 0.32±0.01 d 10.6±0.03 c 

S-8% Bio 51±0.47 d 7.1±0.13 a 1.28±0.06 a 0.54±0.01 0.39±0.01 c 0.31±0.01 d 10.1±0.11 d 

Prob>F <0.01 <0.04 <0.07 0.25 <0.01 <0.01 <0.01 
*
A separate analysis was done for each event and also for the mean across six events. 

y
Mean values followed by the same letter within a column are not significantly different (p<0.05). 

z
N = 

non-saline soil; S= saline-sodic soil; 0% Bio, 2% Bio, 5% Bio  and 8% Bio denote biochar application 

rate based on weight.  
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Table 4-3: Soil exchangeable cations of non-saline and saline-sodic soils before and after leaching.  

Treatmentz
         Na+           Ca2+  Mg2+  K+ 

  cmol kg-1   
     
 Initial  Post 

leaching 

 Initial Post 

leaching 

 Initial  Post 

leaching 

 Initial Post 

leaching 

N- 0% Bio  0.4±0.02 y 0.25±0.02 d  27.7±0.5  26.4±0.5   4.9±1.6  5.6±0.03 b  1.8±0.4    2.1±0.02 

N-2% Bio  0.4±0.01  0.30±0.01 d  29.7±0.4  27.1±0.8   6.3±0.02  5.9±0.06 b  2.4±0.1  2.5±0.04 

N-5% Bio 0.5±0.01  0.25±0.02 d  29.9±0.1  27.5±0.9   6.3±0.01  6.0±0.1 b  2.8±0.3  2.8±0.09 

N-8% Bio  0.5±0.01  0.25±0.01 d  28.7±0.9  27.7±0.6   6.5±0.06  5.9±0.02 b  3.5±0.04  3.0±0.2 

S-0% Bio  5.5±0.3  2.2±0.1 a  11.1±0.2  12.9±0.4   11.9±2.0 7.4±0.4 b  1.2±0.01  0.9±0.06 

S-2% Bio 6.4±0.5  1.3±0.1 b  12.9±0.4  15.8±0.1   13.4±1.9  9.8±0.7 a  1.6±0.08  1.2±0.02 

S-5% Bio  7.5±0.3  0.85±0.2 bc  13.1±0.6  16.1±0.2   13.8±1.7  10.4±0.6 a  2.1±0.1  1.4±0.09 

S-8% Bio  8.2±1.3  0.8±0.1 c  13.2±0.6  16.5±0.1   13.0±1.9 10.4±0.2 a  2.2±0.1  1.7±0.03 

Prob>F 0.17 <0.01  0.61 0.17  0.98 0.02  0.28 0.56 
y
Mean (± SE, n=3) followed by the same letters within a column indicate no significant differences 

among treatments (p<0.05). 
z
N = non-saline soil; S= saline-sodic soil; 0% Bio, 2% Bio, 5% Bio  and 

8% Bio denote biochar application rate based on weight.  
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Figure 4-1: Effects of biochar application rate on volume of infiltration from saline-sodic soil during 

six events. Each line illustrates the mean (n=3).Vertical bars are SE of the means (SEM).  
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Figure 4-2: Effects of biochar application rate on changes of percolation with time during six leaching 

events of saline-sodic soil. Vertical bars are SE of the means (n=3).  
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Figure 4-3: Soil pH of post leaching of non-saline and saline-sodic soils with different biochar 

treatments after leaching. Mean (± SE, n=3) followed by same letters indicate no significant 

differences among treatments (p<0.05).  
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Figure 4-4: a) Electrical conductivity of saturated paste soil; b) Exchangeable sodium percentage; c) 

Sodium adsorption ratio of two soil types with different biochar treatment after leaching. Mean (± SE, 

n=3) followed by same letters indicate no significant differences among treatments (p<0.05).  
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Figure 4-5: Leachate losses of cations from two soil types with different treatments during selected 

three events. Mean (± SE, n=3) followed by same letters indicate no significant differences among 

treatments (p<0.05). Codes: N = Non-saline soil; S= Saline-sodic soil.  
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CHAPTER 5. BIOCHAR APPLICATION IMPROVED SOIL QUALITY AND SPRING 

WHEAT GROWTH IN MANURE AMENDED SALINE-SODIC SOIL UNDER 

GREENHOUSE CONDITIONS. 

1. Introduction 

Soil salinity is the major factor influencing crop production in many agricultural lands 

(Rengasamy, 2010; Tavakkoli et al., 2011). However, levels of tolerance of crops to salinity vary. 

Wheat species, for example, are classified as moderately tolerant to salinity when compared to other 

crops, and can grow normally in lands with salinity ranging from 3 to 7 deciSiemens per meter (dS m
-

1
) (Wilson et al., 2002).  

“Salt-affected lands” are defined as groups of soils in which concentration of soluble salt is high 

enough to restrict the growth of most crops (Paul, 2013) and to degrade the physicochemical properties 

of soils (Shrivastava and Kumae, 2015). These lands occupy around 23% of the earth‟s surface, and 

have a major negative impact on the productivity of agricultural crops and pastures (NLWRA, 2001; 

Szabolcs, 1994). The majority of these lands are classified as saline-sodic soils, which occupy around 

10% of all salt-affected lands worldwide (NLWRA, 2001). In the Canadian prairies (Alberta, 

Saskatchewan, and Manitoba), more than 80,000 and 2.5 million hectares of irrigated and non-irrigated 

lands respectively, are classified as saline or saline-sodic soils. Sulfates of sodium (Na
+
), magnesium 

(Mg
2+

), calcium (Ca
2+

), and potassium (K
+
) are found to be the dominant salts on these areas. Small 

portions of these mineral salts are combined with bicarbonate, carbonates, and chloride (Sommerfeldt 

et al., 1988).   

The dominant presence of Na
+
 in saline-sodic soil increases soil compaction and baulk density 

and reduces the pore size distribution (Troeh and Thomson, 2005). This in turn minimizes salt 

leaching, root penetration, and seed germination (Lashari et al., 2013). Moreover, salinization poses 

direct and severe problems for crop production and food quality (Kammann et al., 2011). It restricts 

crop production by affecting seed germination and water and nutrient uptake (Singh and Chatrath, 

2001; Akbarimoghaddam et al., 2011). For example, excess salt in the soil solution increases osmotic 

pressure (Sperry and Hacke, 2002; Munns et al., 2006), resulting in the limitation of water uptake in 

which decreas crop yield. However, high concentrations of specific ions (particularly Na
+
 and Cl

-
), 

which are more common in sodic and saline-sodic soils, can be toxic for plant growth (Smith et al., 
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2010a) and cause unbalanced uptake of essential nutrients (Maas and Hoffman, 1977; Blaylock et al., 

1994; Ashraf, 2004).  

Animal manure has long been used as an alternative for inorganic fertilizers globally and it is 

considered as a substantial resource that is capable of providing essential nutrients for maintaining 

sustainable crop production (Chambers et al., 2000). Under saline condition, the interaction between 

the effects of fertility and salinity on plant nutrition and productivity is complex (Zeng and Shannon, 

2000). Yet studies focusing on this interaction are limited, and results from earlier studies are 

inconsistent. The degree of plant tolerance to salinity depends on either salinity or fertility based on 

which of these factors is more limiting for plant growth (Maas and Hoffman, 1977). For example, 

when nutrient deficiency limits plant growth, the plant becomes more tolerant to salinity than if it was 

provided with sufficient nutrients. However, Bernstein et al. (1974) suggested that salinity and 

nutrition have independent effects on plant growth, which becomes additive in soils with moderate 

salinity combined with nutrient deficiency. This means that when one of these factors imposes a severe 

limitation on plant growth the other factor will have little additional effect on plant growth. Grattan and 

Grieve (1998) reported that the effect of salinity on P uptake and accumulation in plants depends on 

the severity of soil salinity and the nutrient content in soils. They reported both negative and positive 

effects, as well as no effect, of salinity on P uptake depending on salinity and P concentration in soils. 

Khoshgoftarmanesh and Nourbakhsh (2009) found that the availability of P is higher in saline soils 

than in non-saline soils due to the effect of reduced pH in the former. But logically, the benefits of the 

available nutrients for plant uptake could be impaired by salinity as a result of increasing osmotic 

pressure of the soil solution. The interaction between salinity and fertility could also be applicable 

when nutrient toxicity is limiting plant growth instead of nutrient deficiency. The potential for the 

existence of salt-affected soil, combined with high or excessive nutrient contents is high in agricultural 

lands. This is because salt-affected soil mostly develops in imperfectly- to poorly-drained discharge 

areas (lowland areas), due to water movement from well-drained recharge areas (upland areas) 

(Manitoba Agriculture, Food and Rural Initiatives, 2008). Concurrently, nutrients translocate through 

erosion, along with surface runoff (Kleinman et al., 2006; Blanco and Lal, 2010), and may eventually 

accumulate in salt-affected soil in lowland areas. Nutrients may also exist in excessive levels in saline 

areas, due to the common practice in some regions of using these unproductive lands for animal 

production and or manure storage.  
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The reclamation of existing salt-affected land is also urgently required due to the increased 

demand for food and agricultural products (Ilyas et al., 1997). Amendments such as gypsum as well as 

other organic material have long been used to ameliorate the harmful effects of saline-sodic soil on the 

growth and production of many crops (Lakhdar et al., 2009; Mahmoodabadi et al., 2013). Recently, the 

application of biochar to soils has been widely recognized as a useful management intervention, one 

that promotes plant productivity and yield through many different mechanisms. These include changes 

in physical and chemical properties of soils. Its dark color facilitates seed germination by altering 

thermal dynamics of the soils (Genesio et al., 2012) while, its high surface areas (200–300 m
2 

g
-1

) 

(Chun et al., 2004) and cation exchange capacity (CEC) (27.7–222.4 mmolc/kg) (Liang et al., 2006) 

could improve the water holding capacity and hydraulic conductivity of soils (Jien and Wang, 2013; 

Hardie et al., 2014). The properties of biochar are also found to be effective for nutrient retention 

(DeLuca et al., 2015; Major et al., 2009), including P (Chintala et al., 2014), which increased nutrition 

uptake by crops (Major et al., 2010). Application of biochar, in conjunction with inorganic fertilizers or 

manure, is likewise found to be an important strategy to increase the efficiency of fertilizers (Chan et 

al., 2008a; Steiner et al., 2008). Generally, plant growth and productivity respond differently to biochar 

as both positive and negative responses have been reported depending on biochar type, application 

rates, fertilization condition and crop variety (Chan et al., 2008a; Tagoe et al., 2008; Gaskin et al., 

2010; Solaiman et al., 2010; Dempster et al., 2012; Farrell et al., 2014).   

Biochar could on the other hand, be an important source of divalent cations, such as Ca
2+

 and 

Mg
2+

 (Major et al., 2010; Laird et al., 2010a; Tsai et al., 2012), which help increase soil aggregation 

(George et al., 2012; Mukherjee and Lal, 2013). Both of these elements are highly important for saline-

sodic soil reclamation to offset Na
+
 at the exchange sites of soils and to facilitate leaching. Despite 

benefits of biochar for non-saline soils, not much attention has been paid to its benefits for saline-sodic 

soils. There is also knowledge gap about the possible combined benefits of biochar, such as reducing 

salinity stress, increasing water holding capacity and improving nutrient retention, for crop production. 

The benefits of biochar as a soil amendment require careful assessments for each targeted soil 

management in order to fully capture the economic benefits and costs while minimize unacceptable 

risk to the environment. Economic feasibility must be included in the cost of transportation, feedstock 

availability, the used and supplied energy, production and application balanced with profitability. For 

instance, transportation distances reported as one of the limitation to any feedstock use from an 

economic point of view (Caputo et al, 2005). Few studies linked the quantitative assessments of 
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biochar based on soil management goal with regard to economic perspectives (Fowles, 2007; Gaunt et 

al., 2008). Generally, biochar is considered as being economically viable due the reduction in the cost 

spent on commercial mineral fertilizers (Steiner et al. 2008). Also, the economic peak with biochar 

application could be increased through a gain in crop yield. Furthermore, better utilization of the co-

products of pyrolysis might improve the economic prospects of biochar production. Biochar addition to 

soil was found to have a continuous effect on soil physical and chemical properties, which in turn 

contribute to long-lasting effects of soil fertility (Gavin et al., 2003; Gouveia et al., 2002; Pessenda et 

al., 2010). For instance, Terra Preta soils are still fertile since 800 years after charcoal application 

(Glaser et al., 2002; Lehmann et al., 2003). That means single applications of biochar can provide 

positive effects over several growing seasons (Steiner et al., 2007; Major et al., 2010). Therefore, 

biochar application is not required with each crop, as is commonly the case for other soil amendments 

such as manures, compost, and synthetic fertilizers (Major, 2010). In conclusion, the recalcitrant nature 

of biochar for long time reduces the frequency of biochar application which in turn increases the 

profitability over the costs. 

The objective of this study therefore is to evaluate the growth and yield of spring wheat in 

response to biochar application as a reclamation material in manured and un-manured non-saline and 

saline-sodice soils. We hypothesize that plant growth will increase as more nutrients are retained and 

large quantities of salts and exchangeable Na
+
 are eliminated from soils due to improvement of the 

soils‟ physical and chemical properties (particularly water holding capacity (WHC), water infiltration 

rate as well as soil pH).  

2. Materials and Methods 

2.1 Soil and amendments 

The top saline-sodic and non-saline soils (0-10 cm) used in this study were collected from an 

agricultural field located in Holden, Beavder County in Alberta, which is 100 km east of Edmonton, 

Canada.  

Prior to use, the soils were air-dried and sieved (<2 mm) to remove stones and plant debris. The 

particle size distribution was determined using the hydrometer method (Gavlak et al., 2003). The sand 

content was 22% and the clay content was 34% (equivalent to a clay loam). The used saline-affected 

soil belongs to saline-sodic category with electrical conductivity (ECe) >4 ds m
-1

, exchangeable sodium 

percentage (ESP)>15, sodium adsorption ratio (SAR)> 13%, and pH> 8.5. Detailed descriptions of the 
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soil sampling methodology, soil classification, and soil analyses used to determine different physical 

and chemical properties, are discussed in chapter 4. Important soil physical and chemical 

characteristics are presented in Table 5-1. 

The mixed hard wood biochar used in this trial was provided by Alberta Innovates Technology 

Futures (now InnoTech Alberta), Vegreville, Alberta, Canada. The biochar was produced in a batch-

type carboniser, Prototype 1.0) at 500–550 °C from a mixture of Spruce, Pine and Fir chips. The same 

dry cattle manure that used in earlier study (chapter 3) was used as a source of nutrients to generate 

two levels of soil nutrient content for evaluating the interaction between biochar and soil nutrient level 

on plant growth in the two soils. Sources, production techniques, and characteristics of biochar and 

manure are described in chapter 1 and 3, respectively. Some properties of these materials are given in 

table 5-2. 

2.2 Experimental design and sampling 

The experimental treatments consisted of two soil type (saline-sodic (S) and non-saline soils 

(N)), two rates of biochar application (0% and 5% (w/w)) and two levels of manure application (0 t ha
-

1
 and 5.17 t ha

-1
). The 5% of biochar application is corresponded to an application of 60 t biochar ha

−1
 

(for the used soil with 1.12 g cm
−3

 density and 0.1 m depth). The treatment combinations were set up in 

a completely randomized block design with four replicates. Thus, four treatments were set up for each 

soil: control, no biochar and no manure application (0% -), no biochar and 5.17 t ha
-1

 manure 

application (0% +), 5% biochar and no manure application (5 % -), and 5% biochar and 5.17 t ha
-1

 

manure application (5 % +).  Based on the treatment combinations, the soil, manure and biochar were 

thoroughly mixed and ~2.7 kg of the mixture was used to fill the experimental pots (height: 11 cm; 

diameter at base: 16 cm; diameter at top: 18 cm).  

The seeds of Coleman hard red spring wheat (Triticum aestivum L.), used in this study, were 

developed by the University of Alberta, Edmonton AB, Canada. The wheat was grown in a greenhouse 

from February to May 2016.  Prior to seeding, the water content of the soil mixtures was adjusted to 

60% WHC and incubated for two weeks in greenhouse. The condition of the greenhouse was day 

temperature of 22
o
C and night temperature of 18

o
C, and 65% relative humidity. The photoperiod in the 

greenhouse was from 6 am to 10 pm using LED artificial lamps to supplement natural light.  

Fifteen seeds were sown per pot to compensate for the possibility of a low germination and 

seedling survival rate, particularly in the saline-sodic soil. One week after germination, the plants were 
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thinned to 8 plants pot
-1

 for the rest of the growing period. All pots were watered daily to field capacity 

(F.C) to prevent water stress and soil cracking of the saline-sodic soil. The volume of irrigation water 

for each treatment was determined using a TDR 300 soil moisture meter (Spectrum Technologies, 

INC., 6430FS). The survival rate (SR) and germination are expected to be the best indicator for the 

plants response to the treatments particularly in the saline-sodic soil. Therefore, these two parameters 

were monitored daily until plants were fully established. The grain and straw were harvested 90 days 

after seeding (at grain maturity) and dried in a forced-air oven at 70 °C for 72 h. The roots were 

carefully extracted and washed once with tap water and then twice with deionized water to remove any 

adhering soil particles prior to drying in a forced-air oven at 70 °C for 72 h. The agronomic parameters 

of root and shoot dry matter weight, and also root to shoot ratio, were measured. These parameters 

evaluated the influence of the treatments on the growth and production of plants in the experimental 

unit (pot) bases. Therefore, three additional plant parameters were measured on the individual plant 

bases in order to gain a better understanding of the plants‟ response to the examined treatments. These 

parameters include spikelet weight; grain weight; and the number of grains per spikelet, per plant. 

Plant straw samples were ground using a ball mill (MM200, REtsch GmbH, Haan, Germany) and 

digested (nitric-perchloric acid) at 125 °C for 24 h for total nutrient and element contents. The 

concentrations of N, P, K, S Ca, Mg, Mn, Zn, Cu, and Na were determined by an inductively coupled 

plasma molecular absorption spectrophotometry (ICP-MS) (ELAN 6000, PerkinElmer, Inc., MA). 

Immediately after crop harvesting, the soil in each pot was mixed thoroughly, air-dried, sieved 

using a 2-mm sieve and used for the analysis of soil physicochemical properties. The electrical 

conductivity (EC) of the original soil samples were measured on saturated paste extracts following the 

method described by Richards (1954), using an AP75 portable waterproof conductivity/TDS meter 

(Thermo Fisher Scientific Inc., Waltham, MA, US). Air dried sub sample of original soil sample was 

ground into fine powder using a ball mill (MM200, REtsch GmbH, Haan, Germany) and used for total 

C and total N analyses. Soil pH was measured in a 1:1 (m:v) ratio using an Orion pH meter (Thermo 

Fisher Scientific Inc., Beverly, MA, US). Soluble cations were analyzed by extraction of samples with 

deionized water in a 1:1 (m:v) ratio using an inductively coupled plasma molecular absorption 

spectrophotometry (ICP-MS) (ELAN 6000, PerkinElmer, Inc., MA). Total P (TP) in soil was extracted 

by the digestion of 2 g finely ground soil using HClO4
+
 HNO3. Soil samples were also analyzed for 

available phosphorus (AP) using the modified Kelowna extraction method (0.015 M NH4F, 1.0 M 
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HOAc, 0.5 M NH4OAc) proposed by Ashworth and Mrazek (1995). All P analyses were conducted 

using the ascorbic acid molybdate blue method (Murphy and Riley, 1962). 

 

2.3 Statistical analysis  

All collected data were subjected to analysis of variance using PROC MIXED in the Statistical 

Analysis Systems software (SAS) package (SAS 9.4). A three-way ANOVA was used to test the 

degree of significance of the biochar rates effect; the soil type effect; nutrients concentration (manure) 

effect; and the interaction between these factors (α<0.05). Significant differences between the 

treatment means were analyzed using Tukey‟s test at 95% significance level. Residual and influential 

plots were evaluated to make sure ANOVA assumptions of normality and equal variance were 

fulfilled. Only data on plant concentration of N, Na, S, and Mn were skewed to the right therefore, log-

transformation were applied to these data before further analysis, however original untransformed data 

are presented.  

3. Results and Discussion 

3.1 Plant survival and production  

As wheat is known to be highly affected by salinity during germination and seedling growth, 

seedling survival rate (SR) is a good indicator of the ameliorating effects of biochar and manure 

application. There was significant interaction among the three factors for the SR (p=0.026). For the 

non-saline soil, the percentage of SR of the control treatment (N0% -) was 86%.  The SR increased to 

96% in non-saline soil amended with biochar, which was not significant compared with the controls.  

On the other hand, the application of manure alone caused a significant reduction of the SR, relative to 

that of the control treatment (N0 % -), the SR was about 28% in this case (Figure 5-1A). Compared to 

the control treatment, there was a minor insignificant increase in the SR when manure was added in 

combination with biochar (Figure 5-1A). These results suggest that manure application to the non-

saline soil likely raised the soil nutrients to a toxicity level that affected seed germination and SR. The 

results also suggest that biochar can mitigate the observed harmful effects, particularly nutrient toxicity 

through reduction of metal nutrients (particularly Zn and Cu) availability and accumulation into plant 

tissue (Puga et al., 2015). The observed trends were different in the saline-sodic soil with initial SR of 

20% in the control (S0% -), which increased significantly to 88% in the biochar amended treatments 
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(Figure 5-1A). Manure application significantly increased SR only when it was combined with biochar 

(Figure 5-1A). The average SR of the manure alone and of the combined biochar with manure 

treatments were 16% and 96%, respectively (Figure 5-1A). It is not surprising that low survival and 

growth of plants are obtained particularly during the early growth stage when exposed to either high 

salinity (Zhou et al., 2010; and Chen and Jiang, 2010) or excessive metal nutrients that are introduced 

with manure such as Zn, Cu, Fe, and Mn (Yadav, 2010; Nagajyoti et al., 2010) or both. In the saline-

sodic soil, nutrient toxicity effect due to manure application seemed to be negligible. This is because in 

such soils with a very high EC, salinity would be the more limiting factor for plant growth, rather than 

fertility or nutrient conditions (Maas and Grattan, 1999). The other possible reason for this phenomena 

is that the ranges for nutrient deficiency, sufficiency, and toxicity for plant growth could be widened or 

narrowed under conditions of salinity (Grieve and Grattan, 1999). Therefore, in the soils used for the 

present study, the nutrients added along with manure may have led to excess conditions that were toxic 

for plant growth in the non-saline soil, but not in the saline-sodic soil. 

Crop yield is also an important parameter for evaluating the response of plant to biochar and 

manure application. The significant interaction (p=0.032) between the three factors revealed that 

biochar application did not affect the yield of plants grown in the non-saline soil (Figure 5-1B). 

However corresponding with the reduction of SR and due to the toxicity effect discussed earlier, 

manure application without biochar was the only treatment that caused a minor reduction (~18%) of 

yield, relative to the control treatment (N0% -). In the saline-sodic soil, the application of manure alone 

did not affect the yield. Biochar application however resulted in significant increases in the yield 

relative to that of the control treatment (S0 % -). However the increase was more significant when the 

biochar application was combined with manure, which resulted in an increase of 57% and 100% for 

biochar and manure-and-biochar combined treatments, respectively. The high initial nutrient contents 

of the saline-sodic soil may have partially contributed to the high plant performance when biochar was 

incorporated. However, as all soil treatments initially started with adequate levels of nutrients for plant 

growth (Table 5-1), biochar in this case seemed to be more important for soil reclamation than for soil 

nutrition. Thus, the application of biochar resulted in a significant increase in yield only in the saline-

sodic soil. This could be due to the expected benefits of biochar in terms of reducing salt stress for the 

plant roots by salt sorption (Thomas et al., 2013) and facilitating salt movement away from the root 

zone. Biochar may also increase crop growth and yield by reducing water stress and improving plant 

water use efficiency due to its role in increasing soil-water holding capacity, as shown in figure 5-2A. 
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Our results are similar to those of Vaccari et al. (2011) and Wang et al. (2012) who reported that wheat 

yield and grain quality responded positively to biochar application. 

Root and shoot dry matter (RDM and SDM, respectively) were influenced by soil type and 

biochar application, as shown in table B-1. The root dry matter was significantly higher in the saline-

sodic soil than in the non-saline soil (p <0.001), with a difference of about 3-fold (Table B-1). 

Application of biochar also significantly increased RDM (p=0.043), with a 2-fold difference. However, 

for the SDM, there was significant interaction between the three factors of soil type, manure, and 

biochar application (p<0.001) (Table 5-3). Regardless of manure treatment, the application of biochar 

caused a significant increase in SDM, relative to that of the control treatments for both soils; the 

average increases were 40% and 26% for non-saline and saline-sodic soils, respectively. Furthermore, 

the application of biochar in combination with manure caused a significant increase in the SDM over 

biochar alone in the saline-sodic soil. The difference between the two cases was around 1.3-fold. The 

increased RDM and SDM in the saline-sodic soil over that in the non-saline soil in this study agrees 

with previous results reported by Qados (2011) and Andriolo et al. (2005). The increase in RDM and 

SDM is attributed to the influence of salt-stress on increasing the size of plants‟ sap vacuoles in order 

to collect a lot of water to dissolve the accumulated salt ions (Munns, 2002).  

In our study, the applied manure provided and maintained sufficient and in some cases excess 

nutrients for plant growth. In addition, Biochar may also increase the accessibility of nutrients by plant 

roots, which combined resulted in good plant growth and dry matter production in the manure-and-

biochar combined treatments. Lehmann and Joseph (2015) suggested that the application of biochar 

with the aim of increasing soil fertility must be accompanied by the application of fertilizers. Chan et 

al. (2008a) reported significant increase of radish dry matter when N fertilizer was applied together 

with biochar.   

The average spikelet weight per plant grown in saline-sodic soil was significantly higher than 

that of plants grown in non-saline soil (p<0.001), with a difference of about 2-fold. The significant 

interaction (p<0.001) among the three factors showed that for the non-saline soil the average spikelet 

weight per plant for the treatment that received manure only (N0 % +) was at least 70% higher than 

that of all other treatments (Table 5-3). The low SR in the N0 % + resulted in fewer plants per pot 

which in turn led to higher spikelet weight possibly through compensatory growth. However, for the 

saline-sodic soil, plants grown in the manure or biochar amended soils produced smaller spikelets 

compared with the controls, which may be due to the higher SR in these treatments. The reductions in 
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spikelets weight were 40% and 36%, for manure and biochar treatments, respectively. Surprisingly, 

combined biochar and manure treatments did not show any significant reduction of spikelet weight 

(Table 5-3). The low SR in the control saline-sodic soil (S0 % -) and also in the NO% + (due to 

nutrient toxicity), may have resulted in low competition among plants for nutrient uptake, especially at 

the later growth stages. This in turn may have resulted in higher spikelet weight relative to the other 

treatments with high survival rates (where there was high competition) and with the exception of the 

combined biochar and manure treatment of the saline-sodic soil (SH5%). In that combined treatment, 

soil condition seemed to be appropriate for maintaining high SR (highest number of plant) with high 

spikelet weight. Very similar results were obtained for the average grain weight and number of grain 

per spikelet/plant, particularly for the plants grown in the saline-sodic soil (Table 5-3). These results 

confirmed the common recommendation for the importance of adding biochar in combination with 

fertilizers in order to increase plant growth and yield (Steiner et al., 2008; Gaskin et al., 2008; Ding et 

al., 2010; Nelson et al., 2011). Our results also agreed with the general concept in the literature about 

the influence of plant density on growth. For instance, Valério et al. (2009) found that yield and grain 

weight of different wheat genotypes were highly dependent on seeding density of each genotype. 

Wood et al. (2003); and Valério et al. (2013) also reported higher wheat grain yields at reduced plant 

densities. 

3.2 Nutrient concentrations in plants  

The nutritional status of the plants may be another useful indicator for assessing plant response to 

the treatments evaluated in this study. The reference values for wheat crop nutrition, which were 

prepared by Reuter and Robinson (1986) as critical levels, were used in assessing the nutrients level in 

the present study. Although all soil treatments began with high and in some cases more than sufficient 

nutrients for optimal crop yield (Table 5-1), the N concentration in the shoot samples of all treatments 

was found to be within the deficient level. The reason for this is not clear, but possibly the easily 

mobile N form (NO3
-
), which is considered a primary form for crop assimilation was leached away 

from the root zone by the daily irrigation that was applied in this study. Despite the observed shoot N 

deficiency, the studied factors varied in their effects on N uptake by plants. Nitrogen concentrations in 

plant shoots were influenced by soil salinity and biochar, but not by manure application; there was also 

no interaction effect (Table 5-4). Thus nitrogen concentration was significantly higher in the shoots of 

the plants grown in the saline-sodic soil than in those grown in the non-saline soil (p=0.029). Also, the 
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N concentration in the shoots significantly increased due to biochar application (p=0.04). The 

difference in N concentration was about 0.43 g kg
-1 

between the two cases of biochar treatment (Table 

B-2). A similar result was observed by Chan et al. (2008a) who found a significant increase in N 

uptake at a higher level of biochar. On the other hand, biochar was also found to improve the efficiency 

of mineral N fertilizer (Chan et al., 2008a; Steiner et al., 2008; Gaskin et al., 2008; Ding et al., 2010). 

However, in our study, there was no interaction between manure and biochar on the uptake of N. This 

disagreement may be due to the nature of the fertilizer type, and/or to the initial adequate N status of 

the control soils. Generally, the observed variances of N concentrations in plant shoots positively 

reflected the differences of the available N in the final soil treatments used as growth media (Table 5-

5).  

Phosphorus concentrations in plant shoots were also influenced only by biochar and salinity. The 

concentrations of P were significantly higher in the plant shoots grown in the non-saline soil than in 

those grown in the saline-sodic soil (p<0.001). These were at sufficient (2.47 g kg
-1

) and deficient (1.22 

g kg
-1

) levels in the plants grown in non-saline and saline-sodic soils, respectively. Phosphorus 

concentrations in the plant shoots grown in the soils without biochar were at the sufficient level (2.17 g 

kg
-1

). However, biochar application significantly reduced the P concentration to a deficient level (1.52 

g kg
-1

) (p=0.001, Table B-2). Madiba et al. (2016) found that P uptake by wheat crops depended on the 

biochar type. The P uptake increased and was not changed relative to control, when wheat and chicken 

manure biochar were used, respectively. Chan et al. (2008a) found an increase in P uptake in the 

biochar treatment, but they attributed this to the appreciable amount of available P (AP) that was 

present in the biochar material since it was produced from fertile green waste feedstock. In our study, 

the manure factor that represented two levels of P showed no effect on the P concentration in plant 

shoots. Furthermore, there was no interaction among all factors on the P uptake. This might be due to 

the adequate level of initial P among all treatments. Generally, this result agreed with the conclusion of 

Zribi et al.‟s (2012), where the effects of salinity and P level on plant nutrient uptake were reported not 

to be additive.  

Potassium concentrations in plant shoots ranged between marginal deficiency to high levels, 

through the influences of salinity, biochar, and manure applications. Similar to the case of P 

concentration in the plants, K concentrations were also significantly higher in the shoots of the plants 

grown in non-saline soil (29.5 g kg
-1

) than from those grown in saline-sodic soil (20.9 g kg
-1

, p<0.001). 

However, unlike in the P case, biochar increased the concentration of K in the plant shoots (p<0.001) 
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with a difference of about 5 g kg
-1

 between the two cases of biochar treatment. Furthermore, manure 

application also significantly increased the K of plant shoots (p=0.03) (Table B-2). Biochar has been 

found to be an important source for K when applied to soils (Laird et al., 2010a; Buecker et al., 2016) 

and has also been found to increase K uptake (Lehmann et al., 2003). Moreover, the specific biochar 

used was found to provide soils with a high concentration of K, which was about 8-fold compared to 

the control treatment (chapter 4). In a greenhouse study, Chan et al. (2008a) also reported an increase 

in K concentration in radish plants grown in soil amended with biochar. This finding held true even 

when no fertilizers were combined in the treatments. This could explain the higher K uptake obtained 

in the biochar-amended soils relative to those with no biochar treatments. The higher content of K in 

plants from the non-saline soil compared to those grown in the saline-sodic soil may reflect the 

significant difference of K availability in the final soil of each type (this is discussed below). But 

generally, under salinity stress, K uptake was found to be influenced by the concentration of other 

nutrients in soil. For example, K uptake in saline soil is influenced by Ca concentration in the soil. The 

presence of Ca in such soil at high concentrations increases K uptake to maintain its content at an 

adequate level in the plants (Ben-Hayyim et al., 1987). Also, the significantly higher Na uptake by 

plants in the saline-sodic soil, compared to that in the non-saline soil (Table B-2) is expected because it 

is needed for halophyte plants to adjust their osmotic pressure gradient for water uptake (Flowers and 

Yeo, 1995; Wetson and Flowers, 2010; Chen and Jiang, 2010). However, the accumulation of Na at 

high concentrations is expected to decrease K uptake in the saline-sodic soil (Shabala et al., 2003; 

Chen et al., 2007; Slabu et al., 2009), resulting in a significant low K content in plants from the saline-

sodic soil. Similar results were reported by Amirjani (2010) who found Na content in plant tissue to be 

significantly increased, but K content decreased, with increased soil salinity.  

The concentrations of some selected micronutrients (Cu, Mn, and Zn) in the plant shoots were 

higher than the levels required for optimal crop yield, yet all were below toxic levels. Even with this 

high nutrient concentration in plant shoots among the treatments, the soil type was found to 

significantly influence the plants‟ uptake of these nutrients. The uptake was significantly higher in the 

saline-sodic soil than in the non-saline soil, except for Cu, which showed an opposite trend, as 

indicated by the concentration of the nutrients in the plant shoots (p<0.001 for Mn and Zn, and p=0.004 

for Cu) (Table B-2). Furthermore, the studied factors showed significant interaction only for the Mn 

(p=0.038), which suggests that the biochar and manure influenced Mn concentration in plant shoots in 

the saline-sodic soil alone. Thus, relative to the control treatment (S0 %-), manure application 
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significantly reduced Mn concentration in plant shoots by about 2-fold. Similarly, biochar application 

significantly reduced the Mn in plant shoots regardless of manure treatment, with a reduction, in this 

case, of at least 6-fold (Table 5-4). Biochar application may indirectly influence plant availability of 

micronutrients (particularly Mn) in soils. The increase of soil pH due to biochar application (Figure 5-

2B), which were also in agreement with many other studies (Laird et al., 2010b; Yao et al., 2011a; 

Chintala et al., 2014) are expected to be responsible for the reduction of micronutrients content in the 

plant shoots. It has long been known that micronutrient availability in soils decreases with increases in 

soil pH (Islam et al., 1980; Alam et al., 1981; Jariel et al., 1991). In another study, substantial increases 

in soil pH due to biochar application were reported to cause micronutrient deficiencies and yield 

reduction (Mikan and Abrams, 1995). 

3.3 Nutrient availability in soils  

The analysis of pre-experimental soils (non-saline and saline-sodic soil) showed that both soils 

were fertile and have sufficient amounts of the nutrients required for optimal wheat crop yield (Table 

5-1). Therefore, excess nutrient and plant toxicity was expected in the manured treatments. The soil 

analysis at the end of experiment showed the saline-sodic soil to contain significantly higher AP than 

the non-saline soil (p<0.001) with P contents of 38 and 105, respectively. The application of manure or 

biochar caused significant increase in the soil AP (p<0.001for both manure and biochar) (Table B-3); 

however there was no interaction between these factors (p=0.08) (Table 5-5). Our results agree with 

those of Khoshgoftarmanesh and Nourbakhsh (2009) who found the availability of P to be higher in 

saline soils than in non-saline soils. They attributed this to the effect of reduced pH in the saline soils. 

Lashari et al. (2013) also reported a significant increase of the AP in salt-affected land due to biochar 

application. An opposite result was found by Bano and Fatima (2009) and by Grattan and Grieve 

(1998) who found that salt-stressed soil caused an appreciable reduction in the availability of soil P and 

in turn on the P uptake by the plants. They attributed this to the precipitation of P with Ca
 
ions in salt-

stressed soil. In our study the initial AP in the saline-sodic soil was about 3-fold higher than that of the 

non-saline soil. This might overcome the possible reduction in the availability of P due to precipitation 

with Ca.  Expectedly the AP was high in the manure treatments however the significant increase in its 

availability due to biochar application indicates that biochar has a high capacity for providing P in an 

available form for plant uptake. Our result agrees with that of Chan et al. (2008a), who found 

significant increase in AP in a biochar-amended soil, relative to the control soil.  
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The initial available N in the control non-saline soil was found to be at the marginal border below 

the sufficient level for optimal crop yield. Therefore, the plant parameters discussed earlier could be 

strongly influenced by the availability of N, rather than by the other nutrients. There was significant 

interaction among the three factors on the availability of N in soil (p=0.013 for NO3 and p= 0.009 for 

NH4). Similar to P, the availability of N was significantly higher in the saline-sodic soil than in the 

non-saline soil regardless of the added treatments (p<0.001) (Table B-3). In the non-saline soil, the 

concentrations of available N (NO3
-
 and NH4

+
) were controlled only by manure treatment. Relative to 

the control treatment (N0% -) the application of manure caused significant increase of the available N 

in the soils, regardless of the biochar treatment. And no significant changes occurred due to the 

application of biochar alone (Table 5-5). In other words, biochar caused significant increases in the 

available N only when it was added in a combination with manure. Similar results were found by 

Nelson et al. (2011) who suggested that the addition of N is required after biochar application to 

maximize N availability and in turn increase crop production. On the other hand, saline-sodic soil that 

received biochar showed significantly higher concentrations of available N than did soil that had not 

received biochar, regardless of manure application. The highest available N in the biochar-amended 

saline-sodic soil may have resulted in the observed plant performance as previously discussed (Table 

5-2).  

The significant interaction (p<0.001) among the three factors for the available S showed that the 

non-saline soil contained significantly less available S than did the saline-sodic with values of 68 and 

542 g kg
-1

, respectively. Furthermore, there were no significant differences between the control (N0 % 

-) and other treatments on the available S of the non-saline soil (Table 5-5). However, for the saline-

sodic soil, the separate application of either manure or biochar caused significant increase in the 

available S, relative to that of the control treatment (S0 %-); these increases were 175 and 273 mg kg
-1

, 

respectively. The observed increase was higher and more significant when both manure and biochar 

were added in combination with an increase of 1181 mg kg
-1

 (Table 5-5). Unlike the other nutrients, 

the availability of K
+
 in the non-saline soil was significantly higher than that of the saline-sodic soil 

(p<0.001), its availability was 470 and 272 mg kg
-1

, respectively. Application of manure and biochar 

caused a significant increase in the available K (p<0.001 for both) (Table B-3) and the net increases 

were 90 and 192 mg kg
-1

, respectively; however, no significant interaction was found between these 

factors (p=0.069). Gaskin et al. (2010) also found increases in available K due to biochar application, 

which also positively correlated with the concentration of K in corn tissue. Many other studies have 
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considered biochar as a source of K in soils (Chan et al., 2008a; Laird et al., 2010a; Buecker et al., 

2016). The significantly higher K in non-saline soil than in saline-sodic soil may reflect the initial high 

K in the non-saline soil. The initial concentration of K
+
 in that soil was about 2-fold higher than that in 

the saline-sodic soil (Table 5-1).  

In addition to the already discussed benefits of biochar for improving availability of soil nutrients 

and nutrient uptake, the application of the biochar used in this study on same soils was found to 

decrease soil ECe and other salinity parameters including ESP and SAR (Chapter 4). Furthermore, 

significant increase was found in soil water movement and infiltration rate in the biochar amended soil 

relative to that of the control treatment. These improvements in soil chemical and physical properties 

due to biochar application may also have contributed to the enhanced plant growth and yield that was 

obtained in the biochar amended saline-sodic soil.  

4. Conclusions 

The response of crops to hardwood biochar and cattle manure application (as a nutrient source) 

varied based on the soil type. With the presence of biochar, the initial higher nutrient content of the 

saline-sodic soil compared to that of the non-saline soil corresponded with the observed enhanced 

wheat performance in the saline-sodic soil. In the non-saline soil, addition of manure (in the absence of 

biochar) likely raised soil nutrients to excess level that may have become toxic for plant growth as 

indicated by significant reduction in seedling survival rate and yield. This study validated the potential 

of hardwood biochar as a reclamation material to increase the productivity of saline-sodic soil, 

particularly when combined with manure as a source of nutrients. Combined application of manure and 

biochar may enhance nutrient use efficiency by maintaining adequate level of nutrients in available 

form for plant uptake while preventing any possible toxicity effects on plant growth due to associated 

excess nutrients. Furthermore, biochar may ameliorate salinity by adsorption of salts (particularly Na
+
), 

and/or by replacing the exchangeable Na
+ 

with Ca
2+

 and Mg
2+

 and facilitating the movement of the 

soluble Na
+
 and other saline ions away from the root zone.    
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Table 5-1: Physical and chemical properties of soils with and without manure addition 

Characteristic Normal soil Saline-sodic soil Normal soil Saline-sodic soil 

 Without manure addition With manure addition 

Sand (%) 22±0.1 23±0.4 nm nm 

Silt (%) 44±0.3 39±0.1 nm nm 

Clay (%) 34±0.1 38±0.2 nm nm 

Texture Clay loam Clay loam nm nm 

Bulk density (g cm
-3

) 1.13±0.1 1.15±0.07 1.0±0.1 1.0±0.1 

TC (%) 2.94±0.09 2.56±0.03 3.56±0.06 3.21±0.21 

TN (%) 0.31±0.06 0.26±0.01 0.32±0.02 0.32±0.02 

CEC (cmol kg
-1

) 34±2.5 30±2.0 36±1.3 31±1.5 

pH (w:v) (1:1) 7.07±0.5 7.18 ±0.01 7.37±0.3 7.51±0.03 

ECe (ds m
-1

) 1.8±0.05 28±0.2 2.4± 0.02 28.7±0.3 

Soluble cations (mg g
-1

)     

Na
+ 

 0.02±0.001 4.5±0.201 0.05±0.001 4.6±0.160 

Ca
2+

 1.8±0.03 1.57±0.11 2.1±0.01 1.9±0.67 

Mg
2+

 0.28±0.005 1.4±0.13 0.33±0.01 1.5±0.05 

K
+
  0.40±0.01 0.19±0.02 0.68±0.01 0.49±0.03 

Available nutrients (mg kg
-1

)     

 NO3
-
-N 105±0.49 334±44.2 163±15.9 341±46 

NH4
+
-N 11.2±0.27 22.1±0.21 12.5±0.42 23.1±0.15 

 S 400±10 4741±39 450±30 4832±52 

 Available P 32±1.91 97.4±14.2 80±1.95 147±3.40 

Total P (g kg
-1

) 0.51±0.09 0.68±0.07 0.67±0.04 0.74±0.03 

Mean of parameters expressed with standard error (n = 3); nm= not measured. 
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Table 5-2: Selected properties of biochar and manure 

Biochar  Manure 

CEC 
Surface 

area  
pH Ca Mg Na K 

 
Total P  DRP  pH 

cmol kg
-1

 m
2
 g

-1
    mg g

−1
   g kg

-1
 mg L

-1
      

18 324.6 
9.96 

(0.01) 

1.7 

(0.23) 

0.18 

(0.01) 

0.38 

(0.06) 

2.7 

(0.24) 

5.89 

(0.08) 

3.94 

(0.02) 

8.5 

(0.05) 

           

Mean of parameters expressed with standard error (n = 3); DRP = Dissolved reactive phosphorus (in 

200:1 extract).  
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Table 5-3: Means of root dry matter production (RDM), shoot dry matter (SDM), total dry matter (TDM), 

ratio of root to shoot (R/S), and other plant parameters in response to soil type, manure and biochar treatments 

used in the experiment.  

Treatment
z
 Number 

of 

plants 

pot
-1 

 

RDM SDM TDM Yield R/S Spikelet 

weight  

Grain  

weight  

Grain/ 

Spikelet 

    g / pot      g/plant    
     

N 0%  - 8 0.53  2.48 e
y
 5.30 d 2.82 cd 0.21  0.47 e 0.35 c 13 d 

N 0% + 4 0.53  2.59 de 4.74 d 2.14 d 0.21  1.15 bc 0.76 b 22 bc 

N 5% - 8 0.7  3.43 dc 6.57 cd 3.13 cd 0.20  0.56 e 0.41 c 15 d 

N 5% + 8 0.87  3.55 c 7.47 c 3.92 c 0.24  0.67 de 0.50 bc 16 cd 

S 0%  - 3 2.06  4.16 bc 8.14 c 3.97 c 0.49  1.63 a 1.22 a 33 a 

S 0% + 4 1.20  3.26 cde 6.20 cd 2.94 cd 0.37  0.97 cd 0.71 b 25 b 

S 5% - 8 2.23  4.63 b 10.92 

b 

6.29 b 0.48  1.03 cd 0.77 b 24 b 

S 5% + 8 1.75  5.92 a 14.43 a 8.51 a 0.3  1.45 ab 1.10 a 33 a 
y
Mean values followed by the same letter within a column are not significantly different (p<0.05), the bolded 

values indicate the statically significant data, Codes
z
: N: Non-saline soil, S: Saline-sodic soil, (+) and (-): with 

and without manure addition, respectively, 0% and 5% denote biochar application rate based on weight. 
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Table 5-4: Means of nutrients concentrations of wheat shoot in response to soil type, biochar and manure 

treatments used in the experiment. 

Treatment
z 

Nitrogen  Phosphorus Potassium  Sodium Zinc Manganese Copper 

   
 

  g kg
-1

   
      

N 0%  - 4.50  2.80  28.2  0.46 c
y 0.16 0.06 c 0.54 

N 0% + 4.92  2.69  26.2  0.79 c 0.26 0.06 c 0.78 

N 5% - 4.34 1.66 30.2 0.33 c 0.21 0.03 c 0.43 

N 5% + 4.78 2.73  33.6 0.43 c 0.20 0.04 c 0.59 

S 0%  - 4.46 1.66  16.7  6.60 a 0.34 0.24 a 0.27 

S 0% + 4.70 1.53 20.1 3.21 b 0.33 0.13 b 0.45 

S 5% - 5.65 0.66 21.6 8.01 a 0.48 0.04 c 0.46 

S 5% + 5.45 1.02 25.2 8.41 a 0.20 0.03 c 0.26 

        y
Mean values followed by the same letter within a column are not significantly different (p<0.05), the bolded 

values indicate the statically significant data, Codes
z
: N: Non-saline soil, S: Saline-sodic soil, (+) and (-): with 

and without manure addition, respectively, 0% and 5% denote biochar application rate based on weight. 
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Table 5-5: Means of available nutrients concentration of post soil in response to soil type, biochar and manure 

treatments used in the experiment. 

Treatment
z 

Available P NO3
-
-N

 

 

NH4
+
-N

 

 

Sulfur  Potassium 

    mg kg
-1

    
    N 0%  - 28.7 

   
69.1 e

y 

 

6.57 e 61 c 314 

N 0% + 44.1 

 
74.7 cd 

 

7.42 de 45 c 517  

N 5% - 31.5 

  

 

69.9 de 

 

6.85 e 86 c 435  

N 5% + 49.0 

  

 

78.5 c 

 

8.90 cd 79 c 615  

S 0%  - 97.6 

 
93.1 b 

 

10.70 bc 45 c 152 

S 0% + 107.0 

 
97.2 b 

 

 

12.32 b 220 b 324  

S 5% - 105.6 

 
106.8 a 

 

16.07 a 318 b 201  

S 5% + 111.5 

 
105.4 a 

 

15.50 a 1226 a 412  
y
Mean values followed by the same letter within a column are not significantly different (p<0.05), the bolded 

values indicate the statically significant data, Codes
z
: N: Non-saline soil, S: Saline-sodic soil, (+) and (-): with 

and without manure addition, respectively, 0% and 5% denote biochar application rate based on weight. 
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Figure 5-1: Changes in survival rate (A) and grain yield (B) of wheat crop as affected by soil type, 

biochar and manure treatments used in the experiment. Each bar illustrates the mean (n=4). Vertical error 

bars are standard error of the mean (SEM), Codes: N: Non-saline soil, S: Saline-sodic soil, (+) and (-): 

with and without manure addition, respectively, 0% and 5% denote biochar application rate based on 

weight. 
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Figure 5-2: Changes in soil water content (% F.C) (A) and soil pH (B) and as affected by soil type, 

biochar and manure treatments used in the experiment. Each bar illustrates the mean (n=4). Vertical 

error bars are standard error of the mean (SEM), Codes: N: Non-saline soil, S: Saline-sodic soil, (+) 

and (-): with and without manure addition, respectively, 0% and 5% denote biochar application rate 

based on weight. 
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CHAPTER 6. SYNTHESIS, CONCLUSIONS AND FUTURE RESEARCH 

1. Overview of Study Objectives 

The research reported in this thesis will help in developing effective reclamation practices for 

saline-sodic soils with high availability of nutrients, particularly phosphorus, by assessing the potential 

to use biochar as a reclamation material. Improved management of such soils will be possible once we 

better understand the mechanisms by which biochar affects the soil‟s physical and chemical properties. 

Biochar may facilitate leaching of salt away from the root zone while improving retention of available 

phosphorus for plant uptake and preventing leaching losses. Four studies, including three laboratory 

experiments and a greenhouse experiment, have been conducted as a part of this thesis research. The 

influences of biochar type and salinity level on the P sorption capacity of biochar were evaluated by 

conducting a P sorption isotherm experiment, using biochars derived from different feedstock types 

(wheat straw, hardwood, and willow wood) under non-saline and saline conditions (0, 4 and 8 ds m
-1

) 

(Chapter 2). Hardwood biochar showed the highest sorption capacity under both saline and non-saline 

conditions; therefore, it was selected for use when conducting the other three experiments. An 

evaluation was made of the effect of biochar application at four rates (0, 2, 5, and 8% [w/w]) on 

reducing the soil salinity of a saline-sodic soil and reducing the leaching losses of P from non-saline 

soils. This was done in the laboratory via a soil column leaching experiment (dried cattle manure was 

used as a source of P in the treatments). The treatment columns were wetted at 60% of water holding 

capacity (WHC), and incubated at room temperature for two weeks. The columns were then leached by 

adding deionized water at one pour volume (500 mL for the 0 and 2% treatments, and 650 ml for the 5 

and 8% treatments), for 6 leaching events that ran every other day (Chapters 3 and 4). The biochar 

application rate of 5% was shown to be the optimal application rate. It was thus selected, along with 

the control treatment (0% biochar), to evaluate the plant responses to the reclamation of a manured 

saline-sodic soil, using the selected hardwood biochar. For the plant response trials, seeds of spring 

wheat (Triticum aestivum L.) were grown in a greenhouse pot experiment from February to May 2016. 

The wheat plant‟s response to the soil treatments was measured by nutrient contents, survival rates, 

root to shoot ratio, biomass yield, and grain and spike weight per individual plant (Chapter 5). 

2. Synthesis of Research Results 
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2.1 Phosphorus sorption capacity of biochar varies with biochar type and salinity level 

          The biochar properties, which are dependent on the biochar type, together with the salinity level 

of the aqueous solution, had an important influence on the P sorption capacity of biochar. Willow 

wood biochar showed the highest P sorption capacity relative to that of wheat straw and hardwood 

biochars due to the highest CEC, surface area and elemental concentration in the former biochar. 

However, willow wood biochar had an opposite P sorption trend relative to that sorption of other 

biochars. Unwashed and both acid- and water-washed hardwood and wheat straw biochars showed the 

same trend of P sorption, but the P sorption capacity of both biochars was reduced upon washing. 

However the P sorption trend of willow wood biochar became similar to that of the other used biochars 

upon washing. The phosphorus sorption capacity of the wheat straw and hardwood biochars increased 

along with an increase P in solution. However the sorption of willow wood biochar was not greatly 

affected by the solution pH. The biochar type and initial P concentration of the solution significantly 

affected the P sorption of the biochar. The phosphorus sorption capacity of washed biochars increased 

as the initial P in the solution increased. At high initial P concentrations (12.5 to 25 mg P L
-1

), 

however, hardwood biochar sorbed a higher amount of P than did the other biochars. Phosphorus 

sorption capacity of the studied biochars was higher under saline than under non-saline conditions; 

however, P sorption under electrical conductivity of 4 was higher than was that under 8. 

The surface area and elemental content (Ca and Mg) were highest in the willow wood biochar 

relative to that of the other biochars. These properties were considered the main factors responsible for 

making the P sorption capacity of this biochar the highest, achieved by facilitating the precipitation of 

P with Ca and Mg from the biochar material. Removing ash by washing the willow biochar may have 

created more sorption sites on the willow wood biochar‟s surface and facilitated a greater sorption of P, 

which resulted in the change obtained in the P sorption trend. Also, releases of elements from the 

biochar material due to washing could be responsible for the reduction in the P sorption capacity of the 

washed biochar. Generally, the P sorption of the studied biochars was mainly controlled by the surface 

area and surface precipitation of P with Ca
2+

 and Mg
2+

. However, the participation of a pH-dependent 

charge on the P sorption of the biochars was negligible, as indicated by the pH at zero point of charge 

(ZPC) value of the biochar, which ranged between 2.0 and 3.5. Based on the ZPC value the biochar 

surface will be negatively charged when the solution pH is greater than the ZPC, which interferes with 

the P sorption. However, high solution pH indirectly enhanced the P sorption capacity of the biochar 

by facilitating precipitation of P with Ca and Mg. The increases in ionic strength and ionic double layer 
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thickness, with the increase of the solution electrical conductivity (EC), reduced the diffusion rate of P 

toward the biochar surface as a sorbent, which explained the significant reduction of P under a solution 

with high EC. 

2.2 Hardwood derived biochar reduced leaching loss of phosphorus from a manured soil   

         The biochar application rates (0, 2, 5, and 8%) and soil salinity conditions (saline-sodic and non-

saline soils) had significant interactions, which affected leachate EC, leachate volume, and soil pH. 

Significant interactions were also obtained when biochar rate and soil salinity levels were tested 

together with leaching factors (initial and post leaching soils) on the soil parameters, including sodium 

adsorption ratio( SAR), exchangeable sodium percentage ( ESP), and EC. Even with the significant 

interaction, the biochar application rate influenced the leachate volume and EC from most leaching 

events in the saline-sodic soil, but not in the non-saline soil. Water retention time was also influenced 

by the biochar treatments: it was > 24 and ~8 hours for the control and the biochar treatments, 

respectively. The measurement of the leachate EC indicated that most of the salt leached in the first 

event, and was higher from the control treatment (0% biochar) than from the other biochar treatments. 

However, the leaching of salt was more in the high biochar treatment (8%) for the follow up two 

leaching events (the second and third events). The trends of salt leaching, among these three events 

corresponded with the volume of leachate. However, after the third event, the biochar treatments of 0 

and 2% reached the point of waterlog. The leaching volume from the other biochar treatments 

meanwhile remained at a near-constant level during all events. In the comparison amongst the biochar 

treatments of the post-leaching soils, the 8% biochar treatment caused a more significant reduction of 

EC, ESP and SAR than did the other biochar treatments; in some cases, the values of these parameters 

dropped even lower than those of the comparable treatments of the non-saline soil. Leachate losses of 

some cations including Ca
2+

, Mg
2+

, Na
+
, and K

+
, which were measured during the first, third, and sixth 

events for the two soils followed a similar trend as for leachate EC. They showed the highest losses in 

the first event, and reduced sharply during the third and sixth events. The losses were also the highest 

from the control, in the first event. However, for the remaining selected events, the losses became 

either equal with the other treatments, or the highest (in the case of the 8% biochar treatment). 

          In the first and second events, the leachate EC values positively corresponding to the volume of 

infiltrated water through soil treatments. The more percolated water, the more salt was washed out 

from the soil treatments. The high retention time that was observed in the control treatment also 
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allowed more salt to be dissolved and eventually moved with water. Moreover, the better soil 

aggregation in the biochar-amended soil, compared to that of control treatment, could have caused the 

water to move quickly without penetrating and removing the salt from the small soil pores. After the 

third event, the clay particles‟ expansion by Na
+
 caused waterlogging in both the control and the 2% 

biochar treatment. On the other hand, a better soil aggregation in the 5 and 8% biochar treatments 

facilitated constant leaching during all leaching events. Intensive leaching, during all events, caused a 

significant reduction of the ECe, SAR, and ESP of all saline-sodic soil with the different biochar 

treatments. However, the effectiveness of biochar application at a high rate, for reducing salinity and 

the associated salinity parameters, was clear. This was attributed to the high content of divalent cations 

(such as Ca and Mg) in the biochar material. These cations are important to offset the Na
+
 in the 

exchange sites of saline-sodic soil, which eventually leach out with percolated water. Another possible 

mechanism of biochar, for reducing soil salinity, is through the sorption of Na
+
, which reduces its 

content in the soil solution. 

2.3 Reclamation of a saline-sodic soil with biochar: effects of biochar application rate     

         The biochar application rate (0, 2, 5, and 8%) and the level of soil test phosphorus (STP) that 

were obtained through manure treatment had significant interactions, which affected the leaching 

losses of P. The cumulative leaching loss of P during six leaching events, in the form of total 

phosphorus (TP) and dissolved reactive phosphorus (DRP) from manure-amended soils, was 

significantly reduced with increasing biochar application rate. For the soil to which manure had not 

been added, on the other hand, biochar addition in general caused a significant reduction, but the 

specific rate of biochar addition seemed not to make a difference on those losses. The leachate loss 

trends of TP and DRP for each individual leaching event were similar to the accumulative trend, except 

for the last event (event six), where the leaching losses increased along with increasing biochar 

addition. The leachate composition revealed that leachate losses of multivalent cations (Ca
2+

 and Mg
2+

) 

were reduced; however, monovalent cations (particularly K
+
) increased along with increasing biochar 

application rate. The biochar application rate also had a significant influence on the soil-water 

infiltration rate; the infiltration rate increased along with increasing biochar application rate. The trends 

of the soil-water infiltration rate, based on the rate of biochar application and the associated leaching 

losses of P were compared.  
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It is well known that biochar‟s properties such as its high surface area and CEC, relative to that 

of soils increase the P sorption capacity of biochar-amended soil. That occurs due to the associated 

increase of cations that accumulate on the biochar surface and eventually co-precipitate with P. In 

accordance with this, leaching losses were reduced along with increasing biochar application rate 

during all leaching events, except in the last event (where the losses increased along with increasing 

biochar rate). The change to the P leachate trend, in the last event, is attributed to the overall variation 

between the biochar treatments for P sorption and desorption capacities. The control treatment had the 

lowest sorption capacity; therefore, it released the highest levels of P during the first leaching events. 

However, the P sorption capacity increased in the biochar-amended soil, resulting in slow and gradual 

losses of P. This eventually caused the losses from these treatments to be greater than the losses from 

the control treatment, at the last leaching event. The high capacity of biochar to retain multivalent 

cations, together with its ability to increase soil pH, contributed indirectly to the highest P sorption 

capacity of the biochar-amended soil by facilitating P to precipitate with Ca
2+

 and Mg
2+

. Soil 

aggregation was expected to improve with increased biochar application rate; this was most likely 

responsible for the associated increases in soil-water infiltration rate that were observed. On the other 

hand, the leaching losses of P were reduced with increasing biochar rates, regardless of the associated 

increase in water infiltration rates. This result indicated that the leaching losses of P were not 

corresponding to the soil-water infiltration rate meaning that biochar has a great capacity to reduce P 

losses, even with increased soil-water infiltration.  

2.4 Biochar and manure application improved saline-sodic soil quality and spring wheat growth 

under greenhouse conditions  

         The biochar application rates (0, and 5%), levels of STP, and soil salinity conditions (saline-sodic 

and non-saline soils) had significant interaction that affected wheat growth and yield, as well as soil 

quality and fertilization. In the non-saline soil, the addition of manure alone caused a significant 

reduction in the seedling survival rate. The cause of that reduction is not clear but it possibly occurred 

due to nutrient toxicity as a result of the additional nutrients that were introduced with manure to that 

soil with initial fertile status. However, no such reduction occurred when manure addition was 

combined with biochar. The initial low survival rate in the control saline-sodic soil was increased only 

when a combination of manure and biochar was added. No significant changes occurred in yield 

amongst all treatments of the non-saline soil. Biochar addition did cause a significant increase in the 
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yield of wheat plants in the saline-sodic soil, but this increase was more pronounced when biochar was 

added in combination with manure. Relative to the control treatments for both soils, the addition of 

biochar or manure alone did not increase either shoot dry matter or total dry matter. Yet both 

parameters increased significantly when biochar and manure were added in a combination. For both 

soils, spikelet weight, grain weight, and numbers of grain per plant showed the highest values in the 

treatments with low survival rate of control saline-sodic soil and non-saline soil that  received manure 

only (S0%- and N0% +, respectively), as well as in the treatments that received a combination of 

manure and biochar. Generally, for each individual soil, all plant parameters were highest in the 

combined biochar and manure treatments. Furthermore, the plant parameters in the combined biochar 

and manure treatment were higher in the saline-sodic soil than in the non-saline soil. The factors 

studied showed no significant interaction effects on the concentration of most macronutrients in plant 

shoots but biochar application did generally increase the concentration of some macronutrients in plant 

shoots, including N, Mg, and K. However, biochar decreased the concentration of P and S, while none 

of the studied factors caused significant effect on Ca concentration in plant shoots. On the other hand, 

the concentrations of micronutrients in plant shoots were above the adequate level for optimal crop 

yield; no pronounced effects of biochar were found on these nutrients, except for Mn, the concentration 

of which was reduced in the plant shoots due to biochar application. The available N (NO3
-
 and NH4

+
) 

and S were highest in the soils that received the biochar and manure combined treatment. The 

availability of P and K was highest in the saline-sodic soil, and it increased significantly with biochar 

addition. 

Plant growth and yield, as well as other plant parameters, were positively enhanced due to 

biochar addition. However, the advantages of using biochar are highest when it is combined with 

manure addition, particularly in saline-sodic soil. Plant competition was low in the treatment with low 

SR; therefore, plants in these treatments produced spikelets with the highest weight, and with the 

highest number of grains per spikelet. However, these parameters in the low SR were not significantly 

different from those in the biochar and manure combined treatments. Furthermore, the manure and 

biochar combined treatment produced the highest plant growth and yield. The advantages of biochar, 

for saline-sodic soil reclamation, are attributed to 1) its ability to increase water leaching, which 

facilitates salt movement away from the root zone; 2) its ability to increase soil-water holding capacity, 

which in turn reduces the water stress that is common in such saline conditions; and 3) its unique 

ability to hold nutrients in available form is important, as reflected in the increased nutrient uptake by 
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the plants that was obtained. Yet, because biochar is not a source of nutrients, its application had to be 

combined with that of a fertilizer source, such as manure or inorganic fertilizer. 

3. Suggestions for Future Research  

3.1 Effects of salinity source on P sorption capacity of biochar 

         In this study, only NaCl was used to produce solutions with different salinity levels, to evaluate 

the influence of salinity on P sorption. The influence of each single ion on P sorption could be different 

than that of the others. For instance, P sorption decreased in solutions with either K
+
 or NH4

+
, in 

comparison to the case of a solution with Ca2
+
. The sorption also decreased more significantly, in 

solutions with either SO4
2-

 or NO3
-
, than in those with HCO3

-
 (Shaheen et al. 2009). Naturally, saline 

solutions consist of various quantities of multivalent ions. The influence of such natural saline 

solutions on P sorption may also be different than in the case where simple ions of NaCl are present. 

Therefore, evaluating the effects of salinity source on the P sorption capacity of biochar, by comparing 

varies saline solutions containing different combinations of ions, would be valuable to better 

understand these effects. We expected that P sorption capacity of biochar would increase with 

increasing multivalent ions in saline solution due to the well known important influence of such ions 

on increasing P precipitation depending on solution pH.    

3.2 Effects of manure on evaluating crop responses to biochar treatments 

         The soils used in the study were initially fertile, and no fertilization was required. However, 

manure was added to keep the soil treatments the same as those used in a previous, connected soil 

column leaching study in which the optimal biochar application rate (5%) had been selected. Manure 

addition caused significant increases in crop growth and yield when combined with biochar 

application, yet manure reduced crop yield and growth when it was added alone. The reasons for this 

were not clear, but such a reduction could be due to excessive addition of nutrients along with the 

manure. A study should thus be conducted to determine the specific effects of manure on crop growth 

and yield, either by using infertile soil or by establishing nutrient toxicity. Another option would be the 

use of inorganic fertilizers, instead of manure, to create the required levels of soil nutrients without the 

need to consider possible confounding effects due to manure addition.  
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3.3 Effects of biochar on soil microbes and in turn on plant production could  vary based on 

salinity condition   

         In this study, enhanced crop growth and production were attributed to the role of biochar in 

improving soil properties. These improvements included increased soil pH, which is essential for 

nutrient retention and availability (particularly that of P); increasing soil-water holding capacity, which 

in turn reduces water stresses; and increasing infiltration rate, which facilitates salt leaching. In 

addition, plant growth and production are known to be influenced by many soil microorganisms, such 

as fungi and bacteria. It is well known that biochar has strong influence on soil microorganisms under 

non-saline conditions. However, not much attention has been paid to its influence under saline 

conditions. Further research is thus needed, to investigate the effects of biochar on soil 

microorganisms, as well as to link the plants‟ responses, which are obtained under the use of such 

treatments, with the influence of biochar. We expected that the great roles of biochar for reducing 

salinity, and increasing soil moisture content and nutrient availability would in turn increase the growth 

of microorganisms and the biological activity of the biochar amended saline-sodic soil. The increases 

of soil microbes particularly that form symbiotic relationship with plant roots such as Mycorrhizae 

would definitely participate in the increased plant growth and yield.  
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APPENDICES 

Appendix A 

Table A-1. Mean leachate ECe for non-saline and saline-sodic soils with different biochar application rate 

during six events in soil column leaching experiment. 

Group means Treatment z 1st event* 2nd event 3rd event  4th event  5th event  6th event Mean 

      ds m-1     
Salinity  N  2.7 0.61 0.45 0.41 0.39 0.39 0.77 

  S  58 
 

6.19 
 

0.94 
 

0.54 
 

0.50 
 

0.48 11.1 

Biochar  0%  33.6ay 3.35bc 0.58b  0.49 0.57 a 0.58 a 6.53a 
  2%  32.1b 2.92c  0.62b  0.48 0.46 b 0.50 b 6.11b 
  5%  29.1c 3.40b  0.67b  0.44 0.37 c 0.34 c 5.73c 
  8%  26.6d 3.92a  0.90a  0.48 0.38 c 0.32 c 5.43d 
           

Salinity X Biochar N  0%  3.6e 0.53d 0.37c 0.40 0.42 c 0.42 c 0.80e 

 N  2% 2.6e 0.57d 0.44c 0.41 0.42 c 0.43 c 0.80e 

 N  5% 2.6e 0.64d 0.46c 0.39 0.37 c 0.36 cd 0.81e 

 N  8% 1.9e 0.68d 0.52c 0.42 0.37 c 0.33 d 0.69e 

 S  0% 63a 6.17b 0.80b 0.58 0.73 a 0.73 a 12.2a 

 S  2% 61b 5.28c 0.81b 0.55 0.51 b 0.57 b 11.4b 

 S  5% 55c 6.16b 0.87b 0.49 0.37 c 0.32 d 10.6c 

 S  8% 51d 7.17a 1.28a 0.54 0.39 c 0.31 d 10.1d 

           
Analysis of variances  P>F P>F P>F P>F P>F P>F P>F 

Salinity  <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Biochar  <0.01 <0.01 <0.01 0.13 <0.01 <0.01 <0.01 

Salinity X Biochar  <0.01 <0.02 <0.06 0.25 <0.01 <0.01 <0.01 
*
A separate analysis was done for each event and also for events mean. 

y
Mean (± SE, n=3)  followed by the same letter within a column are not significantly different (p<0.05). 

Codes
z
: N: Non-saline soil; S: Saline-sodic soil; 0%, 2%, 5% and 8% denote biochar application rate 

based on weight. 
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Table A-2. Volume of infiltration during six events as affected by soil type and rate of biochar 

application. 

Group means Treatment z 1st event* 2nd event 3rd event  4th event  5th event  6th event 

      mL column-1        
Salinity  N  312 449 449 444 443 429 

  S  348 

 

444 

 

395 

 

300 

 

265 

 

236 

Biochar  0%  385a 451 397b  289b 260b 233b 

  2%  373a 446  395b  304b 282b 245b 

  5%  308b 453  451a  454a 436a 421a 

  8%  272c 437  444a  442a 438a 431a 

          

Salinity X Biochar N  0% 378a 447 461a 447a 444a 443a 

 N  2% 368ab 444 439a 436a 436a 400a 

 N  5% 279d 460 451a 448a 444a 430a 

 N  8% 238e 444 445a 445a 449a 446a 

 S  0% 392a 455 332b 130c 76c 23c 

 S  2% 378a 447 352b 172b 128b 91b 

 S  5% 338bc 445 451a 459a 427a 412a 

 S  8% 306cd 430 443a 439a 428a 417a 

          

Analysis of variances df P>F P>F P>F P>F P>F P>F 

Salinity 1 <0.01 0.37 <0.01 <0.01 <0.01 <0.01 

Biochar 3 <0.01 0.15 <0.01 <0.01 <0.01 <0.01 
Salinity X Biochar 3 <0.02 0.31 <0.01 <0.01 <0.01 <0.01 

*
A separate analysis was done for each event and also for events mean. 

y
Mean (± SE, n=3)followed by same letters within column for a group of means are not significantly 

different (p<0.05). 

Codes
z
: N: Non-saline soil, S: Saline-sodic soil, 0%, 2%, 5% and 8% denote biochar application rate 

based on weight. 
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Table A-3. Soil exchangeable cations of initial and post leaching non-saline and saline-sodic soils with 

different biochar application rate. 

Group means  Treatment  Ca2+  Mg2+    K+  Na+ 

                               cmol kg-1       
               

Initial 
P. 

 Leaching  Initial 
P. 

Leaching  Initial 
P. 

Leaching  Initial 
P. 

Leaching 

Salinity (Sa.)  N  29.0 27.2  6.0 5.8  2.6 2.6  0.4 0.2 

  S  12.5 

 

15.3  13.0 9.5  1.8 1.3  6.8 1.2 

               

Biochar(Bio.)  0%  19.4by 19.7b  8.4 6.5b  1.5c 1.5c  2.9 1.2a 

  2%  21.3a 21.5a   9.8 7.8a  2.0bc 1.8b  3.4 0.8b 

  5%  21.4a 21.8a   10.1 8.2a  2.4ab 2.1ab  3.9 0.5b 

  8%  20.9a 22.1a   9.7 8.1a  2.8a 2.3a  4.3 0.5b 

               

Sa. X Bio. N  0% 27.7 26.4  27.7 5.6b  1.8 2.1  0.4 0.25d 

 N  2% 29.7 27.1  29.7 5.9b  2.4 2.5  0.4 0.30 d 

 N  5% 29.9 27.5  29.9 6.0b  2.8 2.8  0.5 0.25d 

 N  8% 28.7 27.7  28.7 5.9b  3.5 3.0  0.5 0.25d 

 S  0% 11.1 12.9  11.1 7.4b  1.2 0.9  5.5 2.2 a 

 S  2% 12.9 15.8  12.9 9.8a  1.6 1.2  6.4 1.3b 

 S  5% 13.1 16.1  13.1 10.4a  2.1 1.4  7.3 0.85bc 

 S  8% 13.2 16.5  13.2 10.4a  2.2 1.7  8.2 0.8c 

               

Analysis of variances P>F P>F  P>F P>F  P>F P>F  P>F P>F 

Salinity <0.01 <0.01  0.01 <0.01  <0.03 <0.01  <0.01 <0.01 

Biochar <0.01 0.01  0.66 <0.06  <0.08 <0.01  0.13 <0.01 

Sa. X Bio. 0.61 0.17  0.98 0.02  0.28 0.56  0.17 <0.01 

y
Mean (± SE, n=3)followed by same letters within column indicate no significant differences among 

treatments (p<0.05). Codes
z
: N: Non-saline soil, S: Saline-sodic soil, P. leaching= Post leaching. 0%, 

2%, 5% and 8% denote biochar application rate based on weight. 
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Table A-4. Leachate losses of monovalent cations from non-saline and saline-sodic soils with different 

biochar rate during selected three events 

Group means Treatment z  Na+  K+ 

   1st event* 3rd event 6th event  1st event* 3rd event 6th event 

      
mmol column-1 

  

   

Salinity  N  0.59 0.25 0.12b 0.70 0.46 0.40 
  S  303 

 

3.39 

 

0.72 

 

1.72 

 

0.09 

 

0.03 

Biochar  0%  189ay 1.43b 0.14b  1.01b 0.18b 0.15c 
  2%  169b 1.50b 0.28b  1.21a 0.22b 0.17c 
  5%  135c 1.83ab  0.65a  1.31a 0.29b 0.25b 

  8%  114d 2.53a  0.62a  1.32a 0.42a 0.29a 
          

Salinity X Biochar N  0% 0.56e 0.180c 0.09c 0.67d 0.29bc 0.30b 

 N  2% 0.65e 0.220c 0.118c 0.73d 0.38b 0.34b 

 N  5% 0.71e 0.280c 0.142c 0.78d 0.50ab 0.46a 

 N  8% 0.43e 0.342c 0.15c 0.61d 0.69a 0.51a 

 S  0% 378a 2.680b 0.20b 1.35c 0.06d 0.001c 

 S  2% 338b 2.786b 0.44b 1.68b 0.05d 0.007c 

 S  5% 270c 3.382b 1.16a 1.84ab 0.08cd 0.043c 

 S  8% 228d 4.735a 1.08a 2.03a 0.15cd 0.077c 

          

Analysis of variances  P>F P>F P>F P>F P>F P>F 

Salinity  <0.01 <0.04 <0.01 <0.01 <0.01 <0.01 
Biochar  <0.01 <0.01 <0.01 <0.02 <0.01 <0.01 

Salinity X Biochar  <0.01 0.01 <0.01 <0.01 0.02 <0.02 
*
A separate analysis was done for each event. 

y
Mean (± SE, n=3)followed by same letters within column for a group of means are not significantly 

different (p<0.05). Codes
z
: N: Non-saline soil, S: Saline-sodic soil, 0%, 2%, 5% and 8% denote 

biochar application rate based on weight. 
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Table A-5. Leachate losses of divalent cations from non-saline and saline-sodic soils with different 

biochar rate during selected three events 

Group means Treatment z  Ca2+  Mg2+ 

   1st event* 3rd event 6th event  1st event* 3rd event 6th event 

      
mmol column-1 

  

   

Salinity  N  2.51 0.59 0.49 1.1 0.15 0.13 
  S  4.42 

 

0.44 

 

0.11 

 

56.6 

 

0.23 

 

0.04 

Biochar  0%  4.37ay 0.62 0.32  37.9a 0.19 0.10 
  2%  3.89ab 0.56  0.30  33.4b 0.15 0.08 

  5%  3.39b 0.47  0.32  24.5c 0.17 0.08 

  8%  2.21c 0.43  0.26  19.5d 0.26 0.08 

          

Salinity X Biochar N  0% 3.64 0.67 0.58a 1.51e 0.15 0.20a 

 N  2% 2.96 0.67 0.54a 1.25e 0.15 0.14ab 

 N  5% 2.46 0.58 0.48a 1.05e 0.15 0.10bc 

 N  8% 0.99 0.46 0.36a 0.44e 0.17 0.09bc 

 S  0% 5.11 0.56 0.02c 74.3a 0.23 0.009e 

 S  2% 4.83 0.44 0.06c 65.5b 0.15 0.02de 

 S  5% 4.31 0.36 0.17bc 47.9c 0.20 0.06cde 

 S  8% 3.43 0.41 0.15bc 38.6d 0.35 0.07cd 

          

Analysis of variances  P>F P>F P>F P>F P>F P>F 

Salinity  <0.01 <0.09 <0.01 <0.01 0.01 <0.01 
Biochar  <0.01 0.07 0.51 <0.01 0.08 0.18 

Salinity X Biochar  0.18 0.48 0.01 <0.01 0.16 <0.02 
*
A separate analysis was done for each event. 

y
Mean (± SE, n=3) followed by same letters within column for a group of means are not significantly 

different (p<0.05). Codes
z
: N: Non-saline soil, S: Saline-sodic soil, 0%, 2%, 5% and 8% denote 

biochar application rate based on weight.
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Appendix B 

Table B-1. Root dry matter production (RDM), shoot dry matter (SDM), total dry matter (TDM), ratio 

of root to shoot (R/S), and other plant parameters in response to soil type, manure and biochar 

treatments used in the experiment. 
Group Treatment RDM SDM TDM yield R/S Spikelet 

weight  
Grain  
weight  

Grain per 
Spikelet 

    g / pot      g/plant    
    

Soil N 0.66 b 3.01 b 3.67 b 3.98 b 0.22 b 0.71 b 0.51 b 17 b 

 S 1.81 a 4.49 a 6.31 a 7.22 a 0.41 a 1.27 a 0.95 a 29 a 

Biochar (Bio.) 0% 1.08 b 3.12 b 4.21 b 4.09 b 0.32 0.93 b  0.76  23 

 5% 1.39 a 4.38 a 5.77 a 7.11 a 0.31 1.06 a 0.70 22 

Manure (Man.) - 1.38 3.67 5.06 5.50  0.35 0.92 b  0.69 21 b 

 + 1.09 3.83 4.92 5.70 0.28 1.06 a  0.77 24 a 

Soil X Bio N 0% 0.53 2.54 c 3.07  3.46 c 0.21 0.81 0.55 18  

 N 5% 0.78 3.49 b 4.28  4.50 bc 0.22 0.61 0.46 16 

 S 0% 1.63 3.71 b 5.35 4.72 b 0.43 1.30 0.97 29  

 S 5% 1.99  5.28 a 7.27 9.71 a 0.39 1.24 0.94 28 

Soil X Man. N - 0.61 c 2.96  3.57 4.07  0.21 b 0.51 c 0.38 c 14 c 

 N+ 0.70 c 3.07 3.78 3.89  0.22 b 0.91 b 0.63 b 19 b 

 S - 2.15 a 4.39 6.55 6.93  0.48 a 1.33 a 1.00 a 29 a 

 S + 1.47 b 4.59 6.07 7.51  0.33 b 1.21 a 0.91 a 29 a 

Bio X Man. 0% - 1.30 3.32 c 4.62 b 4.52 c 0.355 1.05 a 0.78 a 23 ab 

 5% - 1.46 4.03 b 5.50 a 6.41 b 0.345 0.80 b 0.59 b 20 b 

 0% + 0.87 2.93 c 3.80 c 3.59 c 0.290 1.06 a 0.73 ab 23 ab 

 5% + 1.31 4.74 a 6.05 a 7.8 a 0.274 1.06 a 0.80 a 24 a 

Soil X Bio. X Man. N 0%  - 0.53  2.48 e 3.02 d 3.80 cd 0.21  0.47 e 0.35 c 13 d 

 N 0% + 0.53  2.59 de 3.13 d 3.12 d 0.21  1.15 bc 0.76 b 22 bc 

 N 5% - 0.7  3.43 dc 4.13 cd 4.35 cd 0.20  0.56 e 0.41 c 15 d 

 N 5% + 0.87  3.55 c 4.42 c 4.65 cd 0.24  0.67 de 0.50 bc 16 cd 

 S 0%  - 2.06  4.16 bc 6.23 b 5.38 c 0.49  1.63 a 1.22 a 33 a 

 S 0% + 1.20  3.26 cde 4.47 c 4.07 cd 0.37  0.97 cd 0.71 b 25 b 

 S 5% - 2.23  4.63 b 6.87 ab 8.47 b 0.48  1.03 cd 0.77 b 24 b 

 S 5% + 1.75  5.92 a 7.6 a 10.95 a 0.3  1.45 ab 1.10 a 33 a 

Analysis of variances  Prob>F    

Soil  <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Biochar  0.04 <0.01 <0.01 <0.01 0.70 0.04 0.15 0.26 

Manure  0.05 0.27 0.48 0.52 0.06 0.02 0.07 0.01 

Soil X Bio.  0.70 0.04 0.07 <0.01 0.47 0.25 0.41 0.46 

Soil X Man.  0.01 0.77 0.09 0.22 0.01 <0.01 <0.01 <0.01 

Bio. X Man.  0.34 <0.01 <0.01 <0.01 0.92 0.05 <0.01 0.02 

Soil X Bio. X Man.  0.71 <0.01 <0.01 0.03 0.39 <0.01 <0.01 <0.01 

y
Mean values followed by the same letter within a column for a group of means  are not significantly 

different (p<0.05, Tukey‟s test), the bolded values indicate the statically significant data, Codes
z
: N: 

Non-saline soil, S: Saline-sodic soil, (+) and (-): with and without manure addition, respectively, 0% 

and 5% denote biochar application rate based on weight. 
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Table B-2. Nutrients concentrations of wheat shoot in response to soil type, biochar and manure 

treatments used in the experiment. 
Group Treatment N  P K Na Ca Mg S Zn Mn Cu 

       g kg-1       
         

Soil N 4.64 b 2.47 a 29.5 a 0.50 b 6.46 3.3 b 6.52 b 0.21 b 0.05 b 0.58 a 

 S 5.06 a 1.22 b 20.9 b 6.56 a 5.91 4.4 a 18.13 a 0.34 a 0.11 a 0.36 b 

Biochar (Bio.) 0% 4.64 b 2.17 a 22.8 b 2.76 b 6.33 3.54 b 14.89 a 0.27 0.12 a 0.51 

 5% 5.05 a 1.52 b 27.6 a 4.30 a 6.04 4.20 a 9.76 b 0.27 0.03 b 0.44 

Manure (Man.) - 4.74 1.70 24.2 b 3.85 6.24 4.0 a 7.88 b 0.30 0.09 a 0.43 

 + 4.96 1.99 26.3 a 3.21 6.13 3.7 b 16.77 a 0.25 0.06 b 0.52 

Soil X Bio N 0% 4.71 b 2.75 27.2 0.62 c 7.00 3.43 b 7.68 0.21  0.06 b 0.66 

 N 5% 4.56 b 2.20 31.9 0.38 c 5.92 3.18 b 5.36 0.20  0.04 bc 0.51 

 S 0% 4.58 b 1.60 18.4 4.90 b 5.67 3.65 b 22.1 0.33  0.18 a 0.36 

 S 5% 5.55 a 0.84 23.4 8.21 a 6.15 5.23 a 14.1 0.34  0.03 c 0.36 

Soil X Man. N - 4.42 2.23 29.2 0.39 c 6.56 3.32  6.36 c 0.18 b 0.05 c 0.48 

 N+ 4.85 2.71 29.9 0.61c 6.36 3.28  6.68bc 0.23 b 0.05 bc 0.69 

 S - 5.06 1.16 19.2 7.30 a 5.92 4.74  9.40 b 0.41 a 0.14 a 0.37 

 S + 5.07 1.28 22.6 5.81 b 5.90 4.15  26.8 a 0.27 ab 0.08 b 0.36 

Bio X Man. 0% - 4.48 2.23 a 22.4  3.53 6.64 3.81 6.84 b 0.25 ab 0.15 a 0.41  

 5% - 5.00 1.16 b 25.9 4.17 5.84 4.25 8.91 b 0.34 a 0.04 c 0.44 

 0% + 4.81 2.11 a 23.1 2.00 6.02 3.27 22.9 a 0.30 ab 0.09 b 0.61 

 5% + 5.11 1.88 a 29.4 4.42 6.23 4.16 10.6 b 0.20 b 0.03 c 0.43 

Soil X Bio. X Man. N 0%  - 4.50  2.80  28.2  0.46 c 7.01 3.45 7.36 cd 0.16 0.06 c 0.54 

 N 0% + 4.92  2.69  26.2  0.79 c 6.99 3.41 7.99 cd 0.26 0.06 c 0.78 

 N 5% - 4.34 1.66 30.2 0.33 c 6.12 3.20 5.35 d 0.21 0.03 c 0.43 

 N 5% + 4.78 2.73  33.6 0.43 c 5.73 3.16 5.37 d 0.20 0.04 c 0.59 

 S 0%  - 4.46 1.66  16.7  6.60 a 6.28 4.17 6.33 d 0.34 0.24 a 0.27 

 S 0% + 4.70 1.53 20.1 3.21 b 5.05 3.14 37.8 a 0.33 0.13 b 0.45 

 S 5% - 5.65 0.66 21.6 8.01 a 5.57 5.30 12.4 bc 0.48 0.04 c 0.46 

 S 5% + 5.45 1.02 25.2 8.41 a 6.74 5.16 15.8 b 0.20 0.03 c 0.26 

Analysis of variances  Prob>F      

Soil  0.02 <0.01 <0.01 <0.01 0.16 <0.01 <0.01 0.001 <0.01 <0.01 

Biochar  0.04 <0.01 <0.01 0.02 0.45 <0.01 0.01 0.972 <0.01 0.17 

Manure  0.22 0.07 0.03 0.27 0.76 0.02 <0.01 0.20 0.01 0.08 

Soil X Bio.  <0.01 0.51 0.86 <0.01 0.06 <0.01 0.18 0.83 <0.01 0.14 

Soil X Man.  0.25 0.25 0.15 <0.01 0.81 0.06 <0.01 0.01 0.01 0.05 

Bio. X Man.  0.64 0.01 0.13 0.06 0.19 0.10 <0.01 0.01 <0.01 0.05 

Soil X Bio. X Man.  0.49 0.19 0.17 <0.01 0.08 0.11 <0.01 0.30 0.03 0.16 

            y
Mean values followed by the same letter within a column for a group of means  are not significantly 

different (p<0.05, Tukey‟s test), the bolded values indicate the statically significant data, Codes
z
: N: 

Non-saline soil, S: Saline-sodic soil, (+) and (-): with and without manure addition, respectively, 0% 

and 5% denote biochar application rate based on weight. 
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Table B-3. Available nutrients concentration of post soil in response to soil type, biochar and manure 

treatments used in the experiment. 

Group Treatment P NO3
--N 

 

NH4
+-N 

 

S K 

     mg kg-1    
    

Soil N 38.3 b 73.1 b  7.4 b 68 b 470 a 

 S 105.4a 100.6 a  13.6 a 452 a 272 b 

Biochar (Bio.) 0% 69.3 b 83.5 b 9.25 b 93 b 326 b 

 5% 74.4 a 90.1 a 11.1 a 427a 416 a 

Manure (Man.) - 65.8 b 84.7 b 10.1 b 171 275 b 

 + 77.9 a 88.9 a 3.36 a 349 467 a 

Soil X Bio N 0% 36.4  71.9 c 7.00 c 53 c 415 b 

 N 5% 40.2 74.2 c 7.87 c 82 b 525 a 

 S 0% 102.3  95.1 b 11.5 b 132 b 238 d 

 S 5% 108.5 106.1 a 15.78 a 772 a 307 c 

Soil X Man. N - 30.1 d 69.5 c 6.71 73 374 

 N+ 46.5 c 76.6 b 8.16 62 566 

 S - 101.6 b 99.9 a 13.3 269 176 

 S + 109.2 a 101.3 a 13.9 635 368 

Bio X Man. 0% - 63.1  81.1 8.63 140 c 233  

 5% - 68.5  88.4 11.4 202 b 318  

 0% + 75.5  86.0 9.87 45 d 420  

 5% + 80.2  91.9 12.2 652 a 513  

Soil X Bio. X Man. N 0%  - 28.7   69.1 e 6.57 e 61 c 314 

 N 0% + 44.1  74.7 cd 7.42 de 45 c 517  

 N 5% - 31.5  69.9 de 6.85 e 86 c 435  

 N 5% + 49.0  78.5 c 8.90 cd 79 c 615  

 S 0%  - 97.6  93.1 b 10.70 bc 45 c 152 

 S 0% + 107.0  97.2 b 12.32 b 220 b 324  

 S 5% - 105.6  106.8 a 16.07 a 318 b 201  

 S 5% + 111.5  105.4 a 15.50 a 1226 a 412  

Analysis of variances  Prob>F   

Soil  <0.01 <0.01 <0.01 <0.01 <0.01 

Biochar  <0.01 <0.01 <0.01 <0.01 <0.01 

Manure  <0.01 <0.01 0.03 0.67 <0.01 

Soil X Bio.  0.13 <0.01 <0.01 <0.01 0.01 

Soil X Man.  <0.01 0.01 0.13 0.21 0.97 

Bio. X Man.  0.63 0.43 0.41 <0.01 0.65 

Soil X Bio. X Man.  0.08 0.01 0.09 <0.01 0.06 

y
Mean values followed by the same letter within a column for a group of means  are not significantly 

different (p<0.05, Tukey‟s test), the bolded values indicate the statically significant data, Codes
z
: N: 

Non-saline soil, S: Saline-sodic soil, (+) and (-): with and without manure addition, respectively, 0% 

and 5% denote biochar application rate based on weight.  


