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ABSTRACT

The use of biochar as soil amendment to enhance soil functionality is being 

increasingly investigated, with particular attention given to its effects on the sustainable 

increase of crop production and carbon (C) sequestration. To date, however, limited 

research has attempted to unravel the effect of biochar on either the chemical and/or 

biological mobilization of the residual fraction of phosphorus (P) in soil. This fraction 

tends to accumulate as a result of long–term P fertilization in soils rich in aluminium

(Al) and iron (Fe) oxy–hydroxides and short–range ordered aluminosilicates (i.e. 

allophane). There is also scant information on (i) how the speciation of soluble Al 

changes when biochar is applied to acid soils, and (ii) whether this application alleviates 

Al toxicity on plant roots. My objective in this study is therefore to determine the effect 

of different biochars with contrasting fertilizer and liming values on the chemistry, 

biology and nutrient fertility of acid mineral soils. 

Before studying the effect of different biochars on soil properties, several 

methodologies for measuring the liming properties and available nitrogen (N) in biochar 

were evaluated and modified where needed. For this, 19 biochars produced by 

pyrolysing a wide range of feedstocks under various production temperatures were used. 

Different pH–buffering capacity (pH–BC) methodologies – originally developed for 

soils (single vs multiple acid additions, short vs long equilibration times) – were tested,

along with the methodology used to measure the liming equivalence. The 

methodologies were then validated by incubating over 10 d two acid soils (an Haplic 

Cambisol and an Andic Umbrisol) to which separated amendments of the 19 biochars 

were made at the rates estimated using both methodologies to target a final pH of 6.5.
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The results indicated that the relationship established between the pH–BC of the 19 

biochars under study after 30–min equilibration (pH–BC30min) with a single addition of 

acid and that obtained after a 5–d equilibration (pH–BC5d) (predicted pH–BC5d = 2.2 × 

pH–BC30min + 20.4) allowed an adequate estimate of the liming potential of biochars. 

Similar results were found with the liming equivalent, and both methods were 

considered suitable to make the recommendation of the application rate. Acid 

hydrolysis using 6 M HCl has been proved adequate to determine available N in biochar. 

For this, hydrolysates of biochar are oxidized using potassium peroxodisulfate with a 

dilution factor of 600 so that chloride interferences are overcome and nitrate–N is then 

measured. This methodology, originally developed using biochars rich in N, proved not 

suitable for biochars with low N concentrations. Results obtained in this study have 

shown that a smaller dilution factor (242) is sufficiently adequate to overcome the 

chloride interferences while avoiding over–diluting the sample. 

In this study, we hypothesized that biochar can increase P availability to plant 

by stimulating the growth of arbuscular mycorrhizal fungi (AMF) hyphae. Therefore, 

methodologies to (i) estimate the length of fungal hyphae in soil and (ii) evaluate the 

transfer of P by AMF hyphae needed to be tested and modified where necessary. In this 

part of the study, three different biochars and two soil types were used. Two biochars 

were produced from chipped pine (Pinus radiata D. Don) branches at 450oC and 550°C 

(referred to as BP450 and BP550, respectively); and a third one from chipped weeping 

willow (Salix matsudana L.) branches at 550°C (referred to as BW550). The soils were 

two sil–andic Andosols of contrasting P status (Olsen P of 4.3 vs 33.3 mg kg–1, referred 

to as LP and HP soil, respectively). 

The traditional visual gridline intersection (VGI) method commonly used to 

measure the length of AMF hyphae distribution in soil was modified by (i) using a 
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digital photomicrography technique (referred to as “digital gridline intersection” (DGI) 

method), and (ii) processing the images using ImageJ software (referred to as the 

“photomicrography–ImageJ processing” (PIP) method). These methods were first tested 

with known lengths of possum fur and then applied to measuring the hyphal length in 

the LP and HP soils after a 32 wk experiment growing Lotus pedunculatus cv barsille. 

The study confirmed that the use of digital photomicrography in conjunction with either 

the grid–line intersection principle or image processing (with ImageJ software) is a 

suitable method for the measurement of AMF hyphal lengths in soils.

In addition, the traditional root study container that divides the plant growth 

medium into two sections – (i) a root zone to which both root and AMF hyphae have 

access and (ii) an hyphal zone to which only AMF hyphae have access – by a layer of 

nylon mesh was further modified by including a 3–mm thickness of tephra under the 

nylon mesh between two sections. This layer of tephra was found to be adequate to halt 

P diffusion from the HP soil to the LP soil for a plant growth period of 32 wk. Under 

such circumstances, the increase in P uptake by plant growth in a combination of a root 

zone of LP soil and a hyphal zone of HP soil compared with that in which both root and 

hyphal zones were filled with LP soil was only ascribed to the transfer of P from HP soil 

to LP soil by AMF hyphae. This novel root study container allows the biochar to be 

added to either the root zone or the hyphal zone and separates the effect of biochar on 

AMF hyphae development and P uptake from that on P content and availability (i.e., 

biochar rich in P; changes in soil pH). This device can contribute to discern whether 

biochar can influence AMF development and enhance P bioavailability.

In order to investigate the feasibility of adding biochar to soils with high 

residual P so that this can become bioavailable, Lotus pedunculatus cv barsille was 

grown in LP and HP soils separately amended with BP450, BP550 and BW550 biochars 



 

IV 
 

at an application rate of 10 t ha–1 using the novel root study container for 32 wk without 

any further P and N fertilization. We found that (i) none of the tested biochars conferred 

any specific advantage to the HP soil; (ii) the addition of BW550 biochar to the LP soil 

increased plant growth by 59% and P uptake by 73%, while the pine–based biochar (e.g., 

BP450 and BP550) provided no extra nutrient uptake and no plant growth increase. This 

was ascribed to supplemental nutrients (especially P) from the BW550 biochar along 

with its liming effect and associated increase in P availability; (iii) biochar produced 

from BP450 biochar caused a 70% P uptake increase (and 40% plant growth increase) 

by stimulating AMF growth and accessing a high–P area (HP soil) to which the plant 

root had no access. More research is needed to discern the underlying mechanism.

The liming effects of BW550 and BP550 biochars were further compared with

those of lime chemicals (e.g., Ca(OH)2 and NaOH) in a short–term (10–d) incubation 

using two soils with contrasting pH–BC (an Haplic Cambisol and an Andic Umbrisol) 

to which these amendments were added. The two soils were first amended with BW550, 

BP550, Ca(OH)2 or NaOH at specific rates so that pH values of 5.4, 5.6, 5.8 and 6.4 

were targeted and incubated at room temperature (25 oC) for 10 d. At the end of the 

incubation, a radical elongation bioassay using alfalfa (Medicago sativa L.) was carried 

out. Thereafter, soils were characterized with special attention to the Al chemistry, i.e. 

aqueous reactive Al fractionation and inorganic monomeric Al speciation. The final 

objective was to reveal the mechanisms through which these biochars alleviate Al 

toxicity on roots. Results showed that, for a specific soil, a smaller amount of BW550 

biochar was required to increase the same unit of pH and reduce a similar amount of 

exchangeable Al compared with the amount required of BP550 biochar. The addition of 

BW550 biochar (at application rates < 9.1 %) and Ca(OH)2 stimulated alfalfa 

(Medicago sativa L.) seedling growth, whereas that of BP550 (at application rates > 
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2.4 %) and NaOH caused inhibition. The distinct responses of the root growth to the 

presence of Ca(OH)2 and BW550 biochar and to that of NaOH and BP550 biochar were

explained by (i) a decrease in both inorganic monomeric Al (mainly in AlF2+ and Al3+)

and colloidal Al, and (ii) an increase in aqueous Ca2+, in the former, as expected. In the 

latter there was (i) an increase in aqueous colloidal Al and Na+, and (ii) a decrease in 

soluble Ca2+. Thus, BW550 biochar was shown to be a more effective liming agent than 

was BP550 biochar.

The information obtained in this thesis supports the use of biochar to manage 

high P affinity Andosols and acid soils, which are abundant in New Zealand. The 

technology of producing biochar from willow woodchips or feedstock alike with 

resultant solid products of high nutrient status and liming potential may contribute to the 

recycle of nutrients while increasing soil pH. Pine woodchips produced at relatively low 

temperature (e.g., 450oC) have been shown to enhance AMF abundance and 

functionality. Thus, biochar with specific environmental and agricultural purposes 

should be tailored accordingly. The root study container with a layer of “P diffusion 

break” and the measurement of AMF hyphal length using the photomicrography in 

conjunction with image software analysis (e.g., ImageJ) will advance studies of the 

responses of AMF to soil additives (e.g., biochar or green waste) and their associated 

enhancement of soil functions. 
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Chapter 1

GENERAL INTRODUCTION

This general introduction chapter provides (i) a general background of this 

research; (ii) the research objectives; and (iii) the outline of this thesis.
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General background1.1.

Phosphorus deficiency and Al phytotoxicity have long been recognized as two 

main factors limiting crop yield in acid soils. Given the large coverage of these soils (ca

50% of the potentially arable lands of the world) (Bolan et al., 2003; Kochian et al., 

2004)), they represent an important challenge for securing agricultural production 

worldwide. Attempts (e.g., heavy liming and P fertilization) have been made to manage 

these problems (Uchida and Hue, 2000; Curtin and Syers, 2001; Fardeau and Zapata, 

2002). With the current ongoing agricultural production demand, and the fact that the 

decrease in mineable resources is expected to lead to a shortage of P rock (Cordell et al., 

2009), other potential management practices should be considered. Organic residues 

resulting from composting and different types of digestion have been used as soil 

amendments to recycle nutrients (Haynes and Naidu, 1998; Haynes and Mokolobate, 

2001; Mokolobate and Haynes, 2002; Xu et al., 2006; Hue et al., 1994; Berek et al., 

1995; Butterly et al., 2013), but have also raised certain environmental concerns (e.g., 

eutrophication of water bodies and the presence of inorganic and organic pollutants and 

pathogens) after continuous application of these residues (Toor et al., 2006; Odlare et al., 

2011; Lu et al., 2012).

Recently biochar has been proposed as an alternative option to overcome some 

of these limitations. Biochar is the solid product that results from thermally–treating 

biomass in the absence of or with limited amount of O2 so that it can be added to soil for 

agronomic and environmental management (Lehmann and Joseph, 2015). Biochar

mainly differs from charcoal in that the latter is intended to be used as fuel (Lehmann 
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and Joseph, 2015). Soil amended with biochar is advocated as a multiple–‘win’ strategy 

(Lehmann et al., 2006; Macías and Camps–Arbestain, 2010; Smider and Singh, 2014; 

Tammeorg et al., 2014; Jeffery et al., 2015) that includes:

(i) carbon sequestration;

(ii) waste disposal;

(iii) biofuel/bioenergy production;

(iv) pollutant immobilization; 

(v) soil fertility enhancement

However, not all benefits can be maximized simultaneously and a compromise 

between them will inevitably occur (Jeffery et al., 2015). The application of biochar 

may enhance soil functions by modifying specific soil physical, chemical, and 

biological properties (Gul et al., 2015). A tailor–made biochar with high alkalinity may 

increase soil pH (Yuan and Xu, 2011; Yuan and Xu, 2012; Smider and Singh, 2014),

and a biochar with high nutrient content (e.g., P and Ca) in the ash fraction may reduce 

soil fertility constraints (Mia et al., 2014). Subsequently, these effects result in an 

enhancement in soil functions, and thus, in crop performance (Jeffery et al., 2011; 

Smider and Singh, 2014; Tammeorg et al., 2014).

The impracticality of biochar removal once deployed, and the long–lasting 

nature of biochar implies the need for an in–depth understanding of the properties of the 

biochar to be applied to soil and a mechanistic knowledge of the response of the soil 

and the plant to this addition. This will depend on the types of feedstock, pyrolysis 

conditions (e.g., fast vs slow pyrolysis, final temperature of pyrolysis), and pre– and 

post–treatments (e.g., wet oxidation or steaming activation) (Singh et al., 2010a; Smith 
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et al., 2015; Yang et al., 2015), as well as the biochar application rate, its particle size, 

and the properties of the soil to be amended (Blackwell et al., 2010; Biederman and 

Harpole, 2013; Martinsen et al., 2015).

This technology caught the interest of the New Zealand Government (Winsley,

2007), given that more than half of greenhouse gas (GHG) emissions originate from the 

agriculture sector (Clark et al., 2011). Moreover, many New Zealand soils tend to be 

acidic in their pristine stage, and most pasture soils have pH values between 5.5 and 6.2

(Cornforth, 1998). It is also worth mentioning that in the North Island of New Zealand, 

soils developed from volcanic materials are dominant. In these soils, nanocrystalline 

minerals (e.g., allophane and ferrihydrite) prevail and have a high fixation capacity for 

phosphate anions causing the blockage of a relatively large fraction of P added as 

fertilizer (Parfitt, 1989). Thus, any possibilities to apply biochar to New Zealand acid 

soils in order to improve soil functions and sustainable agricultural production as well 

as C sequestration, should be considered and explored.

Research objectives1.2.

1.2.1 Main objective 

This study intends to explore the possibility of using biochar for agronomic 

advantage beyond the service of C sequestration. Specifically, it intends to investigate 

the effect of biochars derived from willow woodchips and pine woodchips on (i) the 
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mobilization of residual P in sil–andic Andosols, and (ii) the amelioration of Al 

phytotoxicity in acid soils through changes in soil pH and AMF growth.

1.2.2 Specific objectives

Six sub–objectives are associated/derived from the main objectives, including:

Sub-objective 1 To develop specific analytical methods for biochar 

characterization, in particular, to establish an effective protocol for estimating the 

liming potential of biochars so that the biochar application rate can be determined when 

intending to increase soil pH to a specific value.

Sub-objective 2 To evaluate whether the current method intended to measure

available N in biochars – originally developed using N–rich biochars (e.g., carbonized 

human– and animal wastes) – is suitable to characterize biochars low in N (e.g., woody 

biochars).

Sub-objective 3 To refine the established visual gridline intersection method by 

using the digital photomicrography technique and the available image processing 

software (e.g., ImageJ with/without NeuroJ) with the membrane filtration and staining 

(e.g., Typan blue) for measuring AMF hyphal length.

Sub-objective 4 To modify the common root study container by including a 

novel P diffusion barrier between contrasting P sources. This barrier should allow the 

transfer of P by AMF hyphae but impair P diffusion, thus making it possible to study
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the influence of amendments prone to change P availability (e.g., fertilizers, lime, 

biochar) on the transfer of P by AMF hyphae.

Sub-objective 5 To test the effectiveness of specific biochars – produced from 

willow woodchips at 550oC and pine woodchips at 450 oC and 550oC – in improving the 

bioavailability of residual P in soils with high P–fixation (i.e., Andosols). In particular, 

to determine whether these biochars could enhance plant growth by mobilizing soil P 

through changing soil pH and/or facilitating the growth of AMF. The availability of P in 

biochar will also be investigated.

Sub-objective 6 To investigate the mechanisms involved in the amelioration of 

acid soils by the application of biochars of contrasting liming potential. 

Thesis outline1.3.

The whole thesis includes 8 chapters described briefly as follows:

Chapter 1 (this chapter) is an introduction to the entire thesis and presents 

general background information and specifies the objectives of the current research and 

the outline of this dissertation.

Chapter 2 is a literature review that provides an overview on (i) acid soils and 

associated plant growth constraints; (ii) business–as–usual management practices 

intended to overcome soil acidity (e.g., inorganic liming amendments); (iii) the potential 
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for biochar to manage acid soils and, in particular, to alleviate P deficiency and Al 

phytotoxicity; and (iv) research gaps and priorities.

Chapter 3 tests current analytic methodologies for the measurement of the pH–

buffering capacity and available N in biochars, and develops them further. 

Chapter 4 presents two refined methodologies for measuring AMF external 

hyphal length in soil by deploying the photomicrography and image processing program 

(e.g., ImageJ software) in conjunction with the membrane filtration and staining

techniques.

Chapter 5 presents a modified root study container involving a “P diffusion 

break” made of tephra soil in between two compartments – a root compartment to which 

root and AMF hyphae have full access and a root–free hyphal compartment to which 

only AMF hyphae can access – where soils with contrasting P status will be packed. 

This root study container will make it possible to evaluate the P transferred by AMF to 

the host plant while avoiding P diffusion.

Chapter 6 explores the possibility of using specific biochars (two produced 

from pine woodchip at 450 and 550oC and a third one produced from willow woodchips 

at 550oC) to increase the bioavailability of P immobilized in Andosols and thus increase 

the yield of Lotus pedunculatus cv barsille.

Chapter 7 compares the amelioration effects of two biochars (produced from 

willow woodchips and pine woodchips both at 550oC) with those resulting from the 

addition of inorganic liming chemicals [Ca(OH)2 and NaOH] to two acidic soils of 
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contrasting pH–buffering capacity. It also evaluates the responses of the alfalfa 

(Medicago sativa L.) to these amendments and investigates the underlying mechanisms.

Chapter 8 is a general summary of the whole thesis and a discussion on some 

future research recommendations.

Note that (1) The content of Chapter 3 will be published as part of two book 

chapters in: Balwant Singh, Marta Camps–Arbestain, Johannes Lehmann (2015). 

Methods of Biochar Analysis for Environmental Applications. CSIRO Publishing, 

Melbourne; (2) Chapter 4 – 7 have been submitted to or are in the process of submission 

for journal publications – this information is provided in each chapter. As these stand–

alone chapters were written according to the format requirements from different 

journals, the structure of each chapter may differ slightly; and overlapping and 

repetition occur between some sections.
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Chapter 2

LITERATURE REVIEW

This literature review provides an overview on (i) acid soils and associated plant 

growth constraints; (ii) business–as–usual management practices intended to overcome 

soil acidity (e.g., inorganic liming amendments); (iii) the potential for biochar to 

manage acid soils and, in particular, to alleviate P deficiency and Al phytotoxicity; and

(iv) research gaps and priorities.
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2.1 An overview on acid soils

2.1.1 Acid soil distribution

Acidity is measured on the pH. A pH of 7.0 is neutral, pH values below 7 are 

considered acidic. Von Uexküll and Mutert (1995), however, defined acid soils as soils 

with a pH < 5.5. Acid soils cover ca 30% of the total ice–free land area and ca 50% of 

the potentially arable lands of the world (Kochian et al., 2004); ca 75% of these areas 

are also affected by subsoil acidity (Sumner and Noble, 2003). On a global scale, there 

are two main geographical belts of acid soils: (i) the northern belt (cold and temperate 

climate) which is dominated by Podzols, and (ii) the southern tropical belt that consists

largely of Acrisols and Ferralsols (Figure 2–1) (Herrera–Estrella, 1999). Acid soils also 

occur in Andosols, Arenosols, Alisols, Albeluvisols, Cambisols, Histosols, Leptosols, 

Plinthosols, Planosols, Fluvisols, Regosols and Umbrisols (IUSS Working Group, 2006)

(Table 2–1).

Figure 2–1 World acid soils distribution (Ninjatacoshell, 2015).
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Table 2-1 Surface distribution of acids soils in the world (left column) and in the region 

of Australia and New Zealand (right column) by soil group (Von Uexküll and Mutert, 

1995)

Soil group World Australia and New Zealand

million ha million ha

Fluvisols 49,741 107

Gleysols 401,747 551

Regosols 293,166 97,399

Arenosols 280,291 83,473

Rankers 60,878 85

Andosols 33,975 1,751

Cambisols 299,539 11,874

Podzoluvisols 254.881 0

Podzols 415,186 11,427

Planosols 15,262 7,668

Acrisols 731,032 12,944

Nitosols 117,907 2,158

Ferralsols 726,592 9,414

Histosols 270,224 495

Total 3,950,421 239,346

% of area 30 30
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2.1.2 Soil acidification

Acidification occurs primarily through agricultural product removal and/or 

increases in N and S inputs (e.g., legume pastures, fertilizer inputs, atmospheric 

deposition) in agricultural soils. These inputs are either directly converted into acid–

generating compounds (e.g., NH4
+ upon oxidation), and/or contribute to the loss of 

charge–balancing base cations (Ca2+, Mg2+, K+ or Na+) when either NO3
– or SO4

2–

leaves the system in product removal or by leaching (Adams, 1981; Bolan et al., 2003).

For instance, during nitrification two net H+ ions are generated whereas one H+ is the 

net balance from both ammonification and nitrification (Figure 2–2). This acidity can 

only be neutralized if NO3
– can be completely transformed back into the original input 

forms. However, some NO3
– is usually leached through the soil profile along with 

charge–balancing base cations and thus acidity tends to remain in the system (Haynes, 

1983; Edmeades and Ridley, 2003). Rates of acidification vary from 0.7 kmol H+ ha–1

year–1 in pristine systems to as high as 40 kmol H+ ha–1 year–1 in production systems 

receiving high rates of ammonium–N fertilizers (Sumner and Noble, 2003). As animal–

grazed pastures mainly relying on legumes dominates New Zealand’s agriculture, 

particular attention has to be paid to the acidification of New Zealand soils (Bolan et al., 

1991).
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Figure 2–2 Different nitrogen fertilizers follow different pathways in the nitrogen cycle 

causing the release of different amounts of hydrogen ions (Government of Western 

Australia, 2015)

2.1.3 Constraints to plant growth in acid soil

The chemical nature of acid–induced constraints to plant growth – toxicity of 

specific metals (e.g., Al and Mn), nutrient deficiency (e.g., P and Ca) (Figure 2–3), 

decrease in cation exchange capacity by formation of hydroxyl–Al intergrades in 

expanding layer silicates – has long since been recognized (Adams, 1981).
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Figure 2–3 Relationship between the availability of elements and soil pH (Hede et al., 

2001)

 

Aluminium phytotoxicity is governed by the amount and forms of Al present 

in soil solution, and this depends on soil pH, the solubility of Al–containing soil 

constituents, and organic matter content (given its chelating properties) (Adams, 1981; 

Barceló et al., 1995; Takahashi et al., 2007). Concentration of Al3+ in solution increases 

exponentially as soil pH decreases below 5 (Figure 2–3), as an increase in H3O+ in 

solution results in a more rapid diffusion of protons into the soil mineral structure and 

promotes hydrolysis (Robarge, 1999). Predominant Al species in acid soils are the 

mononuclear species (AlOH2+, Al(OH)2
+, Al(OH)3, and Al(OH)4

–) (Figure 2–4), and 

soluble complexes with inorganic ligands such as sulfate and fluoride, and also with 

many organic compounds. Larger polynuclear hydroxyl Al species also form as 

metastable intermediates during Al(OH)3 precipitation. The mononuclear A13+ species 

seems to be most toxic at low pH, at which it exists as an octahedral hexahydrate
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(Kinraide, 1991; Stass et al., 2006), inhibiting cell division and elongation (Kidd and 

Proctor, 2001; Edmeades and Ridley, 2003) and thus stunts root growth (Foy, 1988).

This results in an inefficient nutrient uptake, including that of P (Kidd and Proctor, 

2001).

 

Figure 2–4 Relationship between pH and the distribution of soluble aluminium species 

(Sparks, 2003);

 

Retention of phosphate by soil particles is strongly related to binding on Al 

and Fe oxy–hydroxides and short–range ordered aluminosilicates (i.e., allophane). At 

low pH values, these amphoteric adsorbents become more positively charged due to 

protonation (Figure 2–5a) thus increasing their phosphate retention capacity (Saunders, 

1959b; Bolan et al., 1999). Two major r

involved in the process of P fixation on these surfaces (Parfitt, 1989). The former occurs 

mainly through ligand–exchange reactions (i.e., formation of inner–sphere complexes) 

B
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of P–OH groups with exposed –OH/OH2 groups in Fe and Al oxy–hydroxides and 

short–range ordered aluminosilicates (Figure 2–5b) (Munns and Fox, 1976; Parfitt, 

1978; Goldberg and Sposito, 1985; Beck et al., 1999), although outer–sphere type of 

interactions may also occur (Johnson et al., 2002). Over time, after this initial 

adsorption, local solutes may become concentrated causing the precipitation of Al/Fe 

phosphate (Munns and Fox, 1976; Imai et al., 1981), with some phosphate becoming 

occluded and isolated from solution (Li and Stanforth, 2000). These reactions depend 

on soil pH and the saturation of surface binding sites with P (Goldberg and Sposito, 

1985). In the North Island of New Zealand, soils developed from volcanic materials are 

common. In soils formed from andesitic tephra allophane is a prevalent soil constituent 

along with ferrihydrite. These nanocrystalline minerals have a high affinity for 

phosphate anions causing the immobilization of a relatively large fraction of P added as 

fertilizer (Parfitt, 1989). This has led to an accumulation of up to almost 4 t P ha–1 in 

intensively farmed allophanic Andisols in New Zealand (Perrott and Sarathchandra, 

1987; Perrott et al., 1989).
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Figure 2–5 Schematic diagram of (a) the pH–dependent surface charge on an 

amphoteric metal oxide surface (Haynes, 1982) and (b) examples of ligand exchange 

reactions with phosphate (Cornforth, 2013)
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2.2 Management of acid soils 

2.2.1 Chemical liming 

Liming materials (e.g., oxides, hydroxides, and carbonates of Ca or Ca–Mg 

mixtures) have long been used to manage acid soils (Bolan et al., 2003). Excess OH–

produced by the application of liming material favours the polymerization of Al in 

solution and this may precipitate whenever the solubility product is exceeded (Figure 2–

6). The effect of excess OH– on soil pH will depend on the pH–buffering capacity of the 

soil (Aitken, 1992; Nelson and Su, 2010). The increase in plant available Ca and/or Mg 

resulting from the addition of liming materials further alleviates Al toxicity to plants as 

these cations block Al absorption sites in plant roots (Kinraide and Parker, 1987), this 

effect being special effective in the case of Mg (Barceló et al., 1995; Silva et al., 2001; 

Bose et al., 2011; Hossain et al., 2014). The proposed mechanisms for Al3+ toxicity 

alleviation by Ca2+ and/or Mg2+ ions include (i) a reduction in Al3+ saturation at the 

apoplastic exchange sites on plant root; and (ii) a decreased Al3+ activity at the root cell 

plasma membrane surface (Kinraide, 1994, 1998; Bose et al., 2011).
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Figure 2–6 The reactions occurring as a result of soil liming (Grain SA, 2013)

 

The effect of liming on P availability is influenced by the existence/non–

existence of Al phytotoxicity. In acid soils where Al toxicity is a major problem, lime 

decreases Al toxicity to roots and overcomes the associated stunted root growth; this 

subsequently increases P accessibility to plants and mitigates P deficiency (Bolan et al., 

2003). Where Al content is not high enough to impair root growth, the effect of liming 

on P availability varies from negative, to neutral and positive. An enhanced P 

bioavailability is however often anticipated and it is ascribed to (i) a decrease in P 

adsorption on amphoteric soil surfaces caused by an induced pH increase in negative 

surface charge; (ii) an enhanced solubilisation of mineral P (e.g., strengite and variscite) 

and (iii) an enhanced mineralization of organic P as favoured by the increase in soil pH 

(Haynes, 1982). However, in some instances, the Ca/Mg commonly added to the system 

with the liming materials may precipitate with newly available P oxy–anions causing a 

decrease in P availability (Edmeades et al., 1984). Thus P fertilizers application may 

still be required alongside to improve soil fertility (Mansell et al., 1984).
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2.2.2 Organic amendments

The incorporation of certain organic residues (e.g., anaerobic municipal sludges 

or manure) to acid soils has been proposed as a substitute for inorganic liming materials 

(Whalen et al., 2000; Petersen et al., 2003), as these may provide certain advantages: (i) 

the inherent P content of some of organic residues (e.g., poultry litter, sewage sludge) 

may contribute to plant available P (Larney and Angers, 2012); and organic acids in the 

residue or generated during its decomposition may (ii) enhance P solubilisation via 

metal complexation reactions (Iyamuremye and Dick, 1996) and (iii) block P sorption 

sites on Al and Fe (hydro)oxides (Jackman, 1964a, b); and/or (iv) contribute to Al 

detoxification (Hue et al., 1986; Mokolobate and Haynes, 2002; Camps–Arbestain et al., 

2003).

The application of organic wastes (e.g., anaerobic municipal sludges) to acid 

soils has however been questioned in some instances because of: (i) the potential 

increase in the load of inorganic (e.g., As, Cd, Cr, Cu) and organic pollutants, as well as 

that pathogens to the environment (Odlare et al., 2011; Lu et al., 2012); and (ii) the 

potential of causing a net acidifying effect (e.g., through nitrification) (Egiarte et al., 

2005) – the more chemically–reduced the waste and the smaller the acid–buffering 

capacity of the soil, the greater the risk of soil acidification (Egiarte et al., 2005)
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2.3 Potential of biochar for alleviating P deficiency 

and Al toxicity in acid soils

Biochar is the solid product that results from thermally–treating biomass in the 

absence of, or with limited amount of O2, with the intention to be added to soil for 

improved agronomic and environmental outcomes (Lehmann and Joseph, 2015). For a 

charred material to be referred to as biochar, it must comply with a series of requisites, 

including (i) a carbon content higher than 10% (dry mass basis), (ii) a H:Corg < 0.7, and 

(iii) the compliance of specific thresholds for heavy metals, metalloids, and organic 

contaminants (IBI, 2012). The greatest chemical difference between biochar and the 

feedstock (e.g. wood, litter, compost, manure and biosolids) from which biochar is 

produced is the much larger proportion of condensed aromatic C in the former, for 

which a greater activation energy is needed to decompose it compared with common 

soil organic matter constituents (Lehmann et al. 2015). Biochar technology has thus 

been proposed as a C sequestration approach to contribute to the mitigation of 

greenhouse gas (GHG) emissions (Lehmann et al., 2006; Macías and Camps–Arbestain, 

2010).

In addition to C sequestration (Lehmann and Joseph, 2015), the use of biochar 

in soil can provide agronomic and environmental benefits, such as (i) the reduction in 

nutrient loss through increasing cation adsorption (Laird et al., 2010); (ii) the supply of 

plant–available nutrients (e.g., P) (Wang et al., 2013a); (iii) an improvement of soil

structural properties (Herath et al., 2013); (iv) act as a liming agent (Rodriguez et al., 

2009; Yuan and Xu, 2012); (v) enhance soil biological community abundance and 

functions (Pietikäinen et al., 2000; Anderson et al., 2011; Lehmann et al., 2011; Chen et 
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al., 2013; Gomez et al., 2013); (vi) contribute to remediate contaminated sites (Beesley 

et al., 2011; Gregory et al., 2014); and (vii) reduce non–CO2 greenhouse gas emissions

(Singh et al., 2010b; Anderson et al., 2011; Cayuela et al., 2013; Cayuela et al., 2014).

However, given the variety of feedstocks and process conditions used to produce 

biochar, not all benefits can be simultaneously maximized and a compromise between 

them will inexorably occur (Jeffery et al., 2015). The next section attempts to explore 

the possibility of exploiting biochar for ameliorating problems associated with acid soils,

mainly P deficiency and Al toxicity.

2.3.1 Liming potential of specific biochars

During pyrolysis, the acidity of the original feedstock tends to be preferentially 

removed (e.g., as CO2, acidic functional groups), resulting in a residual accumulation of 

ash (Ueno et al., 2008; Yip et al., 2009; Fuertes et al., 2010; Singh et al., 2010a). This 

ash is enriched in salts that differ in their water solubility and includes (i) readily 

soluble salts, (ii) carbonates (either from CO2 evolved during pyrolysis and trapped by 

alkaline material or carbonates originally present in the feedstock), (iii) sparingly 

soluble metal oxides and hydroxides (that will become enriched at temperature > 600 oC, 

at which carbonates thermally decompose), and (iv) silicates, the latter being especially 

the case when feedstock contain soil particles (Glaser et al., 2002; Okuno et al., 2005; 

Vassilev et al., 2013a, b; Wang et al., 2014). Most of these salts have significant liming 

value (Vassilev et al., 2013b; Smider and Singh, 2014). The ash fraction is feedstock–

and pyrolysis process– dependent (Xie et al., 2014).
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Acidic organic functional groups, such as carboxylic groups, are practically 

absent in freshly produced biochar, although they will tend to form over time as the 

subsequent exposure of biochar surfaces to an oxygenated atmosphere will lead to their 

oxidation and the formation of oxygen containing functional groups (e.g., carboxyl, 

hydroxyl, and carbonyl groups) (Cheng et al., 2006; Cheng et al., 2008; Calvelo Pereira 

et al., 2014). Carboxylic functional groups tend to be more abundant in those biochars

produced at the lower temperature compared with high temperature biochars, as 

decarboxylation reactions increase with increasing pyrolysis temperature (Bourke et al., 

2007; Singh et al., 2010a; Uchimiya et al., 2011; Calvelo–Pereira et al., 2015; Jiang et 

al., 2015). Acidic organic functional groups in biochar confer the biochar with a pH–

dependent charge that contributes not only to buffer soil pH (Novak et al., 2009; Yuan 

et al., 2011b) but also to the retention of nutrient cations (Cheng et al., 2006). Biochars 

can be purpose–made so that they are enriched with surface charge (Nuithitikul et al., 

2010). Pre-treatment of wood with alkaline tannery waste has been shown to increase 

the content of carboxylic functional groups (Hina et al., 2010). Others have been post–

treated charcoals by steam activation (Uchimiya et al., 2011) and wet oxidation (e.g., 

HNO3, H2O2, NaOCl, (NH4)2S2O8) for such purposes (Figure 2–7) (Moreno–Castilla et 

al., 2000; Tabti et al., 2014).
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Figure 2–7 The wet–oxidation of activated carbon by adding KNO3/HNO3 to increase 

carboxylic functional groups (Tabti et al., 2014)

Several studies in the literature have reported an increase in soil pH and a 

decrease in exchange acidity and exchangeable Al upon biochar application (Rodriguez 

et al., 2009; Yuan et al., 2011a; Hass et al., 2012; Yuan and Xu, 2012; Chintala et al., 

2013; Slavich et al., 2013; Masud et al., 2014; Wan et al., 2014; Martinsen et al., 2015; 

Zhao et al., 2015). For example, the addition of 2% pecan shell biochar produced at 

700oC to a sandy soil caused an 1.5–unit increase in pH, and a 50% and 38% reduction 

in exchangeable acidity and monomeric Al species on exchange sites, respectively

(Novak et al., 2009). This has been attributed to the solubilisation of alkaline salts

present in the ash fraction of biochars (Chan et al., 2007; Novak et al., 2009; Chintala et 

al., 2013) with the subsequent displacement of exchangeable Al3+ and H+ (Chan et al., 

2008; Rezaul Karim, 2011; Hass et al., 2012; Chintala et al., 2013) and the formation of

Al–hydroxyl ions and/or precipitates of displaced Al hydroxides (Ritchie, 1994; Masud 

et al., 2014). Moreover, the oxygen–containing functional groups on the biochar surface 

can complex Al3+ (Qian et al., 2013), thus further contributing to a decrease in Al in 
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solution (Yuan and Xu, 2012). Several studies have shown the decrease in exchangeable 

and soluble Al and precipitation of Al as hydroxy–Al species after the addition of 

biochar (Novak et al., 2009; Major et al., 2010; Van Zwieten et al., 2010; Yuan et al., 

2011a). Yet specific studies on changes in the fractionation of soluble Al and its 

speciation upon the addition of biochar to soil have not yet been carried out.

2.3.2 Quantitative measurements of acidity and alkalinity of 

biochar

Several studies have characterized the surface acidic functional groups of 

biochar following different procedures, including boehm and potentiometric titrations,

fourier–transform infrared spectroscopy (FTIR) and X–ray photoelectron spectroscopy 

(XPS) analyses (Calvelo–Pereira et al., 2015). Also, different methods to quantify the 

carbonate–C content in biochar have been tested including titrimetric methods, acid 

fumigation/acid wash prior to dry combustion and thermogravimetric analysis (Wang et 

al., 2014). The total alkalinity of biochar has been quantified by adding an acidic 

solution to the biochar let it stand for 24 h followed by titrating the resulting extracts to 

pH 7.0 with consumed base (Yuan and Xu, 2011), similar to the method proposed for 

the measurement of the liming potential of biochars by International Biochar Initiative 

(2012) following the method of Rayment and Lyons (2011) (originally used to measure

soil carbonate content). In fact the latter, generally reported as the equivalent proportion 

of the liming effect that CaCO3 would have (referred to as % CaCO3–eq), has been used 

to classify biochars into the following classes: (i) Class 0 (< 1 %CaCO3–eq), (ii) Class 1 

(1 to 10 % CaCO3–eq), (iii) Class 2 (10 to 20 %CaCO3–eq); (iv) Class 3 (> 
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20 %CaCO3–eq) (Camps–Arbestain et al., 2015). However, no studies to present have 

evaluated different methodologies to determine the pH–buffering capacity of biochars 

and compared with the proposed methodology to determine the liming equivalence. 

Therefore, further research in this area is required.

2.3.3 Effects of biochar on soil P bioavailability

During pyrolysis of organic material a complex mixture of P species are 

formed. This may include amorphous, semi–crystalline and crystalline constituents, 

along with organic constituents (Uchimiya and Hiradate, 2014; Uchimiya et al., 2015).

However, organic P forms will tend to disappear while inorganic P forms will 

subsequently be formed, with crystallinity increasing as pyrolysis temperature increases 

(Zwetsloot et al., 2015). Phytate has been observed to be converted to inorganic P when 

pyrolysing °C (Uchimiya and Hiradate, 2014). Orthophosphate 

(PO4
3–) is the only P species observed in biochars produced from manures at 

°C (Wang et al., 2013a), whereas pyrophosphate (P2O7
4–) can still be 

found in biochars produced from plant residues at temperatures as high as 650°C

(Uchimiya and Hiradate, 2014). Crystalline phosphorus minerals that have been 

identified in biochars include: whitlockite [(Ca, Mg)3(PO4)2] in biochars produced from 

manure at 500°C (Cao and Harris, 2010), dehydrated struvite (NH4MgPO4) in biochars 

produced from cattle manure and sewage sludge (Wang et al., 2012b), and 

hydroxyapatite [Ca5(PO4)3(OH)] in biochars made from mixtures of either wood or corn 

and slaughterhouse waste (Zwetsloot et al., 2015). A decrease in crystallinity of 

hydroxyapatite has been observed in the former biochars when biomass (e.g., wood, 
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corn residue) was added to these wastes prior to pyrolysis, thus increasing the soluble P 

fraction out of total P (although total P was diluted by doing so) (Zwetsloot et al., 2015).

In addition to pyrolysis conditions, the availability of P in biochars is related to 

(i) the amount of P originally present in the feedstocks, and (ii) the nature of the form of 

P. Biochars produced from lignocellulitic residues generally have a low amount of 

available P (< 1 g kg–1 as estimated using 2% formic acid proposed by Wang et al. 

(2012b), whereas considerable amounts of available P can be found in biochars derived 

from animal and human waste (> 4 g kg–1) (Camps–Arbestain et al., 2015). Values of 2% 

formic acid extractable P > 100 g kg–1 have also been reported by Weber et al. (2014)

when using meat and bone meal as feedstock, these representing > 90% of total P. The 

fraction of available P out of total P is also generally smaller in plant residue–derived 

biochars (< 40%) than in animal–waste–derived biochars (> 65%) (Camps–Arbestain et 

al., 2015). Uchimiya et al. (2015) detected a dominance of pyrophosphate over 

orthophosphate in biochars pyrolysis from cotton seed hulls under 350 and 650°C. They 

suggested that this form of P in these biochars might be stabilized through complexation 

of P with ash components or with organic C (e.g., electrostatic and H–bonding 

interactions) rendering it less available.

These stabilization mechanisms have been shown to become impaired when 

adding soda to the feedstocks prior to pyrolysis, as P extractable by 2% formic acid and 

2% citric acid in biochars made from canola cake and dried distillers grain feedstocks 

increased from < 10% total P to > 60% total P (Weber et al., 2014). Alternative 

treatments to increase the fertilizer value of biochars, as shown in those produced from 

jarrah wood, including the activation with phosphoric acid and blending with high Fe–

bearing kaolinite clay, chicken manure, phosphate rock, ilmenite and dolomite. This has
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rendered products with up to 26 g kg–1 of P extracted by 1 M ammonium citrate at pH 7

(Nielsen et al., 2014).

2.3.4 Effects of biochar on AMF growth

More than 90% of plant species have a symbiotic association with arbuscular 

mycorrhizal fungi (AMF) (Schachtman et al., 1998). Fungal hyphae play an important 

role in the forage and acquisition of P for plant uptake (Bolan, 1991; Smith and Read, 

2010). An extensive network of hyphae extends from plant roots, enabling the plant to 

explore a greater volume of soil, thereby overcoming the limitations imposed by the 

slow diffusion of P in the soil (Bolan, 1991). Biochar application has been found to 

effect soil microflora community and function (Kim et al., 2007; Grossman et al., 2010; 

Gomez et al., 2013), although this is soil– and biochar–dependent with potential impacts 

on: (i) nutrient status and C availability; (ii) soil pH; (iii) bacterial adhesion capacities; 

(iv) capacity for protecting bacteria from predators; and (v) effects of toxins and other 

environmental pressures, such as water stress (Lehmann et al., 2011; Wang et al., 

2015a). In recent years several studies on the potential impact of biochar application on 

AMF growth in soil and its subsequent effect on plant P uptake have been carried out 

(Matsubara et al., 2002; Choi et al., 2009; Habte and Antal, 2010; Warnock et al., 2010),

but a mechanistic understanding has not yet been attained. In addition to the different 

biochar and soil type combinations, the use of different experimental approaches, 

including different AMF and plant species, have made the comparison between studies 

difficult contributing to the lack of consistency.
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To our knowledge, previous research has mostly focused on the quantification 

of root colonization by AMF and its influence on P uptake (Matsubara et al., 1995; 

Solaiman et al., 2010a; Warnock et al., 2010; Nzanza et al., 2012). Much less is known 

on the impacts that biochar addition has on the development of AMF external hyphae.

In many instances, the effects of biochar on AMF hyphae growth and associated 

contribution to plant P uptake and growth have not been distinguished from those of 

root growth. Recently, Hammer et al. (2014) presented the first evidence that AMF 

could use biochar as a supporting matrix and nutrient source, and looked into the 

influence of biochar on the establishment of AMF attachments to plant root and its 

contribution to P foraging and acquisition. However, this study was conducted under 

soil–less conditions, which are likely to underestimate the potential effect of AMF on P 

uptake from a biochar–amended soil due to a more effective P movement in the absence 

of a soil matrix. This warrants the need for the design of an experimental setting able to 

distinguish the contribution of biochar on root growth from that on AMF development 

and the subsequent effect on P plant uptake and growth.

The method most frequently used to study the influence of biochar on AMF 

abundance or root colonization by AMF is the traditional gridline intersection method

(Ishii and Kadoya, 1994; Solaiman et al., 2010b; Warnock et al., 2010; Vanek and 

Lehmann, 2014). This method utilizes specific stains (e.g., Typan blue) to visualize

AMF and quantifies fungi by counting the intersections of the visualized hyphae with 

the gridline on the eye–piece under microscopy (Phillips and Hayman, 1970; 

McGonigle et al., 1990). This methodology is neither quantitative nor objective 

(Giovannetti and Mosse, 1980), and this may have to some extent contributed to above–

mentioned inconsistences. Therefore, a more objective and comparable procedure is 
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needed to advance in the research on the extra–radical hyphal network of AMF (Green 

et al., 1994; Leake et al., 2004).

2.4 Current research gaps and priorities in biochar 

application to acid soils

The following research gaps and priorities related to the impact of biochar on P 

deficiency and Al toxicity in acid soils have been identified and listed below:

I. It is well–known that the characteristics and particularly the liming capacity and 

the fertilizer value of biochars will influence their use as soil amendment. The 

characterization of biochar is often carried out using inconsistent and sometimes 

unsuitable laboratory procedures. It is difficult to compare the results from

different studies and draw useful conclusions. The analytical methods for 

biochar characterization need to be tested.

II. The traditional gridline–intersection methodology commonly used for measuring 

AMF abundance is observer–dependent and that may partially contribute to the 

varied range of responses of AMF growth to biochar addition reported in the 

literature. The possibility that advanced techniques (e.g., photomicrography and 

image processing techniques) can be used to develop a relatively observer–

independent method to measure AMF external mycelium length for reliable 

comparison needs to be tested.
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III. Reports indicate that certain biochars stimulate the development of AMF 

delivering an increase in plant P uptake. However, the extent to which the 

stimulation of biochar on AMF contributes to plant P acquisition is often 

confounded by the effect of biochar on plant root growth as well as the P 

diffusion. Thus, a design of an experimental setting able to excluding the P 

diffusion thus distinguish the contribution of biochar on AMF development from 

that on root growth and the subsequent effect on P plant uptake and growth is 

needed.

IV. The potential of biochar to increase soil pH and stimulate AMF growth as well 

as to supply P fertilization provides an interesting opportunity for this 

amendment to be used in P–deficient acid soils, such as allophanic Andosols, 

common in the North Island of New Zealand. To present no studies in this area 

have been yet carried out.

V. Biochar has been used as liming agent to ameliorate acid soils, yet, very little is 

known about the mechanistic principles through which biochar ameliorate the 

common Al toxicity affecting plants growing in these soils. An in–depth study 

on the effect of biochar liming properties on soil chemistry has not yet been 

reported. 
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Chapter 3

BIOCHAR CHARACTERIZATION

The characteristics of biochar, in particular, its liming capacity and fertilizer 

value, govern their use as soil amendment. An adequate knowledge of these biochar 

attributes is thus needed before their application to soil. The characterization of biochar 

is often carried out using inconsistent and sometimes unsuitable laboratory procedures, 

which makes the comparison of results from different studies and the drawing of useful 

conclusions difficult. This chapter aims to compare methodologies intended to measure 

the liming property and the available N content of biochar. 

The content of this chapter will be published as part of two book chapters: 

Balwant Singh, Michaela Mei Dolk, Qinhua Shen, Marta Camps–Arbestain

(2015). Chapter 3 Biochar pH, electrical conductivity and liming potential. In: Balwant 

Singh, Marta Camps–Arbestain, Johannes Lehmann (Eds.), Methods of Biochar 

Analysis for Environmental Applications. CSIRO Publishing, Melbourne

Marta Camps–Arbestain, Qinhua Shen, Tao Wang, Lukas van Zwieten, Jeff 

Novak (2015). Chapter 24 Biochar Available nutrients. In: Balwant Singh, Marta 

Camps–Arbestain, Johannes Lehmann (Eds.), Methods of Biochar Analysis for 

Environmental Applications. CSIRO Publishing, Melbourne
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3.1 Liming potential

Biochar results from thermally–heating biomass in the absence of or with 

limited amount of O2 (Lehmann and Joseph, 2015). Most biochars are alkaline and have 

a range of liming potential values, these being feedstock– and pyrolysis process–

dependent (Hossain et al., 2010; Laird et al., 2010; Xie et al., 2014). Biochars with 

liming properties could be used as liming agents in acidic soils (Novak et al., 2009; 

Yuan and Xu, 2011; Chintala et al., 2013; Masud et al., 2014). Prior to the application

of biochar to soil with the intention to increase soil pH, knowledge of the pH–buffering 

capacity (referred to as pH–BC hereafter) of the soil and that of the biochar is needed so 

that the appropriate recommended application rate can be made.

The pH–BC of soils is commonly measured after adding incremental amounts

of either a base (Ca(OH)2 or NaOH) or an acid (HC1 or H2SO4) – depending on the 

initial soil pH – to the soil, then letting the soil incubate for a specific period of time 

(Bloom, 2000; Nelson and Su, 2010), and establishing a titration curve. Then the soil 

pH–BC is calculated from the slope of the titration curve and reported as the quantity of 

base/acid required to raise/decrease the soil pH by one unit (Thomas and Hargrove, 

1984; Aitken and Moody, 1994). This technique is however very time–demanding (e.g., 

5 d) and involves multiple acid/base additions. Simplified methodologies have been 

proposed, such as the 2–point titration (before and after a single addition of acid/base 

added) (Noble et al, 2002) that relies on the fact that the pH–BC curve of most soils is 

‘essentially linear’ over the pH range 4.0–6.5 (Magdoff and Bartlett, 1985; Aitken et al., 

1990). More recently, a statistical relationship between the pH–BC of a wide range of 

soils after a 30–min equilibration with a base (pH–BC30min) and that obtained after a 5–d
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equilibration (pH–BCeq) has been established in order to invest less time in the 

measurement of this parameter (Liu et al., 2005; Kissel et al., 2007; Thompson et al., 

2010; Kissel et al., 2012).

The liming potential of biochar is often reported as an equivalent proportion of 

the liming effect that CaCO3 would have (referred to as % CaCO3–eq). The

International Biochar Initiative (2012) recommends the use of the method proposed by 

Rayment and Lyons (2011), originally intended to measure carbonate content in soil, for 

such purpose. In brief, this method involves an overnight incubation of the biochar 

sample with a known amount of acid, followed by a back titration of the excess acid 

with a standardized base. Yuan et al. (2011b) used the acid–base rapid titration – in 

which biochar is continually titrated (using an autotitrator) with acid to pH 2.0 while 

stirring – to estimate the total alkalinity of biochar and reported this as the amount of 

the acid being consumed by the biochar (cmol H+ kg–1 biochar). However, with either 

method, it is possible that the sparingly soluble metal oxides and hydroxides have not 

yet completely reacted causing an underestimation of the liming properties of the 

biochar. Other methods thus may need to be tested in this regard.

In this study we propose to investigate whether the pH–BC methodologies 

originally developed for soils (Aitken and Moody, 1994; Liu et al., 2005; Kissel et al., 

2007; Thompson et al., 2010; Xu et al., 2012) could be used to assess the liming 

potential of biochars so that appropriate recommended application rates could be made. 

Specifically we propose comparing the methods that use either single vs multiple acid 

addition, and short vs long equilibration times, along with the liming equivalence 

methodology described above.
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3.1.1 Materials and methods

3.1.1.1 Biochar tested

Nineteen biochars were produced by different research groups using slow 

pyrolysis, and a range of feedstocks and temperatures (Table 3–1). Details on the 

production and selected characteristics of these biochars have been provided elsewhere 

(Novak et al., 2013; Slavich et al., 2013; Fang et al., 2014; Smider and Singh, 2014; 

Van Zwieten et al., 2014). Prior to their characterization, all biochar samples were dried 

at 60 C and ground to a particle size < 0.3 mm using a ring mill. The pH, ash content 

total N, C, H and S, and H/Corg molar ratio were present in Table 3-2.
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3.1.1.2 Calcium carbonate equivalence (% CaCO3-eq)

Calcium carbonate equivalence, also referred to as liming equivalence, was 

determined using the method proposed by IBI (2012) after Rayment and Lyons (2011).

For this, 10.0 mL standardized 1 M HCl solution was added to 0.5 g biochar, shaken 

with an end–over–end shaker for 2 h and let stand overnight. Then the slurry (without 

any separation procedure) was titrated using an autotitrator under vigorous stirring with 

standardized 0.5 M NaOH until a neutral pH (~7) was reached. The volume of NaOH 

solution consumed was recorded as V. A reference sample of CaCO3 powder 

(previously dried at 105 oC for 1 h) was included in the batch. Liming equivalence (% 

CaCO3–eq) was then calculated using equation [3–1].

Chemical reaction and calculations:

CaCO3 2 + H2O + CO2 (g) [3–1]

In the above reaction for dissolving one mole of CaCO3 (i.e. 100.09 g of CaCO3)

two moles of HCl are consumed. The number of moles of HCl consumed in the given 

biochar sample and blank was obtained from the titration and the % CaCO3 equivalent 

was calculated as given below:

Calculations:% CaCO3 equivalent =  ×( )× × . ××W
[3–1]

where: 

M is standardized molarity of NaOH (mol L–1)

a is volume of NaOH being used (mL) for the blank

b is volume of NaOH being used (mL) for the biochar sample

10–3 is to convert the volume from mL to L
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100.09 is molar mass of CaCO3

100 is multiplier for obtaining % CaCO3 equivalent

W is mass of biochar (g)

2 is one mole of CaCO3 consumes two moles of HCl in the chemical reaction

3.1.1.3 pH buffering capacity at pH=7 (pH-BCpH=7)

The pH–BCpH=7 was measured following the method described by Yuan et al.

(2011b). For this, 20 mL of deionized water was added to 1 g of each biochar. The pH 

of biochar at time 0 was measured after stirring the suspension for 30 min (pH0). Then 

the suspension was titrated to pH 7 using continuous stirring using an auto–titrator at a 

minimal acid addition rate (standardized 0.01 M HCl) at room temperature (ca 20 oC). 

The volume of NaOH solution consumed was recorded as V. The pH–BCpH=7 was

calculated using equation [3–2].

Calculation

pH–BCpH=7 [mmol H+ kg–1 (pH unit)–1] =     ×  ×( ) [3–2]

where 

is standardized molarity of HCl (mol L–1)

V is volume of HCl being used (mL)

pH0 is biochar pH

W is the mass of biochar (g)
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3.1.1.4 pH buffering capacity determined in 5-d incubation 

(pH-BC5d)

The pH–BC5d was determined following the single acid addition method as 

proposed by Thompson et al. (2010) after Liu et al. (2005) and Kissel et al. (2007) for 

measuring soil pH–BC with specific modifications. These involved the use of a soil: 

liquid ratio of 1:20 and that of an acid (HCl) instead of a base. For this, ca 0.5 g of each 

biochar was weighted to two 35–mL polypropylene (PE) urine specimen containers. 

Ten mL of deionized water were added to each container and the suspension was ultra–

sonicated for 1 min to ensure the biochar was thoroughly wetted and then let stand for 

30 min. Subsequently, based on the CaCO3–eq of biochars measured above (either < 

5%, 5 – 10%, 10 – 20%, or > 20 % CaCO3–eq) 0.25, 0.5, 0.75, or 1 mL of standardized 

0.5 M HCl were added to one of the containers whereas the other one was used as the 

control (without acid addition). Thereafter, the suspensions were incubated at a constant 

room temperature (ca 20 oC) for 5 d and the pH in both HCl–treated and control 

samples were measured at the end of the incubation and referred to as pHHCl–treated and 

pHcontrol, respectively. The pH–BC5d was calculated using equation [3–3].

Calculation

pH–BC5d [mmol H+ kg–1 (pH unit)–1] =     ×  × ( ) [3–3]

where 

pH0 is the initial biochar pH

pH is the pH of the biochar suspension without acid addition.
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pH  is the pH of the biochar suspension with acid addition 

W is the mass of biochar (g)

3.1.1.5 pH buffering capacity determined in 30-min incubation 

(pH-BC30min)

The pH–BC30min was determined following the procedure described in section 

3.1.1.4 except that the incubation time was reduced to 30 min after acid was added. The 

pH–BC30min was calculated using equation [3–3].

3.1.1.6 pH buffering capacity predicted from pH-BC30min 

(Predicted pH-BC5d)

A relationship between the pH–BC5d (considered here as the pH–BC measured 

under pseudo–equilibrium conditions) and pH–BC30min was established in order to 

predict the pH–BC5d as proposed by Liu et al. (2005), Kissel et al (2007), Thompson et 

al. (2010), and Kissel et al (2012). For this, the pH–BC5d was regressed with the pH–

BC30min (results provided in the result section 3.1.2.1) so that an equation – with 

corrective factors intended to account for the lack of equilibrium in the pH–BC30min

determination –could be obtained (equation [3–4]) and the pH–BC5d predicted. 

Predicted pH–BC5d = 2.2 × pH–BC30min + 20.4 (r2 = 0.81) [3–4]
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3.1.1.7 Validation of the use of predicted pH-BC5d and % 

CaCO3-eq values as biochar liming potential index

A 10–d incubation of soil amended with different amounts of biochar was 

conducted so that the suitability of the liming equivalence and the predicted pH–BC5d

(based on pH–BC30min) to determine the application rate of biochar needed to raise the 

soil pH to a specific value. The pH–BCpH=7 was not considered suitable (as described in 

the results section 3.1.2.1) as the application rates, calculated based on the results 

obtained below, were too high for feasible applications. 

For this, two soils with contrasting alkaline–pH–buffering capacities were used: 

(1) Ramiha Silt Loam (Andic Umbrisol (IUSS Working Group, 2006)) and (2) Hautere 

Silty Clay Loam (Haplic Cambisol (IUSS Working Group, 2006)) (the detailed 

information on the two soils was provided in Chapter 7). Soil subsamples were 

separately amended with the 19 biochars under study at different application rates

intended to target a pH of 6.5. These rates were calculated based on equations [3–5] and 

[3–6], which were in turn derived from equation [3–3] using the known pH–BC of the 

soils and the liming potential of the biochars based on either (i) the predicted pH–BC5d

(rate 1) or (ii) liming equivalence – % CaCO3–eq (rate 2). In water, CaCO3 dissolves 

according to the equation below:

CaCO3 + H2O Ca2+ + HCO3
– + OH– [3–2]

Thus one molecule of CaCO3 dissolves neutralising one proton (Bohn et al., 

1985). In very acidic soils, the HCO3
– will further neutralise an additional proton and 
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form H2CO3 (pK = 6.4) and then CO2 will be subsequently released (Liu et al., 2005; 

Kissel et al., 2007; Thompson et al., 2010; Kissel et al., 2012).

Rate1 (%) =   ×( )×  ×( ) [3–5]

Rate2 (%) =   ×( )/ ×%  [3–6]

The soils were then thoroughly mixed with the biochars (in duplicates) at the 

calculated application rates and wetted with deionized water to 70 % of field capacity. 

All treatments were incubated in a chamber at a constant room temperature of 20 oC for 

10 d. Thereafter, the pH was measured.

3.1.1.8 Statistical analysis

All statistical analyses were conducted in the statistical software R version 3.2.2

(R Core Team, 2015). The pH, liming equivalence (% CaCO3–eq) and different pH–BC 

(mmol H+ kg–1 biochar (unit pH)–1) measurements of 19 biochar samples were 

compared using the fitted linear models. Unless otherwise stated, results are expressed 

as means of two replicates.
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3.1.2 Results and discussion

3.1.2.1 Comparison of the different methodologies intended to 

determine the biochar liming potential

The mean values of the liming equivalence (% CaCO3–eq) and the pH buffering 

capacity – pH–BCpH=7, pH–BC30min, pH–BC5d and predicted pH–BC5d – of the biochar 

samples are presented in Table 3–2 and the boxplot comparing the different pH–BC 

values is presented in Figure 3–1. Values of pH–BC5d were higher than those measured 

by other methods, given the longer equilibration time provided by the former as this 

allowed the additional solubilisation of some of the slowly–soluble salts. Measurements 

of pH values at specific time intervals (data not shown) indicated that (i) an initial fast 

reacting phase (< 8 h) often was followed by a slow one, and (i) a maximum of 96 h 

was needed to reach pseudo–equilibrium. The predicted pH–BC5d values – obtained 

using equation [3–4] – were within similar range to the measured pH–BC5d, as expected. 

The bivariate scatterplots (Figure 3–2) show the correlation between these indexes and 

also that with pH. The latter correlated poorly (r2 = 0.05–0.13) with the liming 

equivalence and pH–BC values, showing that pH is a poor indicator of the liming 

potential of biochar. The liming equivalence, pH–BCpH=7, pH–BC30min, pH–BC5d and 

predicted pH–BC5d significantly correlated (r2 = 0.66 – 0.83, p < 0.001) with each other, 

as expected. The closest correlation (largest r2) of pH–BC5d with another index was 

provided by pH–BC30min (r2 = 0.81) and this index, in turn, was highly related with 

liming equivalence (r2 = 0.83). The liming equivalence and pH–BCpH=7 provided r2 of 

0.55 and 0.43 when regressed with pH–BC5d, respectively. 
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Figure 3–1 Boxplot of pH–BC (mmol H+ kg–1 biochar (unit pH)–1) measurements of 19 

different biochar samples, grouped by method. Four methods were used (continual acid 

addition and auto–titrate until pH = 7, single acid addition and incubation (30 min), 

single acid addition and incubation (5 d) and the prediction from the 30 min incubation 

with single acid addition base on the relation exist between the values obtained in 

methods of single acid addition and incubation (30 min) and single acid addition and 

incubation (5 d).
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Figure 3–2 Relationship between pH, liming equivalence (% CaCO3–eq) and different 

pH buffering capacity (pH–BC) (mmol H+ kg–1 biochar (unit pH)–1) measurements of 

19 biochar samples. Equations of relationships between results of different methods are 

displayed along with r2 values. 

The greatest liming potential (either liming equivalence, pH–BCpH=7, pH–

BC30min, or predicted pH–BC5d) was found in TW550 biochar (Table 3–3). This was 

attributed to the large amount of ash (56.2%) in this biochar containing calcite and other 

carbonate minerals (e.g., magnesite and ankerite) (Smider and Singh, 2014). Biochars 
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made from poultry litter (PL550), digestate (DG700), durian shell (DS400), wheat straw 

(WS550, WS700), pine and eucalyptus wood carbonized at 550°C (PI550, EU550), and 

miscanthus carbonized at 700°C (MS700) had a liming equivalence of % CaCO3–eq > 5% 

and pH–BC5d >200 mmol H+ kg–1 biochar (unit pH)–1); while the rest of biochars had 

liming equivalence < 5% CaCO3–eq and pH–BC5d < 100 mmol H+ kg–1 biochar (unit 

pH)–1. In general, this reflected the ash content of the biochars for poultry litter (45% 

ash content) and digestate (33% ash content), but not that of the rice husk biochars, as 

they had an ash content above 45% (mostly silica, data not shown), but a low liming 

potential. The composition of the ash has therefore a key role; rice husk has a 

predominance of silica (SiO2) (Shackley et al., 2012; Liu et al., 2013; Prakongkep et al., 

2015), which does not contribute to the alkalinity of the biochar (Yuan and Xu, 2011).

Also, it was observed that biochars produced using the same feedstock but at higher 

temperature tend to have greater liming potential than the ones produced at lower 

temperature irrespective of the methods (Table 3–3). This is often explained by the 

increase in the ash content and the removal of the organic functional group with the 

increasing temperature (Yuan et al., 2011b).



 
   

49
 

 Ta
bl

e 
3-

3
M

ea
ns

 o
f p

H
, l

im
in

g 
eq

ui
va

le
nc

e 
(%

 C
aC

O
3

–
eq

) a
nd

 p
H

 b
uf

fe
rin

g 
ca

pa
ci

ty
 [

pH
–B

C
(m

m
ol

 H
+

kg
–1

bi
oc

ha
r (

un
it 

pH
)–1

)]
of

 

bi
oc

ha
r s

am
pl

es
 m

ea
su

re
d 

by
 d

iff
er

en
t m

et
ho

ds
.

ID
B

io
ch

ar
pH

%
 C

aC
O

3–
eq

pH
–B

C
pH

=7
pH

–B
C

30
–m

in
pH

–B
C

5–
d

Pr
ed

ic
te

d 
pH

–B
C

5d

1
W

S5
50

11
5.

7
74

64
22

5
16

3
2

W
S7

00
10

6.
5

16
6

13
3

30
9

31
6

3
SG

40
0

8
1.

9
10

45
49

12
0

4
SG

55
0

10
3.

0
16

31
46

89
5

PI
40

0
8

3.
9

25
46

26
3

12
3

6
PI

55
0

9
5.

0
26

77
29

0
19

1
7

EU
45

0
8

2.
6

31
57

96
14

7
8

EU
55

0
10

6.
3

60
13

5
57

8
32

0
9

PL
55

0
10

11
.8

95
18

9
23

9
44

1
10

D
G

70
0

10
10

.8
34

2
11

0
28

0
26

5
11

G
W

55
0

8
1.

8
18

42
47

11
4

12
R

H
55

0
11

1.
5

27
33

77
93

13
R

H
70

0
11

1.
9

36
32

87
92

14
M

S5
50

11
3.

8
31

34
11

2
96

15
M

S7
00

10
5.

6
12

3
73

25
7

18
3

16
M

W
55

0
8

1.
5

3
38

42
10

4
17

M
W

70
0

9
2.

3
12

34
49

96
18

TW
55

0
10

20
.5

39
5

28
5

52
0

65
4

19
D

S4
00

10
9.

3
25

9
23

3
41

1
53

7



 
Q.Shen Ph.D dissertation

 

50 
 

3.1.2.2 Validation of the use of predicted pH-BC5d and % 

CaCO3-eq values as biochar liming potential indexes

The pH values of the soils amended with biochar at rates 1 and 2 (based on 

either predicted pH–BC5d or % CaCO3–eq values, respectively, Table 3-4) after a 10–d

incubation were plotted in Figure 3–3a and b, respectively. The results indicate that, 

when the rates of the amendments were estimated using predicted pH–BC5d, (i) 63% of 

the pH values fell within ± 0.25 pH units of the target pH = 6.5, (ii) 92% were located 

within ± 0.5 pH units of the target, and (iii) the final pH values ranged between 5.5 and 

7.6 (Figure 3–3a). When the rates of the amendment were estimated using % CaCO3–eq, 

the results indicate that (i) 21% of the amended soil pH values located ± 0.25 pH units 

of the target pH = 6.5, (ii) 55% were located ± 0.5 pH units of the target, and (iii) the 

final pH values ranged between 5.6 and 6.5 (Figure 3–3b). Therefore, the data obtained 

using predicted pH–BC5d was more precise (average closer to the targeted value) but 

less accurate (wide range of final pH values) than that using % CaCO3–eq. Several 

reasons may explain the results obtained (all of them being interlinked): (i) the CaCO3–

eq measures the potential liming equivalence whereas the predicted pH–BC5d provides a 

more realistic value (within the time frame considered), as it was determined at pH 

values closer to the conditions of the soil (i.e., the amount of H+ used to determine the 

pH–BC was smaller than that used for the liming equivalence): (ii) as soil pH increases 

and approaches the pK value of 6.3 (at which concentrations of HCO3
– equal those of 

H2CO3), the use of an equivalence of one (only one H+ becomes neutralized by 

additionally dissolving carbonate molecules) instead of two becomes more realistic; i.e. 

the amount of biochar needed for liming purposes was therefore underestimated; (iii) 
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the dissolution of alkaline salts in soils takes longer than 10 d and a longer term 

incubation should provide a more realistic response. More research would be needed 

before selecting a method to determine the liming properties of biochars. For the 

purpose of this thesis though, the predicted pH–BC5d method was chosen.
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3.1.3 Recommended protocol for measuring the liming 

potential of biochar

The recommended final protocol followed for measuring the biochar liming 

potential was predicting pH–BC5d from a 30 min incubation of biochar with single acid 

addition with correction factors accounting the lack of equilibrium as follows:

Ca 0.5 g of biochar was weighted to two 35–mL polypropylene (PE) urine 

specimen containers. In each, added 10 mL of deionized water and Ultra–sonicate the 

mixture for 1 min to ensure the biochar becomes thoroughly wetted and then let stand 

for 30 min. Then, based on the CaCO3–eq of biochars measured (either < 5%, 5 – 10%, 

10 – 20%, or > 20 % CaCO3–eq) add 0.25, 0.5, 0.75, or 1 mL of standardized 0.5 M 

HCl to one of the containers and use the other one as the control (without acid addition). 

Then, the suspensions were incubated at a constant room temperature (ca 20 oC) and the 

pH in both HCl–treated and control samples after 30 min were recorded as pHHCl–treated

and pHcontrol, respectively. The pH–BC30min was calculated using equation [3–3] and 

then inserted into equation [3–4] to calculate the predicted pH–BC5d.

3.2 Available nitrogen

When N–containing organic materials are exposed to high temperature (as in 

pyrolysis), an enrichment in heterocyclic N forms, such as pyrrole–type N, pyridine–

type N and indole N, occurs along with a decrease in amide N (Knicker et al., 1996; 

Almendros et al., 2003). This enrichment is not only the result of a residual 
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accumulation of heterocyclic N forms but also of the formation of new ones. Almendros 

et al. (2003) suggested as possible reactions (i) the auto–condensation of aromatic 

compounds with NH3 released from amide–containing constituents, (ii) the cyclisation 

of aliphatic chains in the presence of amino groups or NH3, and (iii) the cyclisation of 

peptide chains. Amide structures have been reported to be more resistant to thermal 

degradation than O–alkyl and carbonyl groups possibly due to stabilizing cross–linking 

reactions or steric hindrance in organic domains (Almendros et al., 2003). Effective 

protein thermal decomposition generally begins ca 300°C (Barreto et al., 2003; 

Thipkhunthod et al., 2007). However, the thermal stability of N–containing compounds 

has been reported to vary widely. While some amino acids completely degrade after 

heating above 400°C –alanine) others are still detectable at 

temperatures above 700°C (Douda and Basiuk, 2000).

Nitrate (NO3
–) and ammonium (NH4

+) are the major sources of inorganic N 

taken up by the roots of higher plants, and are often referred to as soil mineral N (nitrite 

– NO2
– – does not contribute to it substantially). Acid hydrolysis using 6 M HCl is 

frequently used to characterise organic N in soil (Kelley and Stevenson, 1995) and has 

also been used to hydrolyse N forms in biochar (Wang et al., 2012a). The acid 

hydrolysate N can be further fractionated into: (i) NH4
+–N, (ii) amino acid–N, (iii) 

amino sugar–N, and (iv) unknown–hydrolysable–N (HUN fraction) (Kelley and 

Stevenson, 1995). Non–hydrolysable N in soil is mostly associated with heterocyclic N 

in soils, although some peptide structures have also been reported to be non–

hydrolysable due to entrapment within soil mesopores (Hedges and Keil, 1995) and/or 

encapsulated within macromolecular organic matrices (Knicker and Hatcher, 1997).



 
Q.Shen Ph.D dissertation

 

56 
 

Heterocyclic N compounds are relatively recalcitrant to microbial decomposition 

and limit the conversion of organic N to forms available to plant uptake (Almendros et 

al., 2003; Wang et al., 2012a). Wang et al. (2012a) measured hydrolysable N in biochars 

made from protein–rich feedstocks (manure and sewage sludge) and found that, at 

temperature of pyrolysis of 450°C and above, values ranged between 0.9 and 2.6 g kg–1.

No amino acid–N was detectable in the acid hydrolysates of those biochars, whereas 

some NH4
+ was observed and suggested to derive from (i) that originally present in the 

biochar, and (ii) that generated from hydrolysis of amides that resisted pyrolysis (Wang 

et al., 2012a). Amino sugars were detected in biochar hydrolysates although in low 

amounts; these authors attributed the resistance of these N compounds against thermal 

degradation to their possible association with inorganic constituents (Solomon et al., 

2001; Buurman et al., 2002).

As mentioned earlier, acid hydrolysis using 6 M HCl, which is frequently used 

to characterise organic N in soil (Kelley and Stevenson, 1995), has also been used to 

hydrolyse N forms and to estimate the available N in biochar (Wang et al., 2012a). Two 

procedures were described Wang et al. (2012a) for determining the available N: (1) by 

calculating the difference in the total N in the biochar before and after treated with 6 M 

HCl; and (2) by digesting the 6 M HCl hydrolysates of biochar and measure the N in the 

digestion. It should be noted that the biochars being used in the study by Wang et al 

(2012a) were produced from manure and sewage sludge and rich in total N (> 13.5 g 

kg–1) and available N (> 2 g kg–1). However, the suitability of the procedure described 

therein was not tested on biochars low in available N (e.g., woody biochar). In this 

section, which 19 biochars have a wide range of N content, were used to test both 

procedures and assess their suitability.
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3.2.1 Materials and methods

3.2.1.1 Biochar used

See section 3.1.1.1

3.2.1.2 Total N

Total N contents were determined using a TruSpec CHNS analyser (LECO 

Corp. St. Joseph, MI).

3.2.1.3 Method 1-Difference in total N in biochar before and 

after treated with 6 M HCl

Method 1 determines available–N by calculating the difference in total N in 

biochar before and after treated with 6 M HCl, as described by Wang et al. (2012a). Ca

0.5 g (W1, g) biochar was weighed into a 50 mL Pyrex® cation digestion tube. Acid 

mixture (25 mL; 6 mol L 1 HCl and 0.1% phenol plus drops of octyl alcohol) was added. 

The suspension was mixed using a vortex mixer and sonicated for 5 min to ensure 

complete wetting of the biochar. The tubes were covered with reflux funnels and placed 

on an Al digestion block set at 105°C for 24 h. The hydrolysates were filtered through a 

pre–weighed dry Whatman® 542 filter paper (W2, g). The filter paper with non–

hydrolysable residue was rinsed with deionized water and oven dried at 60°C until 
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constant weight was obtained. The weight of residue + filter paper was recorded (W3, g). 

Total N content of the original biochar and the non–hydrolysable residue were

determined using a Tru–Spec CHNS analyser (LECO Corp. St. Joseph, MI, USA). Total 

hydrolysable N (available–N) was calculated according to the equation [3–7].

Calculation

available N (g kg ) = ×  ×( )× [3–7]

where

N1 is N content in biochar before treated with 6 M HCl (%)

N2 is N content in biochar after treated with 6 M HCl (%)

W1 is dried mass of biochar before treated with 6 M HCl (g)

W2 is dried mass of filter paper (g)

W3 is dried mass of filter paper + biochar after treated with 6 M HCl (g)

3.2.1.4 Method 2- Hydrolysable N content in the digestion of 

the 6 M HCl hydrolysate

Method 2 determined available N by digesting the 6 M HCl hydrolysate of 

biochar and measured the N in the digestion, as described by Wang et al. (2012a) after 

Pansu and Gautheyrou (2006). The digestion procedure as in method 1 was followed. 

The filtrate was collected into a 100 mL volumetric flask and the residue on the filter 

paper was then rinsed with small aliquot of deionised water until 100 mL of total filtrate 
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was collected. Then 2.5 mL of hydrolysate was neutralised with 5 M NaOH (~ 0.75 mL) 

in a 10 mL polypropylene tube and total volume was topped up to 5 mL with deionised 

water. Thereafter, 2.5 mL of alkaline potassium peroxodisulfate reagent was added. 

Tubes were capped tightly and autoclaved (at 121°C and 205 kPa for 1 h) (Maher et al., 

2002). During this process, inorganic N and organically–bound N in the hydrolysate 

were converted to NO3
––N. Nitrate–N was then determined using a Technicon 

NH4
+/NO3

– Auto–Analyser. Total hydrolysable N (available–N) was calculated 

according to the equation [3–8]:

Calculation

Available N (g kg ) = . × .  × .  ×   
[3–8]

where

Ncont. is Nitrate–N concentration in the 6 M HCl hydrolysate of biochar (mg L–1)

7.5 is the total volume of the digestion solution (mL)

2.5 is the volume of the 6 M HCl hydrolysate of biochar used for digesting (mL)

100 is the total volume of the 6 M HCl hydrolysate of biochar (mL)

W1 is dried mass of biochar before treated with 6 M HCl (g)
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3.2.1.5 Modified method 2 - hydrolysable-N content in the 

digestion of the 6 M HCl hydrolysate

Modification of method 2 with a smaller dilution factor for measuring biochars 

low in available N (the justification for this modification is provided in the Results 

section). The digestion procedure as in method 2 was followed. The filtrate was

collected into a 50 mL volumetric flask and the residue on the filter paper was then 

rinsed with small aliquot of deionised water until 50 mL of total filtrate was collected. 

Then 3 mL of hydrolysates was pipetted into a 10 mL polypropylene tube and 5 M 

NaOH is added (~1.8 mL) to raise the pH to 6.5. Thereafter, 2.5 mL of alkaline 

potassium peroxodisulfate reagent was added. Tubes were capped tightly and 

autoclaved and the nitrate–N was determined as described in Method 2. Total 

hydrolysable N (available–N) was calculated according to the equation [3–9]:

Calculation

Available N (g kg ) = . ×  . ×  ×  
[3–9]

where

Ncont. is Nitrate–N concentration in the 6 M HCl hydrolysate of biochar (mg L–1)

7.3 is the total volume of the digestion solution (mL)

3 is the volume of the 6 M HCl hydrolysate of biochar used for digesting (mL)

50 is the total volume of the 6 M HCl hydrolysate of biochar (mL)

W1 is dried mass of biochar before treated with 6 HCl (g)
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3.2.1.6 Statistical analysis

All statistical analyses were conducted in the statistical software R version 

3.2.2 (R Core Team, 2015). Correlation between hydrolysable N determined by 

difference in N content of biochar before and after treatment with 6 M HCl (Hydro–N

by difference) (method 1) and digesting the 6 M HCl hydrolysate of biochar (Hydro–N

by digestion) (method 2) and modified method 2 were compared using the fitted linear 

models. Unless otherwise stated, results are expressed as means of two replicates.

3.2.2 Results and Discussion

Results shown in Table 3–4 and Figure 3–4 reveal that hydro–N values 

obtained by calculating the difference in total N in biochar before and after treated with 

6 M HCl following method 1 were several folds (~7) of those obtained by digesting the 

hydrolysate following either method 2 or modified method 2, as indicated by a slope of 

0.14, although they correlated significantly (P < 0.001) (r2 = 0.83 and 0.77 respectively; 

Figure 3–4). This is in disagreement with the results obtained by Wang et al. (2012a)

when developing the methodology for a range of carbonised human– and animal wastes. 

It should be noted that Wang et al. (2012a) included fresh and poorly carbonised 

material, which contained high hydrolysable N (in some instances above 6 g kg–1), and 

thus the measurements were less prone to error when determining hydro–N either by 

calculating the difference in total N in biochar before and after treatment with 6 M HCl 

(following method 1) or by digesting the 6 M HCl hydrolysates of the same (following 

method 2). Method 1 is an indirect approach and the final result includes the summed 
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experimental errors from each analysis. This may explain the inconsistencies found, at 

least to some extent.

Figure 3–4 Correlation between hydrolysable N determined by calculating the 

difference in N content of biochar before and after treatment with 6 M HCl (Hydro–N

by difference) (method 1) and digesting the 6 M HCl hydrolysate of the same biochar

(Hydro–N by digestion) (method 2) and modified method 2.
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According to Patton and Kryskalla (2003), high chloride concentrations (> 10 g

L–1) and dissolved organic C concentrations (> 150 mg L–1) could react with persulfate 

and thus decrease the digestion efficiency. Moreover, Cl– also interferes with the 

colorimetric determination of NO3
–. Therefore, method 2 was originally developed with 

dilution steps to avoid these interferences. However, this can produce N concentrations 

below the detection limit due to over–dilution in samples low in N, and is not 

appropriate for biochars produced from woody materials (e.g., WS770, GW550, RH700, 

MS550, MW550 and MW700; Table 3–5). A compromise should thus be made to 

minimize the interferences from Cl– and dissolved organic C and to avoid over–

dilutions of the hydrolysate. An additional test suggested that up to ~ 51 g L–1 of Cl–

could be acceptable for persulfate digestion of ammonium and determination of nitrate 

(data not shown). Therefore, we propose to modify method 2 using a smaller dilution 

factor (242 vs 600) when biochars with low N content are to be characterised using this 

procedure. This has shown more consistent results for low N biochars (Table 3–5). The 

modified version showed similar results as obtained from method 2 (r2=0.92, and slope 

= 1.02), especially for the biochar high in N. The available N in the three biochars used 

in Chapter 6 and 7 was analysed following the modified method 2.

The results obtained (Table 3–5) indicate that whereas available N in biochars 

decreased as temperature of pyrolysis increased, the opposite pattern was observed for 

total N. The greatest amounts of total N were found in biochars derived from relatively 

protein–rich feedstocks, specifically TW550 (25.4 g kg–1), DS400 (21.5 g kg–1), PL550 

(17.1 g kg–1), and DG700 (11.6 g kg–1) biochars (Table 3–5). Hydrolysable N measured 

by either method 2 or modified method 2 was < 1 g kg–1 for all biochars, except for the 

TW550 and DS400 biochars, which had values of 2.06 and 1.67 g kg–1, respectively. 
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Wang et al. (2012a) also found values of hydrolysable N within this range (1–2 g kg–1)

in biochars made from manure and sewage sludge produced at 450 and 550°C. Camps–

Arbestain et al. (2015) reported values of hydrolysable N of 1.9 g kg–1 for poultry litter 

biochar produced at 550°C, whereas woody biochars had values always < 1 g kg–1.
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Table 3-5 Means of available N (g kg–1) analysis carried followed different methods

ID Biochar Total N Available N
Method 1 Method 2 Modified method 2

1 WS550 10.5 2.39 0.10 0.27
2 WS700 10.2 2.43 –0.06 0.07
3 SG400 4.9 0.85 0.14 0.12
4 SG550 5.4 0.95 0.08 0.05
5 PI400 2.1 0.63 0.30 0.02
6 PI550 2.5 1.32 0.04 < d.l.
7 EU450 5.9 1.17 0.19 0.31
8 EU550 6.0 1.46 0.12 0.19
9 PL550 17.1 7.56 0.60 0.87

10 DG700 11.6 4.81 0.23 0.19
11 GW550 1.9 1.16 < d.l. 0.03
12 RH550 7.1 1.16 0.01 0.09
13 RH700 6.2 1.43 < d.l. 0.04
14 MS550 4.3 0.99 < d.l. 0.02
15 MS700 6.7 2.53 0.24 0.08
16 MW550 1.9 0.81 < d.l. 0.14
17 MW700 2.1 0.99 < d.l. 0.26
18 TW550 25.4 15.75 2.11 2.06
19 DS400 21.5 5.36 1.29 1.67
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3.2.3 Recommended protocol for measuring the available N of 

biochar

Based on the results and discussion above, the protocol followed for measuring 

available N in biochar in this thesis was the modified method 2, which is consistent in 

the following steps. .

Ca 0.5 g of biochar was weighed into a 50 mL Pyrex® cation digestion tube. 

Acid mixture (25 mL; 6 mol L 1 HCl and 0.1% phenol plus drops of octyl alcohol) was 

added. The suspension was mixed using a vortex mixer and sonicated for 5 min to 

ensure complete wetting of the biochar. The tubes were covered with reflux funnels and 

placed on an Al digestion block set at 105°C for 24 h. The hydrolysates were filtered 

through a Whatman® 542 filter paper. The filtrate was collected into a 50 mL 

volumetric flask and the residue on the filter paper was then rinsed with small aliquot of

deionised water until 50 mL of total filtrate was collected. Then 3 mL of hydrolysates

was pipetted into a 10 mL polypropylene tube and 5 M NaOH is added (~1.8 mL) to 

raise the pH to 6.5. Thereafter, 2.5 mL of alkaline potassium peroxodisulfate reagent 

was added. Tubes were capped tightly and autoclaved (at 121°C and 205 kPa for 1 h)

(Maher et al., 2002). During this process, inorganic N and organically–bound N in the 

hydrolysate were converted to NO3
––N. Nitrate–N was then determined using a 

Technicon NH4
+/NO3

– Auto–Analyser. Total available N (hydro–N) was calculated 

according to the equation [3–9].
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Chapter 4

TESTING AN ALTERNATIVE METHOD 

FOR ESTIMATING THE LENGTH OF 

FUNGAL HYPHAE IN SOIL USING 

PHOTOMICROGRAPHY AND IMAGE 

PROCESSING

This methodology chapter is to develop and test an objective and rapid 

methodology for estimating the length of external arbuscular mycorrhizal fungal (AMF) 

hyphae in soil. The method involved the photomicrography and the image processing 

technology. This method will be used to estimate the response of the AMF hyphae 

development to biochar additive in Chapter 6.

A paper from this study has been submitted for publication: Qinhua Shen, Miko 

U.F. Kirschbaum, Mike J. Hedley, Marta Camps–Arbestain. Testing an alternative 

method for estimating the length of fungal hyphae using photomicrography and image 

processing (2016). PLoS ONE (Accepted)
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Abstract

This study aimed to develop and test an unbiased and rapid methodology to 

estimate the length of external arbuscular mycorrhizal fungal (AMF) hyphae in the soil. 

The traditional visual gridline intersection (VGI) method was refined, first by using a 

digital photomicrography technique, referred to as “digital gridline intersection” (DGI) 

method, and secondly by processing the images using ImageJ software, which was 

referred to as the “photomicrography–ImageJ processing” (PIP) method. The DGI and 

PIP methods were tested using known grade lengths of possum fur. Then they were 

applied to measure the hyphal lengths in soils with contrasting phosphorus (P) fertility 

status. Linear regressions were obtained between known lengths (Lknown) of possum fur 

and those values determined by using either the DGI (LDGI) [LDGI = 0.37 + 0.97 × Lknown

(r2= 0.86)] or PIP (LPIP) methods [LPIP = 0.33 + 1.01 × Lknown (r2= 0.98)]. There were no 

significant (p > 0.05) differences between the LDGI and LPIP values. While both methods 

provided accurate estimation (slope of regression being 1.0), the PIP method was more 

precise, as reflected by a higher value of r2 and lower coefficients of variation. The 

average hyphal lengths (6.5 – 19.4 m g–1) obtained by the use of these methods were in 

the range of those typically reported in the literature (3 – 30 m g–1). Roots growing in P 

deficient soil developed 2.5 times as many hyphae as roots growing in P–rich soil (17.4 

vs 7.2 m g–1). These tests confirmed that the use of digital photomicrography in 

conjunction with either the grid–line intersection principle or image processing is a 

suitable method for the measurement of AMF hyphal lengths in soils for comparative 

investigations. 



 
Chapter 4 Measurement of AMF hyphal length in soil

69 
 

Keywords

Arbuscular mycorrhizal fungi (AMF), Extra–radical mycelium, Gridline intersection, 

Hyphal length, ImageJ software, Photomicrography

4.1 Introduction

The extra–radical mycelium of arbuscular mycorrhizal fungi (AMF) increases 

the exploration of soil volume making positional–unavailable nutrients (e.g., P) 

available thus supporting host–plant growth. In particular, in a P–deficient soil, AMF 

may contribute up to 90% of plant P uptake (Pacovsky and Bethlenfalvay, 1982; Sylvia, 

1992). In addition, external hyphae are involved in the stabilization of soil aggregates 

(Wright and Upadhyaya, 1998; Rillig, 2004; Rillig and Mummey, 2006; Wilson et al., 

2009) and can represent a significant proportion (up to 15%) of soil organic carbon (C) 

(Staddon et al., 2003; Zhu and Michael Miller, 2003). Hence, the abundance of the 

AMF external mycelia in soils can strongly affect the performance of their host plants 

as well as other soil ecosystem services. However, mycelia are known as the “hidden 

half” of this symbiosis (Leake et al., 2004) due to the small diameter of individual 

(Staddon et al., 2003). This makes 

the identification and quantification of extra–radical mycelia exceptionally difficult and 

highly uncertain (Boddington et al., 1999), which has held back research on the extra–

radical hyphal network of AMF (Bardgett, 1991; Green et al., 1994; Leake et al., 2004;

Camenzind and Rillig, 2013).
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Conventionally, the total length of AMF hyphae in soils has been determined by 

aqueous extraction, followed by membrane–filtration, staining (e.g., with trypan blue), 

and then visually examining the frequency of hyphal intersections with gridlines on a 

microscope eyepiece (Elmholt and Kjøller, 1987; Vilariño et al., 1993; Brundrett, 1994;

Miller et al., 1995; Camenzind and Rillig, 2013). This is the so–called visual gridline 

intersection (VGI) method, which has become a well–acknowledged reference method 

as it is low–cost and readily implemented. However, counting the intersections of 

stained hyphae with gridlines under a microscope is laborious, time–consuming and 

induces fatigue that can lead to observer subjectivity (Morgan et al., 1991; Dodd, 1994;

Green et al., 1994) and this has been shown to contribute up to 15% variation in 

measured results (Stahl et al., 1995).

Thanks to the availability of digital microscopes it has now become possible to 

take digital microscope images (referred to as photomicrography) at reasonably high 

magnification. This allows the electronic recording of hyphal images that can later be 

processed at the convenience of the operator. For this, a square grid layer can be 

designed and positioned on top of the image so that the intersection of gridlines and 

stained hyphae can be scored on a computer monitor. This uses the same principles as 

scoring the frequency of hyphal intersections with gridlines incorporated into a 

microscopes eyepiece under a microscope, but can save observers from fatigue and eye 

pain. This procedure has already been shown to be more accurate and efficient than the 

visual one for estimating hyphal length (Hynes et al., 2008), but to present has been 

scarcely used probably due to a lack of assessment of its accuracy and precision. Such a 

test has been conducted in the current study. In order to differentiate it from the 



 
Chapter 4 Measurement of AMF hyphal length in soil

71 
 

traditional visual gridline intersection (VGI) method, the new method is here referred to 

as the digital gridline intersection (DGI) method.

We also tested whether further advances could be made through employing 

modern imaging–processing software. ImageJ is a Java–based image processing 

program developed at the National Institute of Mental Health (USA) by Wayne 

Rasband (Sheffield, 2008). The software is available license–free and can run on any 

operating system. The program is a useful tool for biological image processing and 

analysis because it can perform a full set of image manipulations, such as scale setting, 

length and area measuring, image cropping (Collins, 2007; Sheffield, 2008) on digital 

images obtained from many sources (e.g., cameras and confocal systems). 

This software, while useful for the length measurement of straight structures, 

does require additional support when the measured structures have bent or irregular 

shapes (e.g., hyphae). For this, the NeuronJ plugin (Abràmoff et al., 2004) can be used. 

This plugin is based on recently developed and validated algorithms specifically to 

detect and link elongated image structures of neurons and dendrites. Therefore, we 

investigated the application of ImageJ with NeuronJ plugin in measuring hyphal 

lengths, which is referred to as the photomicrography – ImageJ processing (PIP) 

method. The two proposed methodologies – DGI and PIP – were tested by using known 

length of possum fur and were compared for a measurement of hyphal lengths from two 

soils with contrasting P fertility.
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4.2 Materials and Methods

4.2.1 Calculations involved in the digital methodologies

(1) Digital gridline intersection (DGI) method.

The Tennant (1975) equation [4–1], which was originally developed for 

determining root lengths, has subsequently also been applied to determine hyphal 

lengths (Miller et al., 1995). It was further modified for the DGI method to equation [4–

2] to calculate the total length (LDGI, mm) of samples (possum fur or hyphae) on each 

filter paper. 

Root length =  ×  ×  N [4–1]

LDGI = (   ) ×  ×  ×  ×  [4–2]

where

is a constant

N is the count of the number of intersections across vertical and horizontal lines

C1, C2, … C50 are the counts of samples crossing the gridline in images #1, #2, 

#3, ….., #50

Af is the area of filter paper (e.g., Af = × 12.31  = 476 mm2)

Ag is the area grid net (e.g., Ag = 0.05 × 0.05 × 12 × 9= 0.27 mm2)

Ni is the number of images (e.g., 50)

g is the grid unit (e.g., 0.05 mm)

(2) Photomicrography – ImageJ processing (PIP) method
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The total length measured by the PIP method (LPIP, mm) of samples (possum fur 

or hyphae) on each filter paper was calculated using equation [4–3]. 

LPIP = (    ) ×  ×  [4–3]

where,

L1, L2, … L50 are the measured sample lengths in images #1, #2, #3, ….., #50 

(mm)

Af is the area of filter paper (same as above)

Ai is the size of the image (e.g. Ai = 0.64 × 0.48 = 0.31 mm2)

Ni is the number of images (same as above)

4.2.2 Testing the digital methodologies using possum fur

Brushtail possum (Trichosurus vulpecula Kerr) fur (D <

mimic hypha when testing the accuracy, precision and effectiveness of the two proposed 

methodologies. We prepared possum fur for microscopic observation by placing a range 

of known lengths of possum fur on filter paper. Possum fur sections of total lengths of 4, 

8, 12, 16 and 20 mm were used. Their actual lengths were measured with a vernier 

caliper (± 0.01 mm). The total lengths of possum fur were chosen to cover the typical 

range of hyphal length observed using the filter paper technique. 

Thereafter, in order to more closely reflect actual hyphae distribution, the 

possum fur on each filter paper was further cut into smaller sections (< 1 mm) under a 

D = 24.62 mm). 

While the lengths of individually–cut sections were not known, the total length of 
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smaller sections was known from the prior length determination. Each measurement 

method was evaluated against the known total length of fur in each sample.

The filter papers loaded with the possum fur pieces were mounted on slides 

using a low–viscosity, non–fluorescent immersion oil. For each grade length, four 

replicates were prepared. The slides were placed under a microscope (Nikon ECLIPSE 

E600 POL) and examined at × 200 magnifications. Fifty images (2560 x 1920 pixels) of 

the fields of view were randomly taken by a connected digital camera (Nikon Digital 

sight DS–U1) for each membrane filter and named in sequence (1 to 50). 

The length (L) of possum fur on the images were measured using –

(1) Digital gridline intersection (DGI) method. A 12 × 9 square grid (size 0.05 

×0.05 mm) was created (Microsoft PowerPoint 2010) according to the scale displayed 

on the image and placed on the top of the image (Figure 4–1a). The horizontal and

vertical intersections of possum fur that crossed the edges of each square on each image 

were counted (C1, C2, .., C50) and insert to the equation [4–2] to calculate the length of 

the possum fur (LDGI). 

(2) Photomicrography - ImageJ processing (PIP) method. Each image was 

analysed using the ImageJ software (1.47 bundled with 64–bit Java) that can be freely 

download from http://imagej.nih.gov/ij/. The analysis consisted of scale setting (400 

L1, L2, …, L50) of possum 

fur (Figure 4–1b) and inserting into equation [4–3] to calculate the length of the possum 

fur (LPIP). 
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Figure 4–1 The measurement of possum fur on an image taken under a microscopy at 

×200 magnification by using (a) the DGI method – A grid layer (12 × 9, grid size 

0.05mm × 0.05mm) was placed on the top of the same image and the horizontal and 

vertical intersections of possum fur that crossed the edges of each square were counted 

and recorded (e.g., C = 14, the possum fur length calculated using the Tenant equation 

was 0.550 mm) and (b) the PIP method – the possum fur in the same image was traced 

(yellow line) manually and measured by the ImageJ software (e.g., L = 0.503 μm)

4.2.3 Measuring hyphal lengths in soils

Two soils with contrasting P status (Olsen P of 4.3 and 33.3 mg kg–1, referred to 

as LP and HP soil, respectively) were prepared to grow Lotus pedunculatus cv barsille 

in a root study container for 32 wk to establish rhizosphere soils with native AMF 

populations. The root study containers established two soil zones, one with full root and 

hyphal access and a second that was root–free and could only be colonized by hyphae 

(Chapter 5). The detailed information on the two soils was provided in Chapter 6. After 



 
Q.Shen Ph.D dissertation

 

76 
 

the plants had been harvested, the soils were taken from the root–free hyphal 

compartment for measuring native AMF hyphal lengths.

We prepared hyphae for microscopic observation following the method 

described by Brundrett (1994) with certain modifications. Briefly, ca 0.40 g of moist 

soil was thoroughly swirled with 30 mL deionized water and 2 mL 35.7 g L–1 sodium 

hexametaphosphate (Calgon) solution intended to break up aggregates and release the 

hyphae. Thereafter, 10 mL of the suspension was filtered through a 250–μm sieve to 

remove large and heavy particles followed by re–suspension with another 30 mL 

deionized water and 2 mL Calgon solution and letting it settle for 30 seconds. Then, a 

10 mL aliquot was filtered with a 20–μm nylon mesh to retain the hyphae, which 

subsequently were stained in 5 mL 0.6 g L–1 trypan blue in 1:2:2 lactic acid: glycerol: 

deionized water (v:v:v) for 1.5 h. The stained solution was then filtered with cellulose 

D = 24.62 mm) to collect the stained hyphae.

Filters with the stained hyphae were mounted on slides. Hyphae which were 

angular, aseptate in appearance, and between 1.0 – 13.4 μm in diameter (Figure 4–2) 

were deemed to be of AMF origin (Boddington et al., 1999) and only those were 

considered for the measurements and their length were determined following the above–

described DGI (Figure 4–2a) and PIP (Figure 4–2b) methodologies. As mentioned 

before, we installed the NeuronJ plugin 

(http://www.imagescience.org/meijering/software/neuronj/) of the ImageJ software to 

facilitate the tracing and quantification of sinuous structures, like hyphae, on the images 

(Figure 4–2b). Total hyphal lengths (L, mm) on filter papers were obtained from either 

equation [4–2] or [4–3] and insert to equation [4–4] to calculate total hyphal length 

(Lhyphae, m g–1 moist soil) in each soil sample.
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Lhyphae , m g–1 moist soil = ( × )/( × 1000) [4–4]

where

L (mm) is total hyphal length on filter paper, 

f is the dilution factor (13.44 in the present study)

m (g) is the weight of soil (0.4 g in the present study)

Figure 4–2 AMF hyphae on an image taken under a microscopy at ×100 magnification 

measured by using (a) the DGI method – a grid layer (12 × 9, grid size 0.05mm × 

0.05mm) was placed on the same image, and the horizontal and vertical intersections of 

hyphae that crossed the edges of each square were counted and recorded (e.g., C = 23, 

the hyphal length calculated using the Tenant equation was 0.904 mm ); and (b) the PIP 

method – the hyphae in the same image were traced (pink line) and measured by the 

ImageJ software with NeuronJ plugin (e.g., L = 0.931 mm).



 
Q.Shen Ph.D dissertation

 

78 
 

4.2.4 Statistical analysis

All statistical analyses were conducted in the statistical software R version 3.2.2 

(R Core Team, 2015). The possum fur lengths measured by the digital gridline 

intersection (DGI) and photomicrography – ImageJ process (PIP) methods and the 

known length of possum fur were compared using the fitted linear models. One–way 

ANOVA with a Tukey post–hoc test was used to evaluate statistical differences (P <

0.05) between the possum fur or hyphal lengths measured by the digital gridline 

intersection (DGI) and photomicrography – ImageJ process (PIP) methods, and between 

the hyphal lengths measured in two soils with contrasting P status (Olsen P of 4.3 and 

33.3 g kg–1). Unless otherwise stated, results are expressed as means of four replicates 

with their 95% confidential intervals.

4.3 Results

4.3.1 Calibration of the proposed methodologies using possum 

fur

A scatterplot matrix (Figure 4–3) showed that the results obtained by both 

testing methods (DGI and PIP methods) were comparable, as indicated by a highly 

significant (p < 0.001) linear relation between the two measurements: LPIP = 1.72 + 0.89 

× LDGI (r2= 0.84). Also, the lengths of possum fur measured by both the DGI (LDGI) and 

PIP methods (LPIP) regressed significantly (p < 0.001) with the corresponding known 

lengths (Lknown). Linear regression equations were LDGI = 0.37 + 0.97 × Lknown (r2= 0.86) 
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and LPIP = 0.33 + 1.01 × Lknown (r2= 0.98), respectively. The slope of the PIP method 

regression was 1.01, i.e. it overestimated the true lengths by 1%, while the slope of 0.97 

of the DGI method suggests a 3% underestimation. Estimates made by both methods 

were well within their uncertainty ranges (Figure 4–4).

Figure 4–3 A scatterplot matrix with linear regressions amongst the lengths of possum 

fur measured by both the DGI (LDGI) and PIP methods (LPIP) and the known lengths of 

possum fur (Lknown)

Despite possum fur lengths as measured by the two methods were both similar 

to their known values, the coefficients of variation were much lower for the PIP (3.1–

8.3%) than the DGI estimates (4.1–14.3%). So, the PIP method tended to be more 

precise than the DGI method, and this further supported by a higher r2 value (0.98 vs
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0.86). Furthermore, the root mean square errors (RMSE) of the difference between the 

measured and known lengths of possum fur were calculated as 0.96 and 2.37 mm for the 

PIP and DGI methods, respectively. Correspondingly, the PIP method resulted in much 

smaller confidence intervals (Figure 4–4). The 95% confidence interval for the DGI 

method ranged from –61 to 50% of the mean, whereas for the PIP method, the 

confidence interval was narrower (from –29 to 17%).

Figure 4–4 The distribution of the 95% confidence limits (dashed lines) of the mean 

lengths (solid lines) of possum fur measured by both the DGI (LDGI) and PIP methods

(LPIP) and the known lengths of possum fur (Lknown)

4.3.2 Measurement of hyphal lengths in soils

The AMF hyphal lengths in soil measured using the DGI and PIP methods 

ranged from 7.1 to 24.1 m g–1 and 6.5 to 19.4 m g–1, respectively (Figure 4–5), both 

being within the typical of values (3 – 30 m g–1) reported in the literature (e.g. see Table 

2 in the review of Leake et al., 2004). Mean hyphal lengths in the same soil samples 

measured by these two methods were not significantly (P > 0.05) different from each 
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other, with mean values of 17.1 vs 17.4 m g–1 in the low–P soil and 7.1 vs 7.2 m g–1 in 

the high–P soil. However, the PIP method gave much smaller uncertainty bounds than 

the DGI method (Figure 4–5). This was particularly true for the soil with higher AMF 

hyphal abundance where the confidence intervals were 14.8 – 20.1 mm vs 8.2 – 26.1 

mm for the PIP and DGI methods, respectively.

Figure 4–5 The lengths (means ± 95% confidence intervals) of hyphae in soils with low 

P fertility (solid circles) and high P fertility (open circles) measured by the digital 

gridline–intersection (DGI) method plotted against measurements by the 

photomicrography – ImageJ processing (PIP) method. The 1:1 line is shown as a dashed 

line.
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4.4 Discussion

An initial test done on pieces of possum fur which ranged from 4 to 20 mm in 

length showed linear regressions between the known lengths and the measured lengths 

of possum fur by using the DGI and PIP methods with no significant (p > 0.05) 

differences between the results obtained using these two methods. There was good 

agreement between known fur lengths and those estimated by the PIP and DGI methods 

and no indication of any systematic biases. The digital analysis methods could therefore 

be considered as suitable alternative methods to the traditional visual gridline 

intersection method for measuring the lengths of any randomly distributed objectives in 

soils or other media (e.g., possum fur or mycorrhizal hyphae).

Both methods were then used to measure the length of the AMF mycelia in two 

soils with distinct P fertility. The hyphal lengths obtained by either the DGI or the PIP 

methods were consistent with values reported in the literatures (Abbott et al., 1984;

Camenzind and Rillig, 2013; Leifheit et al., 2015). The mean hyphal lengths in the same 

soil sample measured by these two methods were very similar (17.1 vs 17.4 m g–1 in the 

low–P soil and 7.1 vs 7.2 m g–1 in the high–P soil, respectively). In previous work, 

Green et al. (1994) also found no significant differences (P < 0.05) between the lengths 

of AMF hyphae estimated using an image analysis system and those estimated by a

trained observer using a modified grid–line intersection method.

Although possum fur length values measured by both methods were close to 

their known values, the coefficients of variation were much lower for the PIP (3.1–8.3%) 

than the DGI estimates (4.1–14.3%). Likewise, the standard errors of the estimates of 

hyphal lengths in soils were approximately 4.3% and 16.3% of their means obtained by 



 
Chapter 4 Measurement of AMF hyphal length in soil

83 
 

the PIP and DGI methods, respectively. This indicated greater accuracy and 

reproducibility of the PIP method. Green et al. (1994) also suggested that an image 

analysis system can facilitate the collection of hyphal data by being faster and less 

subjective than manual methods, as it is less observer–dependent. Using digital 

microscope images in conjunction with Tennant’s equation was found to be a more 

accurate and efficient way of estimating hyphal biomass than using a direct visual 

approach (Hynes et al., 2008).

Although the time spent in measuring the length of hyphae using the two 

methodologies was similar, the PIP method tended to be more precise than the DGI 

method. The greater uncertainty of the DGI estimates can be partly attributed to the 

underlying principle of the DGI method. Any structures on the images were only 

counted when they intersected the defined gridlines which introduced an extra element 

of randomness into the counting procedure. Specifically, different results can be 

obtained when measuring the same length of hyphae by the DGI method since the 

intersections of the gridline with a stained hyphae can vary with the different random 

arrangements (i.e. an underestimation by 21% would be obtained when this was 

arranged perpendicular to one axis (Figure 4–6a) and an overestimation by 23% would 

be obtained when arranged in diagonal (Figure 4–6b)).
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Figure 4–6 Illustration of the intersection of gridlines with a stained hypha and the 

different number of counts that can be obtained with different random arrangements of 

these structures. A given length of 0.35 mm hyphae if distributed as (a) intersection 

count recorded C=7, then a estimated legnth of 0.28 mm was calculated using Tennant 

equation, and as (b) intersection count as C= 11, its corresponding estimated length was 

0.43 mm.

We estimated the extent of that uncertainty by simulating line intersections of 

straight lines over a large number of random angles starting locations within a grid 

square. It showed that of the randomness of image angles and starting positions alone 

introduced a standard deviation of estimates ranging from 10% to 18% (data not shown). 

Variance was greater for shorter sample lengths, with sample lengths greater than about 

10 gridline units, standard deviation became less than about 11%. This kind of random 

error is unavoidable when the gridline intersection method is used, but can be overcome 

by the PIP procedure where the whole structure present on the image is traced and 

measured regardless of its position or distribution on the image. 
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4.5 Conclusions

Given the effectiveness, accuracy, and ease of processing large data sets by 

both photomicrography image processing methodologies (DGI and PIP methods), we 

concluded that both are suited for large–scale and routine measurement of the external 

mycelia of mycorrhizal fungi under diverse conditions. Among the two digital 

photography methods, the ImageJ with NeuronJ plugin analysis allowed a semi–

automated analysis of the whole elongation structure and minimized observer biases, 

leading to smaller uncertainty than the digital gridline intersection method. ImageJ is a

user–friendly, freely available software that is readily adaptable to different computer 

platforms. As the photomicrography–ImageJ processing technique is efficient and less 

prone to error (e.g., associated not only to user bias but also to that caused by how 

hyphae distributes on the grid), it is a suitable and easy method to study the density and 

distribution of AMF hyphae in the soil.
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Chapter 5

A NOVEL TECHNIQUE FOR EVALUATING 

THE PHOSPHORUS TRANSFERRED BY 

ARBUSCULAR MYCORRHIZAL FUNGAL 

HYPHAE

This chapter aims to evaluate whether the root study container designed by 

Hedley et al. (1982b) that divides the soil to two sections – root zone and hyphal zone –

can be modified so that phosphorus (P) diffusion between the two compartments is 

impaired. This root study container will be used in Chapter 6 for testing the hypothesis 

that the application of biochar increases P bioavailability in soils via stimulating AMF 

hyphae development in soils.

A paper from this study will be submitted for publication: Qinhua Shen, Mike J. 

Hedley, Marta Camps–Arbestain, Miko U.F. Kirschbaum. A novel technique for 

evaluating the phosphorus transferred by arbuscular mycorrhizal fungi hyphae. Soil 

Research (To be submitted).
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Abstract

Root study containers that separate soils into root plus hyphal zone (also called 

root zone), rhizosphere and hyphal zone have demonstrated how phosphorus (P) 

diffusion plays an important role in its bioavailability and so does P uptake by plant 

roots and arbuscular mycorrhizal fungi (AMF). Potential diffusion of P from the hyphal 

zone to the rhizosphere zone makes it difficult to accurately assess the contribution to 

plant P uptake made by AMF in the hyphal zone. This study tested whether a layer of 

tephra with high P sorption characteristics (referred to as ‘P diffusion break’) can be 

used to halt P diffusion between the root zone and hyphal zone of soils with contrasting 

P fertility in a root study container. Phosphate sorption studies were conducted on

tephra to show that a 3 mm thick layer of tephra was adequate to break P diffusion from 

a soil with an Olsen P of 33.3 g kg–1 (referred to as HP soil) to a soil with an Olsen P of

4.3 mg k–1 (referred to as LP soil) for a plant growth period of 1 year. After an 8–month 

plant growth experiment there was no significant (P > 0.01) P accumulation in Resin–P

(< 5 mg kg–1) and total P in the middle slice of the ‘P–diffusion break’ tephra layer in 

treatment    (    ) when compared with that in treatment   , so that there 

was no P diffused from HP soil to LP soil. Plant P uptake was greater (ca 2 mg pot–1) in 

the former than in the latter and with a subsequent increase in plant yield by 56%. Given 

that (i) the aforementioned inability of P to diffuse across the tephra layer; (i) the 

incapability of roots to penetrate through the mesh to hyphal zone to take up P from the 

HP soil; and (iii) microscopic analysis detected AMF hyphae in the tephra layer, we 

concluded that by including a layer (e.g., 3 mm) of tephra soil in root study container 
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the contribution of AMF hyphae to plant P accumulation can be accurately determined. 

This experimental design can then be applied to study the influence of soil amendments 

prone to change P availability (e.g. fertilizers, lime, biochar) on P transfer by AMF 

hyphae.

Key words: 

Arbuscular mycorrhizal fungi, Langmuir adsorption – isotherm, Lotus pedunculatus cv

barsille, P diffusion, Root study container, Tephra 

5.1 Introduction

Historically, the prototype ‘root study container’ consisted of two–round waxed 

cardboard cartons originally devised by Stanford and DeMent (1957) for measuring 

nutrient absorption by plants during short periods of time. In the 1980’s further 

development of root study containers was undertaken to measure nutrient depletion

profiles in rhizosphere soil utilizing nylon or polyester mesh to create a distinct 

boundary between the rhizoplane and rhizosphere soil (Grinsted et al., 1982; 

Kuchenbuch and Jungk, 1982; Hedley et al., 1994; Trolove et al., 2003). Studies using 

these containers facilitated an understanding of how specific processes (e.g., root–

induced P depletion and pH changes) occurring in the rhizosphere soil are different 

from those of the bulk soil (Trolove et al., 1996; Zoysa et al., 1999). This combined 

with the soil P fractionation studies (Hedley et al., 1982a) has accelerated the 

understanding on how crop roots utilize soil P in the glasshouse and field (e.g. Zoysa et 
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al., 1997; Trolove et al., 2003). The root excluding nylon mesh (e.g., range 20– to 80–

ng) also provides a root–free compartment into which only AMF mycelia can 

grow, which has been referred to as a hyphal zone or hyphal compartment (e.g. Schüepp 

et al., 1987). This greatly increased the understanding of the abundance and the function 

of external mycelia in soil (Leake et al., 2004).

The upper compartment in a root study container (e.g. Figure 5-1) has full root 

and hyphal access (referred to as root zone) and lower compartment beneath the fine 

nylon mesh, is a root–free zone only penetrated by hyphae (referred to as hyphal zone).

This physical separation allows soil amendments (e.g., fertilizer, or lime, or biochar) to 

be added to either the root zone or the hyphal zone separately. Hence, the impacts of 

these soil additives on root activity and/or on AMF hyphal growth and the contribution 

of which to plant P uptake can be discriminated (Marschner and Rengel, 2012).

However, if a gradient in P status is generated between the two compartments the 

intended discrimination between hyphal and root P– uptake could be masked by the 

occurrence of P diffusion between these two compartments.

A modification of the root study container would then be needed so that a ‘P 

diffusion break’ was provided and the contribution of hyphal P translocation/uptake 

from that of P diffusion could be distinguished. The ‘P diffusion break’ could be made 

up of a thin layer of subsoil, such as andesitic volcanic tephra, with very high P sorption

characteristics through which AMF hyphae could grow to mobilize and transport P from 

the soil below the ‘P diffusion break’. Weathered tephra has reported to have a P 

fixation capacity of 80–97% (Ryden and Syers, 1975; Hanly et al., 2008) and been used 

to remove excess P from the wastewater and sewage prior to discharging to an aquatic 

system (Hanly et al., 2008; Liesch, 2010; Su et al., 2015).
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Thus, a layer of this tephra with high P affinity, applied between a P source and 

roots in conjunction with a root excluding mesh, is expected to provide a barrier for P 

diffusion in root study containers. Plants growing with such a barrier would be expected 

to show low P uptake unless AMF mycelia can grow through the layer of tephra, 

acquire P and transfer it via hyphae to the host plant root. Treatments that stimulate 

AMF mycelia growth may be expected to increase P uptake, whereas diffusion of P 

through the barrier will be unaffected. 

The objectives of this study were to (i) evaluate the experimental value of adding

a layer of tephra between two compartments of a root study container to provide a ‘P–

diffusion break’ (ii) to determine the required specific thickness of the tephra layer; and 

(iii) to test its effectiveness in halting P diffusion between two soils of contrasting P 

status.

5.2 Materials and Methods

5.2.1 Soil sampling and characterization

The tephra soil used for the ‘P–diffusion break’ was collected from a quarry in 

the Ruapehu district, New Zealand (39°21'39.81"S, 175°19'28.08"E) and characterized 

with a high P retention capacity (99%) (Table 5–1). Two top soils (0–10 cm depth) were 

collected from two sites 250 m apart in Mokoia, Taranaki, New Zealand. Both soils 

were classified as Egmont black loam (Hewitt and Dymond, 2013) sil–andic Andosols 

(IUSS Working Group, 2006) and characterized by having a high allophane content (>

7%, as estimated following the method of Mizota and Van Reeuwijk (1989)) derived 

from andesitic tephra. The two soils had strongly contrasting Olsen P levels, however 



      

92
 

 

Ta
bl

e 
5-

1
Se

le
ct

ed
 c

ha
ra

ct
er

is
tic

s o
f t

he
 st

ud
ie

d 
m

at
er

ia
ls

pH
B

ul
k 

de
ns

ity
W

at
er

 h
ol

di
ng

 c
ap

ac
ity

R
es

in
 P

O
ls

en
 P

To
ta

l P
P 

re
te

nt
io

n 
ca

pa
ci

ty
a

So
il

g 
cm

–3
%

 (w
/w

)
m

g 
kg

–1
m

g 
kg

–1
m

g 
kg

–1
%

Te
ph

ra
 so

il
6.

0
0.

79
65

3.
8

0.
5

64
9

99

LP
 so

il
6.

2
0.

74
71

34
4.

3
19

81
97

H
P 

so
il

6.
2

0.
78

65
16

4
33

.3
41

44
99

a



 
Chapter 5 Root study container

93 
 

the high Olsen P soil (33.3 mg kg–1, referred to as ‘HP’) was sampled in an area of 

grazed permanent ryegrass/clover pasture (39°37'11.30"S, 174°21'41.94"E), while the 

low Olsen P soil (4.3 mg kg, shorted as ‘LP’) was taken from an undisturbed area under 

rough pasture that had not received any fertilizer for the last 20 years (39°37'18.02"S, 

174°21'38.73"E). The detailed information on the two soils is provided in Chapter 6.

After removing roots and plant debris, fresh soil samples were sieved through a 

2–mm sieve and stored in a cold room (< 4°C) for further use. Most of the soil passed 

through the sieve, given the typical micro–aggregation of these soils. Subsamples were 

taken, air–dried and characterized for chemical and physical properties using standard 

methods. 

Soil pH (1:2.5, soil: water w/w) was determined using a glass electrode in a 

1:2.5 soil: deionized water suspension. The water holding capacity was measured using 

a pressure plate apparatus at –0.3 bar (Dane and Hopmans, 2002). Total P was 

determined using a Technicon Auto–Analyser after Kjeldahl digestion (McKenzie and 

Wallace, 1954). Olsen P was extracted by shaking 1 g of air–dried soil with 20 mL of 

0.5 M NaHCO3 solution (pH = 8.5) for exact 30 min (Olsen et al., 1954). Extracts were 

centrifuged at 25,155 × g for 15 min and filtrated through Whatman No. 42; then the pH 

was adjusted to ca 4 prior to determining P using the ammonium molybdate (blue) 

method (Murphy and Riley, 1962). Resin–P was determined using the procedure of 

Saggar et al. (1990). Phosphorus retention capacity (PRC) was determined by shaking 5 

g of air–dried soil with 25 mL of 1000 mg L–1 KH2PO4–P solution for 16 h (Saunders, 

1959b). Phosphorus concentration was determined following the vanadomolybdate 

(yellow) method (Kitson and Mellon, 1944) at 420 nm.
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5.2.2 Tephra soil P absorption experiment

Prior to assembling the root study container, the thickness (x mm) of the tephra 

layer as needed to provide a P diffusion barrier between two Andosols with contrasting 

P status (HP and LP soils) was determined. For this, a P absorption experiment was 

conducted so that the P–buffering capacity of the tephra was defined. This was required 

in order to calculate the effective diffusion coefficient of phosphate in the tephra.

Ca 2 g tephra was shaken overnight (16 h) with 10 mL of 0.01 M CaCl2 solution 

spiked with KH2PO4 (previously dried at 105 oC for 1 h) to give 11 different P 

concentrations (5, 10, 20, 40, 60, 80, 100, 200, 400, 800, 1000 mg L–1). The suspension 

was thereafter centrifuged at 25,155 × g for 15 min and filtered through Whatman No. 

42. Phosphorus was determined according to the ammonium molybdate (blue) method 

(Murphy and Riley 1962) at 712 nm after adjusting solutions pH to ca 4.

5.2.3 The concept of the root study container

The root study container consisted of 2 cylindrical containers to provide an

upper and a lower compartment. The top cylindrical compartment had an internal 

diameter of 82.5 mm and a 25 mm effective soil depth, whereas for the basal cylindrical 

compartment, these were 75 mm and 50 mm, respectively (Figure 5–1). A layer of 

nylon mesh (30 μm, openings) was arranged in–between the top and basal cylinders to 

prevent root penetration. Thus, in the section above the mesh both root and hyphae 

accessed the soil (root zone) but the section below the mesh was a root–free zone only 

penetrated by hypha (hyphal zone). The 7–mm thick layer of soil immediately below the 
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nylon mesh was referred to as rhizosphere soil (Zoysa et al., 1999). Below this 7–mm 

thickness rhizosphere soil, a layer of tephra soil was arranged between two soils of 

contrasting P status in order to perform as a “P–diffusion break”. The thickness of this 

layer was determined after investigating the P adsorption capacity of the tephra and 

described in the Result and Discussion section 5.3.

Figure 5–1 Schematic representation of the root study containers

5.2.4 Validation of the ‘P diffusion break’

5.2.4.1 Bioassay experiment setup

Lotus pedunculatus cv barsille was grown in root study containers packed with 

different combinations of soil P treatments in the upper and lower compartments 

(  and  ,  (   )) to test the success of ‘P diffusion break’ (packed at a 
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bulk density of 0.78) (Figure 5–1). Four replications for each treatment were established.

The root study container was then moistened with distilled water until the soils reached 

a volumetric water content of 70% of soil water holding capacity. The soil was pre–

incubated for 2 wk and then thirty seeds of Lotus pedunculatus cv barsille (inoculated 

with Rhizobium sp.) were sown per root study container. Since abundant indigenous 

propagules (e.g., spores and hyphae in the soils) AMF were identified (Figure 5–2), no 

external inoculum was introduced. Two wk after germination, the seedlings were 

thinned to five plants per pot.

Figure 5–2 Identification of abundant indigenous AMF spores in (a) HP and (b) LP soils 

before plant growth, (c) AMF colonized in plant root and (d) hyphae in tephra layer 

after plant growth.

dc

ba
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All pots were arranged in a completely–randomized design and kept in a 

glasshouse. Natural light was supplemented by four growth lights (F58W–GRO–LUX, 

1500 mm*26 mm) to provide 16 h of light per day. An N– and P–free nutrient solution

(Middleton and Toxopeus, 1973) was applied regularly to maintain plant growth. At 

harvest, visual inspection showed that Rhizobium sp. nodules had developed adequately 

and maintained adequate N supply to plants. This ensured that P was the principal 

element limiting plant growth. Water content was maintained at 70% of field water 

holding capacity throughout the trial period by weighing the pots daily and adding water 

to reach the corresponding weight. 

5.2.4.2 Plant harvests and final harvest 

Plants were harvested on four occasions when the height of most plants reached 

15 cm. For this, the aboveground biomass was cut down to 2–3 cm above the soil 

surface, then dried at 75°C to constant weight and weighed to determine the 

aboveground DM. Subsamples were ground using a ball mill and analysed for P 

concentration in shoots on a Technicon Auto–Analyser after Kjeldahl digestion 

(McKenzie and Wallace 1954). The P accumulated in the aboveground plant shoot was 

calculated by multiplying with the aboveground DM weight. The relative P uptake was 

expressed relative to the P accumulated in the shoot of plant growth in the treatment.

After 8 months, the root study containers were destructively separated. The 

rhizosphere soil (directly under the mesh) and the tephra layer were sliced (0.5 mm 

thickness) using a piston microtome (Trolove et al., 1996). All the slices were kept 

separately and stored in a chilled room (< 4 oC) for further analysis. Total P and P 
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fractionation in the pure tephra slices at different distances (0.5, 1.0, 1.5 mm) away 

from the rhizosphere compartment were determined as described below.

5.2.4.3 P fractionation in tephra

Phosphorus in the first slice of tephra under the rhizosphere compartment was 

divided into four different fractions following Hedley et al. (1994). The different soil P 

fractions corresponded to differences in chemical solubility:

1. Resin–P (fraction 1) – plant–readily available Pi extracted by shaking ca 0.5 g 

sample with 30 mL deionized water (suspension #1) containing an anion (HCO3
–

saturated) and a cation (Na+ saturated) exchange resin strips (6.25*2.5 cm; BDH 

Chemicals Ltd., England, Saggar et al, 1990) for 16 h and shaking the resin 

strips in 30 mL 0.5 M NaCl solution for 30 min to recover P;

2. NaOH–Pt including inorganic P associated with Fe and Al hydrous oxides and 

labile organic P. For this, 3.3 mL of 1 M NaOH were added to soil suspension 

#1 and re–shaken for 16 h (suspension #2). Thereafter, suspension #2 was 

centrifuged (Sorvall Centrifuge, with an S34 rotor) at 25,155 × g for 10 min and 

the supernatant #2 was filtered through a Whatman No. 41 filter paper. Then 

total NaOH extractable P (NaOH–Pt) was determined in a 10 mL aliquot of this 

supernatant #2 using an Auto–analyser after Kjeldahl digestion (McKenzie and 

Wallace 1954).

3. H2SO4–P (fraction 3

or apatite–like P, was extracted by shaking the soil residue from step (2) with 30 
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mL 0.5 M H2SO4 for 16 h. Thereafter, suspension #3 was centrifuged and 

filtered as described above for P measurement; 

4. Residual–P (fraction 4

using an auto analyser after Kjeldahl digestion of the soil residual from step (3) 

(McKenzie and Wallace 1954).

In order to avoid overestimating P, the residue from each step was shaken with 

30 ml deionized water for 30 min and centrifuged as described above and the 

supernatant was discarded before adding the next extraction solution. Phosphorus was 

determined according to the ammonium molybdate (blue) method (Murphy and Riley 

1962) at 712 nm after adjusting solutions pH to ca 4 unless otherwise mentioned.

5.2.5 Statistical analysis

Unless otherwise stated, results are expressed as means of four replicates with 

their standard errors. One–way ANOVA with a Tukey post–hoc test was used to 

evaluate statistical differences (p = 0.05) in total P in tephra slices by SPSS software 

(IBM SPSS Statistics 20). The equilibrium H2PO4
– concentration and H2PO4

– sorbed in 

tephra were fitted in the Langmuir adsorption – isotherm in RStudio (RStudio Team 

2015) using the nls package.
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5.2 Result and discussion

5.3.1 Langmuir adsorption – isotherm of tephra soil

The amount of P removed by the tephra from the solution (mg P kg–1 tephra) 

was calculated from the decrease of P concentration in the solution (mg P L–1). Data of 

P sorbed was plotted against the equilibrium P concentrations in solution (Figure 5–3) 

and were well fitted (R = 0.99) by the Langmuir adsorption - isotherm equation [5–1]. =  ×× [5–1]

The resultant fitting equation was=  .  ×.  × [5–2]

where,

C is the equilibrium P concentration (mg L–1);

q is the mass of P per mass unit of tephra at equilibrium (mg kg–1);

Q is maximum P–adsorption capacity – the maximum mass adsorbed at 

saturation conditions per mass unit of tephra (5337 mg kg–1);

b is the P–binding energy constant – the empirical constant with the unit being 

the inverse of concentration (0.9465 L mg–1).
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Figure 5–3 Relationship between equilibrium H2PO4
– concentration and H2PO4

– sorbed 

on tephra.

5.3.2 P-diffusion break’ thickness calculation

The sufficient thickness (x mm) of the tephra layer to prevent P diffusing from 

the HP soil to the LP soil within the studied period (ca 1 year) was estimated using the 

following equations:D =  D × × × [5–3]

d = 2 × D ×  t [5–4]

where,

De is the effective diffusion coefficient of P in the soil (m2 s–1);

D1 is the diffusion coefficient of H2PO4
– in water;

3 m–3);
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f is the impedance factor which takes into account the tortuous pathway of ions 

and other solutes through water–filled soil pores, increasing the path length;

is the reciprocal of the soil buffer power for the H2PO4
– concerned;

Cl is the concentration of H2PO4
– in the soil solution;

Cs is the sum of H2PO4
– in the soil solution and that desorbable from the solid 

phase.

All parameters as used to calculate the thickness of the tephra layer are presented 

in Table 5–2. Briefly, D1 was reported by Marschner and Rengel (2012).

calculated based on the fact that the water content was hold at 70% water holding 

capacity throughout the experiment. The initial Cl – the concentration of H2PO4
– in the 

soil solution– at the soil–tephra boundary was estimated based on the relationship 

between soil P release (determined by CaCl2 extraction in a 5:1 solution to soil ratio for 

30 min) and the Olsen P values established by McDowell et al. (2001), that the 

corresponding soil P release (Cl) of an Olsen P value of 33.3 mg kg–1 (in HP soil) was 

0.15 mg L–1. The Cs value was calculated by inputting Cl into the equation [5–2] 

resulting is a value of 664 mg kg–1 (Table 5–2). A tephra thickness of 2.39 mm was 

obtained by entering the parameters in Table 5–2 to the equations [5–3] and [5–4]. 

Therefore, the results indicate that a 2.39 mm layer of tephra separating the HP and LP 

soil should be enough to prevent P diffusion between the layers for a time period of at 

least 1 year.
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Table 5-2 Parameters for calculating the thickness of the tephra P diffusion break

Parameters Unit Formula Values

0.46

f 0.68

Cl mg L–1 0.15

Cs mg L–1 C =  5337 ×  0.9465 ×  C1 + 0.9465 × C 664

b b = dCdC 4423

1/b
1b =  dCdC 2.26E–04

T sec 2.07E+07

D1 m
2

s–1 9.00E–10

De m
2

s–1 D × × × 1.38E–13

d m d = 2 × D ×  t 2.39E–03

d mm 2.39
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5.3.3 Validation of the ‘P-diffusion break’

After 8 months of plant growth, total P concentration in the tephra slices 

sampled ranged from 682 to 716 mg kg–1 (Figure 5–4). The values were marginally 

higher than that of tephra at time 0 before plant growth (649 g kg–1, Table 5–1). Total P 

in pure tephra slices of the treatment were generally higher the corresponding values 

in the treatment, but differences were not significant (P > 0.05). Furthermore, 

differences in total P concentrations with increasing depth away from the rhizosphere

compartment were not significant (P > 0.05). Phosphorus concentrations in the 0.5, 1 

and 1.5 mm slices bore no relationship to the proximity of the HP soil indicating that P 

diffusion from HP to LP soil did not impact on the P concentration in the tephra layer 

close to the rhizosphere.

In addition, when looking at the P fractionation in the first pure 0.5 mm thick 

tephra slice adjacent to under the rhizosphere (Table 5–3) there were no significant (P >

0.05) differences between treatment and in any of the P fractions studied (Resin–P, 

NaOH–P, H2SO4–P, and Residual–P). Resin–P values (the most readily P form for plant 

to uptake) of these treatments were < 5 mg kg–1 and there were no significant (P > 0.05) 

differences between the two treatments. The tephra resin–P concentrations ranged from 

3 to 5 mg P kg–1 soil, whereas the LP and HP soils had resin P values of 34 and 164 mg 

P kg–1 (Table 5–1), respectively. It was also noted that there was a slight increase in 

H2SO4–P and Residual–P in the tephra of the treatment compared with that of the 

treatment, this being 94 vs 73 mg P kg–1, and 170 vs 166 mg P kg–1, respectively, which 

indicates a possible movement of P from the HP soil upwards, but a subsequent 
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conversion into recalcitrant P forms. In contrast to the tephra, the NaOH, H2SO4–P and 

Residual–P pools in the LP and HP soils were 1255, 219, and 473 and 2687, 652, and 

641 mg P kg–1, respectively. The overall increase in the different P fractions of the 

whole tephra layer (3 mm) represented < 0.7% and 2.1% of the resin P fraction and 

NaOH P fraction of a 4–mm HP soil depth, respectively. Thus, it is highly unlikely that 

P diffusion from the HP soil to the LP soil was observed.

Figure 5–4 Total P content in the pure tephra slices of different depth (0.5, 1.0, 1.5 mm) 

away from rhizosphere.
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Table 5-3 The P fractionation (mg kg–1) in the first pure 0.5 mm thick tephra slice 

adjacent to under the rhizosphere.

Treatments LPLP LPHP
Resin–P 3.7 ± 0.8 4.5 ± 0.2

NaOH–Pt 467 ± 19 471 ± 18

H2SO4–P 73 ± 12 94 ± 6

Residual–P 166 ± 5 170 ± 3

Total P 710 739

*Different letters indicate significant differences (P < 0.05, n = 4) as determined by 

one–way ANOVA
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AMF hyphae were detected in the tephra layer (Figure 5–2d). Phosphorus uptake 

by plant shoot in the treatment was doubled of that in the treatment (Figures 5–5a, 

b), resulting in a significant (P < 0.05) 56% increase in shoot DM accumulation (Figure 

5–5c). Given that (i) upward P diffusion from HP soil in the hyphal zone soil was 

unlikely and (ii) the inability of roots to take up P from the HP soil (as a mesh impeded 

their penetration), the increase in P uptake can only be ascribed to P transferred from the 

HP soil in the hyphal compartment to the LP soil in the root compartment (Rhizophere 

zone) by AMF hyphae growing through the tephra layer. This allows assess the extent to 

which P taken up by AMF hyphae from a soil of high P fertility contribute to the total P 

uptake by the host plant growing in a P deficient soil. This experimental design can then 

also be applied to study the influence of soil amendments prone to change P availability 

(e.g. fertilizers, lime, biochar) on P transfer by AMF hyphae 

 

Figure 5–5 Effect of the presence of the HP soil (to which only hyphae had access) 

below the root zone of LP soil on the plant growth (shoot dry mass) (a), the P uptake (b) 

and the relative P uptake was expressed relative to the P uptake of plants grown in the 

treatment (c).
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5.4 Conclusion 

We determined that a 3 mm thickness tephra layer was sufficient to break the P 

diffusion between the HP soil and the LP soil within the study period. Indeed, there was 

no diffusion between two investigated soils during the 8–month experiment. Thus, any 

increase in P uptake by plant growth in the treatment compared with that in the

treatment can be only attributed to acquisition of P by AMF hyphae from the HP soil 

present in the lower compartment. We propose that by including a layer of tephra soil in 

root study containers will allow to evaluate the contribution of AMF hyphae in P uptake 

by the host plant and distinguish from that originated from P diffusion and root P uptake. 

This can be used to study the influence of soil amendments intended to change P 

solubility (e.g. fertilizers, lime, biochar) on P transfer by AMF hyphae.
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Chapter 6

CAN BIOCHAR INCREASE THE 

BIOAVAILABILITY OF PHOSPHORUS?

This chapter is reporting an experiment been conducted to test whether the 

biochars can be used to increase the availability of P to plant in sil–Andosols and the 

main achievements. The biochar investigated here were made from willow woodchips 

and pine woodchips, which in turn have contrasting characteristics (e.g., porosity, 

liming potential, and fertilizer values). The biochars were selected based on the 

hypothesis that the increase in soil pH and the stimulation of biochar as well as the self–

contained P will increase P uptake and yield of plant growing in such Andosols 

amended with these very biochars.

A paper from this study will be submitted for publication: Qinhua Shen, Mike J. 

Hedley, Marta Camps–Arbestain, Miko U.F. Kirschbaum. Can biochar increase the 

bioavailability of phosphorus? (2016). Journal of Soil Science and Plant Nutrition 

(Accepted)
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Abstract

A large proportion of phosphate (P) fertilizer applied to Andosols reacts with 

reactive aluminium (Al) and iron (Fe) to become unavailable for plant uptake. We 

investigated whether biochar could enhance plant growth by (i) mobilizing soil P 

through changing soil pH or facilitating the growth of arbuscular mycorrhizal fungi 

(AMF), and/or (ii) introducing additional P.

We grew Lotus pedunculatus cv barsille in two Andosols of contrasting P status 

amended with three biochars (with distinct porosity, nutrient and liming properties) at 

an application rate of 10 t ha–1 for 32 wk. The growth medium was divided into a root

and a hyphal zone through a nylon mesh and a tephra layer that allowed the P in the 

hyphal zone to be transferred only by AMF hyphae.

The addition of a relative nutrient–rich biochar (e.g. made from willow woodchips) 

with liming properties to the root zone of a P–deficient soil increased plant growth by 

59% and P uptake by 73% while pine–based biochar provided no extra nutrients and no 

growth stimulation. None of the tested biochars conferred advantages in the root zone of 

a high–P soil. However, biochar produced from pine woodchips at 450 oC enhanced P 

uptake by AMFs from the hyphal zone of a high–P soils by 76% and increased plant 

growth by 40%.

We concluded that the benefits from biochar addition to nutrient uptake and plant 

growth are biochar– and soil– specific. Thus, biochars need to be tailored for certain 

soils by optimizing feedstock and pyrolysis conditions before application.
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Keywords

Arbuscular mycorrhizal fungi, Andosols, Biochar, Lotus, Phosphorus bioavailability, 

Rhizosphere

6.1 Introduction 

Andosols are generally formed from volcanic parent materials at early stages of 

weathering, although they have also been identified in young soils developed from basic 

and meta–basic rocks under humid and per–humid climates (Garcia–Rodeja et al., 1987; 

IUSS Working Group, 2006). These soils are characterized by having high organic 

matter content, low bulk density, good aeration, and adequate moisture retention 

(Dahlgren et al., 2004; Lowe and Palmer, 2005). Even though these distinctive 

properties make them suitable for agricultural use (Nanzyo, 2002), the considerable 

presence of reactive Al (and to a lesser extent Fe) surfaces (e.g., allophane, imogolite, 

organo–Al complexes, ferrihydrite) generates a high affinity for P, which commonly 

leads to low agronomic P use efficiency (Saunders, 1959a, b, 1965; Parfitt, 1989; 

Nanzyo, 2002).

of P fixation in Andosols (Parfitt, 1989). The former occurs mainly through ligand–

exchange reactions of P–OH groups with exposed –OH/OH2 groups in Fe and Al oxy–

hydroxides (Parfitt, 1978; Goldberg and Sposito, 1985) and surface–bound silicates and 

bisulphates (Munns and Fox, 1976; Beck et al., 1999). Over time, after this initial 

adsorption, local solutes may become concentrated causing precipitation of Al 
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phosphate to occur (Munns and Fox, 1976; Imai et al., 1981). These reactions depend 

on soil pH and P saturation on surface binding sites (Goldberg and Sposito, 1985).

In sil–andic Andosols – those with reactive Al being predominantly inorganic Al 

constituents (i.e. allophane) rather than organo– –

available P is locked up with allophane (Parfitt, 1989; Parfitt et al., 1989). This has led 

to an accumulation of up to almost 4 t P ha–1 in intensively farmed sil–andic Andosols 

top–soils in New Zealand (Perrott and Sarathchandra, 1987; Perrott et al., 1989).

Moreover, many sil–andic Andosols in New Zealand have been under (mainly legume–

based) permanent pasture for a long time, which has led to soil acidification ((Bolan et 

al., 1991; Bolan and Hedley, 2003) and references therein), which is likely to cause a 

further increase in reactive Al surfaces and thus P sorption (Bolan et al., 1999).

Consequently, a relatively high input of P fertilizer is essential for maintaining 

pasture production in these soils. We used the nutrient budget model OVERSEER(R)

version 6.1.2 to estimate fertilizer requirements for a typical dairy farm of sil–andic 

Andosols with a stocking rate of 2.8 cows ha–1 and a milk solids production of 980 kg 

ha–1 in the Taranaki region (New Zealand) (LIC, 2013–14). We found that the farm 

required P fertilization rates of up to 59 kg P ha–1 year–1 to maintain a soil Olsen P value 

of 35 mg kg–1 and sustain ongoing milk production at the set rate. Given that ongoing 

agricultural demand and diminishing mineable resources are expected to lead to a 

shortage of P (Cordell et al., 2009), it is necessary to consider management practices 

that can make the large pool of unavailable P in Andosols more available.

Biochar technology has been proposed as a carbon (C) sequestration strategy to 

contribute to the mitigation of greenhouse gas emissions (Lehmann et al., 2006; Macías 

and Camps–Arbestain, 2010). Additionally, purpose–made biochars hold promises in 
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improving soil physical properties (Herath et al., 2013; Quin et al., 2014), reducing soil 

fertility constraints (Mia et al., 2014) and stimulating soil biological processes 

(Anderson et al., 2011; Quilliam et al., 2013), and thereby enhance crop performance 

(Smider and Singh, 2014; Tammeorg et al., 2014). Several studies have been 

undertaken to understand how P availability to plants can be directly or indirectly 

influenced by biochar addition and these are described below.

Certain biochars have liming properties and are thus likely to modify the soil pH, 

the extent of this effect being dependent on the pH–buffering capacity of both biochar 

and the soil (Anderson et al., 2011; Yuan et al., 2011a; Xu et al., 2012). An increase in 

pH can reduce P adsorption and precipitation on reactive Al surfaces and also help 

overcome Al toxicity in acid soils (Haynes, 1982; Uchida and Hue, 2000; Curtin and 

Syers, 2001; Alleoni et al., 2010). This, together with potential soil physical 

improvements following biochar incorporation, may provide plant roots with a better 

environment to grow and take up nutrients (Prendergast–Miller et al., 2014; Ventura et

al., 2014). The effect of biochar on P availability will also be influenced by the available 

P content of biochar (Slavich et al., 2013a; Wang et al., 2013a, b).

Furthermore, the addition of biochar may stimulate the activity of AMF

(Warnock et al., 2007) by facilitating their abundance and functionality with the 

provision of a suitable environment through modifications of (i) soil pH (Solaiman et al., 

2010a); (ii) soil micro–porosity (Nzanza et al., 2012; Hammer et al., 2014); (iii) mineral

nutrient availability (Hammer et al., 2014), and/or (iv) root – fungi signalling path [as 

suggested by Warnock et al. (2007) and Vanek and Lehmann (2014)]. Nonetheless, the 

magnitude of these effects will also depend on (i) biochar characteristics; (ii) biochar 

placement (e.g., distance from plant root); (iii) soil type and (iv) soil P status (i.e., in a 
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case study where biochar raised the soluble P supply in the soil, there was lower root 

AMF colonization than in non–amended soils (Vanek and Lehmann, 2014)).

Although Vanek and Lehmann (2014) indicated that biochar enhanced the 

access of AMF to sparingly–soluble P in the rhizosphere, neither their study nor 

previous ones (to our knowledge), attempted to distinguish between the effects of 

biochar on the contribution of the roots and the AMF mycelium to P uptake. Hence, the 

specific objectives of this study were to (i) investigate the effect of different biochars 

(all derived from wood, but with different nutrient contents, porosity, and liming 

properties) on soil P bioavailability when added to two root zone soils of contrasting P 

status; and (ii) examine whether the effect of biochar on AMF growth, if any, was 

dependent on its placement (e.g., in a P–rich soil patch within a low P soil). We 

hypothesize that: (i) a soil of high P status, either inherent of the soil or resulting from 

biochar addition, would discourage AMF mycelium branching; (ii) in a soil with low P 

availability, AMP hyphal growth would be stimulated to explore the soil at a further 

distance from the plant root in order to increase P supply; (iii) plant roots would play a 

more prominent role in P uptake over that of AMF hyphae when sufficient P was 

available in the system.

6.2 Materials and Methods 

6.2.1 Soil sampling and characterization

Two top soils (0–10 cm depth) were collected from two sites 250 m apart in 

Mokoia, Taranaki, New Zealand. Both soils were classified as Egmont black loam 
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(Landcare Research Centre, 2013) –andic Andosols (IUSS Working Group 2006)

and characterized by having a high allophane content (> 7%, as estimated following 

Mizota and Van Reeuwijk (1989)) derived from andesitic tephra. The two soils had

strongly contrasting Olsen P levels, however: the high Olsen P soil (33.3 mg kg–1,

referred to as ‘HP’) was sampled in an area of grazed permanent ryegrass / clover 

pasture (39°37'11.30"S, 174°21'41.94"E), while the low Olsen P soil (4.3 mg kg–1,

referred to as ‘LP’) was taken from an undisturbed area under rough pasture that had not 

received any fertilizer for the last 20 years (39°37'18.02"S, 174°21'38.73"E). After 

removing roots and plant debris, fresh soil samples were sieved through a 2–mm sieve 

and stored in a cold room (< 4°C) for further use. Most of the soil passed through the 

sieve, given the typical micro–aggregation of these soils. Subsamples were taken, air–

dried and characterized for chemical and physical properties (Table 6–1) using standard 

methods. 
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Table 6-1 Selected properties of the two Andosols a

Properties Units LP soil HP soil

Bulk density g cm–1 0.74 0.78

pH1:2.5 6.2 6.2

pH NaF 10.4 11.1

CEC b cmol(+) kg–1 13.5 13.9

P retention capacity % 97 99

Olsen P mg kg–1 4.3 33.3

Resin–P mg kg–1 34 164

Total P mg kg–1 1981 4144

Total C % 8.0 10.6

Alpy
c % 0.56 0.82

Alox
d % 2.50 3.16

Alox+1/2Feox % 3.02 3.72

Alpy/Alox 0.23 0.26

Allophane content % 7.5 9.3

Exchangeable Al cmol kg–1 0.03 0.09

aAll concentrations are expressed on an oven dry weight basis
b Cation exchangeable capacity
c Subscript py referred to sodium pyrophosphate–extractable 
d Subscript ox referred to acid (pH=3) ammonium oxalate–extractable
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The soil pH1:2.5 was determined using a glass electrode in a 1:2.5 soil: water 

suspension. The pHNaF at t = 2 min was measured in a 1:50 soil: saturated NaF 

suspension, a pHNaF > 9.5 indicates the presence of reactive Al (allophane and/or 

organo–Al complexes) (Fieldes and Perrott, 1966). The CEC was determined by 1 M 

ammonium acetate (pH=7) (Rayment and Lyons, 2011). Aluminium (Al), Fe and Si 

from short–range order materials were extracted by acid ammonium oxalate (pH=3)

(Alox, Feox and Siox); Al and Fe from organic complexes were extracted by sodium 

pyrophosphate (Alpy and Fepy), although this reagent can also extract relatively small 

amounts from short–range order inorganic constituents, and exchangeable Al was 

extracted by 1 M KCl solution (Alex) following the procedure outlined by –

Rodeja et al. (2004; 2007). The concentrations of Al, Fe and Si in all extractants were 

determined by Atomic Absorption Spectroscopy (AAS, GBC 904 Avanta Ver 1.33, 

Australia).

Total P was determined using a Technicon Auto–Analyser after Kjeldahl 

digestion (McKenzie and Wallace, 1954). Olsen P was extracted by shaking 1 g of air–

dried soil with 20 mL of 0.5 M NaHCO3 solution (pH = 8.5) for exact 30 min (Olsen et 

al., 1954). The suspension was then centrifuged at 25,155 × g for 10 min and filtrated 

through Whatman No. 42. The Resin–P was extracted by shaking ca 0.5 g sample with 

30 mL deionized water containing an anion (HCO3
– saturated) and a cation (Na+

saturated) exchange resin strips (6.25*2.5 cm; BDH Chemicals Ltd., England, Saggar et 

al., 1990) for 16 h and shaking the resin strips in 0.5 M NaCl solution for 30 min to 

recover P (Hedley et al., 1994). The P in NaHCO3 and NaCl solutions were then 

determined according to the ammonium molybdate (blue) method (Murphy and Riley, 

1962). Phosphorous retention capacity was determined by shaking 5 g of air–dried soil 
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with 25 mL of 1000 mg L–1 P solution with respect of KH2PO4 (pre–dry at 105 oC for 

1.5 h) for 16 h (Saunders, 1965). The P in the solutions after centrifugation and 

filtration as described above were then determined according to the vanadomolybdate 

(yellow) method (Kitson and Mellon, 1944).

6.2.2 Biochar production and characterization

Two types of feedstock were used for biochar production: (a) chipped pine 

(Pinus radiata D. Don) branches and (b) chipped weeping willow (Salix matsudana L.) 

branches. Pine wood chips were pyrolysed at 450°C or 550°C and willow wood chips 

only at 550°C in a 27–L gas–fired rotating drum kiln with an average heating rate of 

10°C min–1. The resultant solid pyrolytic products were referred to as BP450, BP550 

and BW550, respectively. Biochars were ground to pass through a 2–mm sieve before 

mixing with soil for the bioassay trial. Subsamples were further ground to a particle size 

less than 0.3 mm using a ring mill for characterization (Table 6–2).
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Table 6-2 Selected properties of biochars a

Biochar Units BP450 BP550 BW550

pH 1:20 7.5 8.9 9.4

ECb –1 212 283 1165

Liming equivalence % CaCO3–eq c c 18.2

Ash % 1.1 1.6 10.8

Total N g kg–1 3.5 4.8 17.8

Available N d mg kg–1 56.5 41.3 383.5

Total P mg kg–1 443 490 4234

Available P e mg kg–1 92 97 1588

Available K f g kg–1 3.59 4.60 12.84

Available Mg g g kg–1 0.38 0.21 2.95

Available S h mg kg–1 69 59 2606

Resin – P mg kg–1 69 61 268
a All concentrations are expressed on an oven dry weight basis
b Electrical conductivity
c < Detection limit
d 6 M HCl hydrolysable N
e 2% formic acid extractable P
f, g, h 1 N HCl–extractable K, Mg, S
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The pH and EC were measured following a modification of the method of 

Rajkovich et al. (2012) in a suspension of biochar in deionized water (ratio of 1:20; w/w) 

recommended by IBI (2012). Calcium carbonate equivalence (liming equivalence, % 

CaCO3–eq) was determined according to IBI standards modified from the method 

proposed by Rayment and Higinson (1992). For this, 10 mL of 1 M HCl solution 

(standardized) to 0.5 g of biochar. The suspension was then shaken on an end–to–end 

shaker for 2 h and stood overnight. The excess HCl was then titrated against 1 M NaOH 

solution (standardized) under vigorous stirring using an autotitrator (TIM 865 Titration 

Manager, Radiometer Analytical). 

Available P (2% formic acid extractable P) was measured according to the 

method proposed by Wang et al. (2012b, a), and available N (6 M HCl hydrolysable N) 

was measured following the protocol described in section 3.2.3, respectively. Available 

K, S and Mg were determined after filtering 1 M HCl extraction (following the method 

used for the liming equivalence determination) with Whatman No 42 filter paper. Total 

C, H, N and S contents were determined using a TruSpec CHNS analyser (LECO Corp. 

St. Joseph, MI). Total P was determined using a Technicon Auto-Analyser after 

Kjeldahl digestion (McKenzie and Wallace 1954). The ash content was determined by 

thermal analysis using a TG analyser (SDT Q600, TA Instruments, Melbourne, 

Australia). 

6.2.3 Bioassay experiment setup

A root study container devised by Hedley et al. (1994) that further modified in 

Chapter 5 (Figure 5–1) by adding a thin layer of high P sorbing tephra layer below the 
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root exclusion mesh to provide a ‘P–diffusion break’. Once P diffusion to roots was 

halted, P supply to plant roots from the soil in the lower compartment to which plant 

root cannot penetrate could only be mediated by fine hyphal growth. This allows to 

evaluate the contribution of AMF hyphae in P uptake by the host plant and distinguish 

from that originated from P diffusion and root P uptake and to study the influence of 

soil amendments intended to change P solubility (e.g. fertilizers, lime, biochar) on P 

transfer by AMF hyphae. 

The root study containers were packed with soils and biochar mixture 

according to the experimental design: , , , ,  ,  ,  
(   ; L = LP soil, H = HP soil, B = with biochar and O = without biochar) 

(Figure 6–1). Biochar was added into the soils at an application rate of 4.5% (w/w, 

which was equivalent to a field deep–banded rate of 10 t ha–1, assuming a fertilizer band 

of 25 cm within a row of 80 cm). Four replications for each treatment were established 

and pre–incubated at a soil volumetric water content of 70% of field water holding 

capacity for 2 wk (time 0).

Figure 6–1 Experimental treatments design ( LP soil, HP soil, LP soil with 

biochar, HP soil with biochar)

LOLO           LBLO            HOLO            HBLO          LO HO          LB HO           LB HB 
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6.2.4 Plant growth and harvesting

Thirty seeds of Lotus pedunculatus cv barsille (inoculated with Rhizobium) were 

sown per root study container after 2 wk of pre–incubation. Since abundant indigenous 

AMF were identified (Figure 5–2 in Chapter 5), no external inoculum was introduced. 

Two wk after germination, the seedlings were thinned to five plants per pot. All pots 

were arranged in a completely–randomized design and kept in a glasshouse. Natural 

light was supplemented by four growth lights (F58W–GRO–LUX, 1500 mm*26 mm) to 

provide 16 h of light per day. An N– and P–free nutrient solution (Middleton and 

Toxopeus, 1973) was applied regularly to maintain plant growth. Visual inspection 

showed that Rhizobium nodules had developed adequately and maintained adequate N 

supply to plants. This ensured that P was the principal element limiting plant growth. 

Water content was maintained at 70% of field water holding capacity throughout the 

trial period by weighing the pots daily and adding water to reach the corresponding 

weight.

Plants were harvested on four occasions when the height of most plants reached 

15 cm. For this, the aboveground biomass was cut down to 2–3 cm above the soil 

surface, then dried at 75°C to constant weight and weighed to determine the 

aboveground DM. Subsamples were ground using a ball mill and analysed for P 

concentration in shoots on a Technicon Auto–Analyser after Kjeldahl digestion 

(McKenzie and Wallace 1954).

After 32 wk, a final harvest was carried out and the root study containers were 

destructively separated. The rhizosphere soil (directly under the mesh) was sliced using 

a piston microtome starting at a 0.5 mm thickness to sample pure tephra from the 3 mm 
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tephra layer for AMF hyphae length measurement and P analysis to test the success of 

using tephra as a P diffusion barrier. Another set of six slices of the hyphal zone soil 

were taken each at 1 mm thickness. All slices were kept separately and stored in a 

chilled room (< 4oC) for further analysis. The root zone soil was carefully removed 

from the upper compartment and sliced into eight wedges; four of those were randomly 

selected, then crushed and passed thought a 2–mm sieve. Big roots remaining in the 

sieves were separated and the soil was air–dried for further analysis.

6.2.5 Measurement of hyphal length

Hyphae present in the hyphal zone soil (a 1 mm thick soil right below the tephra) 

were extracted, stained and measured using a photomicrography - image processing 

using the ImageJ software (1.47 bundled with 64-bit Java, http://imagej.nih.gov/ij/)

following the method described and tested by Shen et al. (2016).

 

6.2.6 Statistical analysis

Unless otherwise stated, results are expressed as means of four replicates with 

their standard errors. One–way ANOVA with a Tukey post–hoc test was used to 

evaluate statistical differences (P = 0.05) in plant dry matter (DM) and P uptake 

between treatments by SPSS software (IBM SPSS Statistics 20). Linear regression 

models were used to test for correlation among plant yield and soil pH responses.
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6.3 Results

6.3.1 Biochar characteristics

The chemical characterization of the investigated biochars showed that, under 

the conditions studied, the types of feedstock had a greater effect on their properties 

than pyrolysis temperature (Table 6–2). The ash content of the willow woodchip–

derived biochar (BW550) was more than six times as high as that of the two pine–

derived biochars (> 10 vs < 2%). This, along with its composition, played an important 

role in several properties of biochar. The BW550 biochar had values of pH, EC and 

liming equivalence of 9.4, 1165 cm–1 and 18.2% CaCO3–eq, respectively. The 

corresponding pH and EC values for the BP450 and BP550 biochars were < 9 and < 300 

μS cm–1, respectively, with no detectable CaCO3–eq in either of them. Total P and 

available P in BW550 biochar was > 8 and > 17 times higher than the corresponding 

values in BP450 and BP550 biochar. The available K, Mg and S in BW550 biochar 

were > 3, > 8 and > 38 times higher than the corresponding values in the biochar 

derived from pine woodchips. 

6.3.2 P status and biochar effects in the root zone

The inferior growth of plants in the LP soil compared with the HP soil (3.4 vs

9.5 g pot–1 of shoot DM, respectively, Figure 6–2A) along with correspondingly lower P 

uptake by plant shoots (2.0 vs 9.0 g pot–1, respectively, Figure 6–2B) and lower P 

concentration in shoots (0.06% vs 0.1%, data not shown), confirmed the P limitation of 
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the LP soil and its poor ability to provide root zone–derived P. The addition of the 

BW550 biochar to the LP soil (treatment ) partly alleviated this deficiency with a 

significant (P < 0.01) increase of 2.0 g pot–1 (by 58%) in plant growth compared with

the root zone of LP soil treatments without biochar amendments (Figure 6–2A), but 

plant growth could still be increased by a further 4.1 g pot–1 when the HP soil was 

present in the root zone ( ). 

The increment in DM yield of plants grown in the root zone of the LP soil 

amended with BW550 biochar ( ) compared with its corresponding control 

amendment ( ) resulted from a significant (P < 0.05) increase (72.6%) in P uptake 

(Figure 6–2B). The addition of the same biochar to the root zone of the HP soil ( ) had 

no significant (P > 0.05) effect on either plant growth or P uptake (Figure 6–2). When 

pine–derived biochars (BP450 and BP550) were added to the root zone of either the LP 

soil or the HP soil, neither of them had a significant effect on either plant yield or P 

uptake (Figure 6–2).
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Figure 6–2 Effect of the P status in the root zone soil and biochar on plant growth (shoot 

DM) (A) and P uptake (B). The data present was the sum of four harvests. The error 

bars denote 1 SE. Different letters indicate significant differences (P < 0.05, n = 4) as 

determined by one–way ANOVA

6.3.3 P status and biochar effects in the hyphal zone

Phosphorus (total P and P fractionation) measurements in pure tephra slices 

showed that P could not have diffused from the HP soil in the hyphal zone to the root 

zone (see Chapter 5). Given that the root also cannot penetrate to the hyphal zone to take 

up P, P uptake by plant from the hyphal zone was only possible through direct uptake by 
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AMF hyphae. The growth analysis confirmed that plants grew significantly (P < 0.05) 

faster when their hyphae could access P from the HP soil in their hyphal zone. Plants P 

uptake was increased by 94% and resulted in a 56% increase in above–ground DM 

when plants were growing in the treatment compared with in the treatment 

(Figure 6–3).

The addition of biochar BW550 to the root zone of the combination (resulting 

in treatment) caused an increase in plant shoot DM, but this effect was not 

significant (P > 0.05) (Figure 6–3). When the biochar was also added to the hyphal zone

soil (treatment ), the pots amended with BP450 had a significant (P < 0.05) increase 

in shoot DM yield and P uptake (by 40 and 76%, respectively) compared with the 

treatment with biochar only added to the root zone of LP soil (treatment ). Growth 

and P uptake was also increased in pots with the hyphal zones amended with other 

biochars, although effects were not significant (P > 0.05). 

In general, P uptake by plants was more sensitive to the types and the 

placements (to either root zone or hyphal zone soil) of biochar than biomass growth. P 

uptake differed almost five–fold between plants grown with low–P and high–P soils in 

their root zones, whereas growth differed less than three–fold. P uptake and plant 

growth could be increased by about 50% when BW550 was added to the root zone,

presumably as an alternative means of supplying the required P directly to roots. 

Alternatively, a similar enhancement of P uptake and growth was possible through 

hyphal P uptake when hyphae could grow in the hyphal zone of a high–P, and that 

benefit could be even further enhanced when biochar was added to high–P soils within 

the hyphal zone, with similar benefits for the three different biochar types. In contrast, 
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there was little effect when any of the biochars was added to high–P root zones (Figure

6–4)

Figure 6–3 Effect of the presence of the HP soil (to which only hyphae had access) 

(A) and P uptake (B). The data present was the sum of four harvests. The error bars 

denote 1 SE. Different letters indicate significant differences (P < 0.05, n = 4) as 

determined by one–way ANOVA
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Figure 6–4 The relative plant shoot DM (A) and P uptake (B) were expressed relative to 

the shoot DM and P uptake of plants grown in the treatment without any 

amendments.

6.3.4 Effects of biochar on P bioavailability and pH of the root 

zone soil

The presence of BW550 biochar significantly (P < 0.01) increased the Resin–P

in both the HP and the LP soils at time 0 (after 2 wk pre–incubation but before sowing) 

(Figure 6–5A). BW550 biochar had a higher available P than the BP450 and BP550 
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biochars (Table 6–2), and thus made a greater contribution to available P in both the HP 

and the LP soil (Figure 6–5A). Conversely, neither BP450 nor BP550 had discernible 

effects on plant available P fraction in the LP soil, as expected, but resulted in a 

significant (P < 0.05) reduction when applied to the HP soil. It is likely that this was 

simply due to the dilution of available phosphorus when pine biochars with very low P 

concentrations (59 and 69 vs 164 mg kg–1).

Figure 6–5 Effect of biochar on Resin – P (A) and pH (B) of root zone soil after plant 

growth

After 8 months of plant growth, the Resin–P in the root zone (Figure 6–5A) 

decreased significantly (P < 0.05) in all treatments over the period of plant growth, 

except for the LP soil amended with BW550. Generally, this decrease was greater in 
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the HP soil than in LP soil (> 80 vs > 10 mg kg–1, respectively) due to greater plant P 

uptake in the former. However, the Resin–P in soils amended with BW550 biochar was 

still significantly (P < 0.05) higher (in general ca 10 mg kg–1) than those of the non–

amended and pine biochar–amended counterparts (Figure 6–5A). 

Over the course of the experiment, soil pH in the root zone of non–amended pots 

also decreased by 0.3 – 0.5 units in the LP soil and 0.6 units in HP soil, respectively 

(Figure 6–5B). A same pH changed pattern was obtained when pine wood biochars 

were added to these soils, but the soil amended with BW550 biochar when compared 

with the soil without any amendments showed a less pH decrease. However, when 

compared with the soil amended with BW550 at time 0, the decrease pH was actually 

more pronounced (0.6 – 0.8). Overall, the decrease of soil pH in the root zone was

correlated (R2 = 0.68) with the above–ground biomass growth (Figure 6–6). 

Figure 6–6 The correlation between the plant growth and the decrease of soil pH
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6.3.5 Effects of soil type and biochar type on AMF abundance 

in the hyphal zone

In the non–biochar treatments, hyphal length in the hyphal zone significantly (P

< 0.05) increased with decreasing available P in the soil and plant shoot DM, confirmed 

with the order that treatment  (4.4 m g–1 soil g–1 DM) > treatment  (1.9 m g–1 soil 

g–1 DM) > treatment (0.7 m g–1 soil g–1 DM) (Table 6–3). Compared with a hyphal 

length of 1.9 m g–1 soil g–1 DM in treatment , the application of BP450 biochar 

significantly (P < 0.05) increased AMF hyphae length in the hyphal zone soil below the 

tephra with a hyphae length of > 2.6 m g–1 soil g–1 DM. The incorporation of BP550 

biochar also increased hyphal length (2.3–2.4 m g–1 soil g–1 DM) but not significantly 

(P > 0.05). Conversely, a marginal decrease in hyphal length in the hyphal zone was 

detected when BW550 was added with respect to the non–amended counterpart (1.5–1.6

vs 1.9 m g–1 soil g–1 DM) 
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Table 6-3 AMF hyphal lengths in hyphal zone soil below the tephra layer (a 1 mm thick 

soil right below the tephra) in response to biochar addition (m hyphae g–1 soil g–1 DM)

*Different letters within each row indicate significant differences (P < 0.05, n = 4) as 

determined by one–way ANOVA

LOLO HOLO LOHO LBHO LBHB
BP450 BP550 BW550 BP450 BP550 BW550

4.4a 0.7d 1.9c 2.6b 2.3bc 1.5c 2.7b 2.4bc 1.6c
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6.4 Discussion

6.4.1 Biochar classification

According to the biochar classification system of Camps–Arbestain et al. (2015)

the BP450, BP550 and BW550 biochars were classified as follows: (i) fertiliser values

based on an ‘average’ corn grain crop with a yield of 13 t DM ha–1 y–1 (classes 0; 0; 3,

K5t S6t Mg7t, respectively), and (ii) liming equivalence value (classes 0; 0; 2, 

respectively). The results thus indicate BW550 biochar would provide an adequate 

supply of K, S and Mg to an ‘average’ corn crop at application rates of 5, 6 and 7 t ha–1,

respectively. The support of an ‘average’ lotus crop yield of 11.5 t DM ha–1 y–1

(Suckling, 1960) would require a biochar application of 7 t ha–1 to supply sufficient S 

and Mg and 20 t ha–1 to meet the requirements of P and K. Moreover, the relatively high 

liming equivalence of the BW550 biochar (18.2% CaCO3–eq) means that this biochar 

would also reduce soil acidity and/or increase the acid buffering capacity of the 

amended soil.

6.4.2 P status of soil and biochar in the root zone affects plant 

growth and P uptake

The plants grown in the LP root zone soil (without biochar amendment) suffered 

from P deficiency as inferred from the inferior growth and lower P uptake by plant 

shoots compared with those grown in the HP root zone soil. Shoot P concentrations of 



 
Chapter 6 Can biochar increase the bioavailability of phosphorus?
 

135 
 

plants grown in the LP (0.06%) and HP soils (0.10%) were below those commonly 

reported for lotus (0.15 - 0.25%) (Trolove et al. 1996). However, this comparison is 

misled by the fact that plant growth under glasshouse conditions (9.5 g pot–1 in a growth 

period of 8 months would be equivalent to 27 t DM ha–1 y–1) was more than 2.5-fold 

that under field conditions (11.5 t DM ha–1 y–1; Suckling 1960), which caused a dilution 

effect in shoot P concentration.

The incorporation of BW550 biochar into the LP root zone soil caused a 

considerable increase in P uptake and a concomitant increase in plant yield compared 

with the non–amended soil. A similar growth enhancement was not observed in the 

corresponding treatments amended with the pine–based biochars. This difference in 

response to biochar types was attributed to the additional nutrients provided by the

BW550 that riched in ash and, particularly, its input of available P to this P–deficient 

soil. The addition of BW550 biochar to the LP soil increase resin–P by 12 mg kg–1

(Figure 6–5A). Assuming that the difference in P taken up by plants with and without 

BW550 biochar came from the P in biochar, we estimated that ca 20% of the additional 

available P introduced by BW550 biochar was taken up by plants. Resin–P has been 

considered as a good measure of the readily–available P for plant uptake (Hedley et al.

1994) and proposed as a potentially useful test for characterizing P bioavailability in 

soils amended with P–rich biochars (Wang et al., 2013b).

BW550 biochar also increased the pH–buffering capacity of these soils and 

helped mitigate the decrease in pH experienced over time which may have also 

favoured P uptake. The decrease in pH was always greater in the HP soil than in the LP 

soil, and this could be attributed to their greater root growth and DM accumulation, 

although there may have also been differences in soil pH–buffering capacities between 
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the two soils. Plant–P availability is affected by several pH–dependent reactions such as 

P speciation, precipitation–dissolution and adsorption–desorption, with a pH increase in 

the acid range generally favouring P mobilization. In addition, the increase in soil pH 

could also stimulate the mineralisation of organic P (Haynes 1982).

In contrast, biochar addition (regardless of the type used) to the root zone of

HP soils did not enhance either plant yield or P uptake, and this was attributed to the 

adequate P supply for plant growth of this soil, as indicated by an Olsen P value of 33.3

mg kg–1 and a relatively high yield (27 t DM ha–1 yr–1). Usually, an Olsen P value > 32 

mg kg–1 for a soil with high P retention is considered adequate for most pasture swards 

to growth (Cornforth, 1998). Other studies have also shown that applying biochar to 

either a soil with a high P status or along with P fertilizer had no additive or synergistic 

agronomic effects (Solaiman et al., 2010b; Biederman and Harpole, 2013).

6.4.3 P status and biochar in the hyphal zone affects plant 

growth and P uptake

The proliferation of AMF hyphae is particularly vital for plant P acquisition as 

phosphate ions have low mobility in the soil and are often poorly accessible to plant 

roots (Smith and Read, 2010). The external mycelium is the active part of AMF where 

nutrients are captured, transported and delivered to the host plant roots (Neumann and 

George, 2010). The manifested P deficiency in lotus growing in the LP root zone soil 

( treatment) was, to a limited extent, mitigated when AMF hyphae had access to HP 

soil ( treatment), as shown by 56% and 94% increases in plant yield and P uptake, 



 
Chapter 6 Can biochar increase the bioavailability of phosphorus?
 

137 
 

respectively. Despite these benefits of hyphal P uptake, it could not raise plant growth 

to the levels possible when plant roots were grown directly in HP soils (cf.   .  treatments), which is in agreement with previous studies (Hedley et al., 2005).

There was no effect when biochar (regardless of type) was added to the root 

zone of LP soils that had HP soils in their hyphal zone ( ) compared with the untreated 

pots ( ). Conversely, biochar added to the hyphal zone HP soil ( ) did enhance P 

bioavailability and plant growth compared with the corresponding treatment (  ).
Particular, there was a profounded increase when BP450 biochar was used. Considering 

the absence of nutrients (such as P) and the lack of liming capability of this biochar, 

along with the inability of (i) roots to take up P from the HP soil (as a mesh impeded 

their penetration) and (ii) P to diffuse across the tephra layer (both of which were 

accomplished in the root study container) (see Chapter 5), this positive response could 

only be attributed to the stimulation of hyphal development by BP450 biochar in the 

hyphal zone of the HP soil. This was supported by the considerable increase in the 

length of the AM fungal mycelium of the BP450 treated HP soil in the hyphal zone ( )

when compared with the non–amended treatment ( ) and only the LP root zone soil 

amended with the BP450 (treatment ).
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6.5 Conclusion

Plant growth in our experiment was primarily determined by P bioavailability in 

the soil of the root zone. When insufficient P was available for direct root uptake, this 

could be partly compensated through hyphal P uptake from the hyphal zone if that 

contained high P, but plant growth could not reach the levels possible when there was 

direct root P uptake.

Amongst the tested biochars, biochar produced from willow woodchips achieved 

the best results in terms of plant growth and P uptake in a P deficient soil. This was 

attributed to its high liming equivalence and provision of additional P which made it a 

useful soil amendment in Andosols with low P fertility by improving P bioavailability 

and thus plant productivity. Biochars derived from pine woodchips conferred no 

advantages through nutrient addition but stimulated AMF abundance and hyphal 

function and thereby increased P accessibility and uptake from high–P soils rendering 

an enhanced plant growth. We concluded that biochar addition had little effect when 

plants were growing in a soil with sufficient P supply, but biochar derived from pine 

woodchips facilitated mycorrhizal P uptake when plants were dependent on 

mycorrhizae to meet their P requirements. 
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Chapter 7

CAN BIOCHAR AMELIORATE ALUMINUM 

PHYTOTOXICITY?

The biochar made from willow wood chips at temperature 550 C has been 

characterized with a level 2 of liming equivalence value (18.2 % CaCO3–eq) and been 

proved to be able to facilitate Andosols to counterpart the acidification resulting from 

legume biomass accumulation in Chapter 6. This chapter is to further compare the 

effectiveness of using this biochar to increase soil pH and ameliorate Al toxicity in two 

acidic soils of distinct pH buffering capacity and compared with that of the other 

biochar (e.g., BP550) and the chemical liming agent (e.g., Ca(OH)2 and NaOH).

A paper from this study will be submitted for publication: Qinhua Shen, Marta 

Camps–Arbestain, Mike J. Hedley, Miko U.F. Kirschbaum, Peter Bishop. Can Biochar 

Ameliorate Aluminium Phytotoxicity? (2015). Geoderma (To be submitted)
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Abstract

Aims To investigate the mechanisms involved in the amelioration of acid soils 

by application of biochars of contrasting liming potential.

Methods The amelioration of acid soils with biochars made from either pine or 

willow woodchips pyrolysed at 550°C (referred to as BP550 and BW550, respectively) 

was compared with that of NaOH and Ca(OH)2. The responses of alfalfa (Medicago 

sativa L.) to these ameliorants were examined using a seedling radicle elongation 

bioassay. 

Results The amount of BP550 needed to achieve a targeted pH value (5.4, 5.6, 

5.8 and 6.4) was 2.5– to 4.8–fold that of BW550. For a given pH, the decrease in soil 

exchangeable aluminium (Al) resulting from the amendments followed the order: 

BW550 > Ca(OH)2 ~ BP550 > NaOH. The addition of Ca(OH)2 and BW550 caused a 

decrease in both inorganic monomeric Al (mainly in AlF2+ and Al3+) and colloidal Al, 

and an increase in aqueous Ca2+ compared with the control soil; whereas the addition of 

NaOH and BP550 caused an increase in Na+ and aqueous colloidal Al, and a decrease in 

soluble Ca2+. The addition of BW550 (at application rates < 9.1 %) and Ca(OH)2

stimulated alfalfa seedling growth, whereas addition of BP550 (at application rates > 

2.4 %) and NaOH caused inhibition.

Conclusions BW550 effectively alleviated Al phytotoxicity in acid soils through 

the reduction of monomeric Al (e.g., AlF2+ and Al3+) and the addition of Ca2+, although 

detrimental effects were detected at very high application rates (i.e. > 5 %; which would 

correspond to ~ 50 t ha–1); and (ii) the deleterious effect of BP550 regardless of 
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application rates was ascribed to an unbalanced cation ratio (e.g., caused by an excess of 

Na) and the associated solubilisation of polymeric Al organic compounds.

Key words

Acidic soil, Al toxicity, Biochar, Liming effect, pH–buffering capacity, Radicle 

elongation bioassay 

7.1 Introduction

Acid soils cover ca 30 % of the total ice–free land area and ca 50 % of the 

potential arable land of the world (Kochian et al., 2004). In general, these soils are 

common in well–drained areas where precipitation exceeds evapotranspiration (Uchida 

and Hue, 2000). Soil acidity can also be caused by soil management activities, mostly 

through the increase of N and S (sulphur) cycling rates in farming systems (Bolan and 

Hedley 2003). Rates of acidification vary from 0.7 kmol H+ ha–1 year–1 in pristine 

systems to 40 kmol H+ ha–1 year–1 in agricultural systems receiving high rates of 

ammonium–N fertilizers (Sumner and Noble, 2003). Managing acid soils is challenging 

given that several plant growth–limiting factors (e.g., Al toxicity and Ca deficiency) act 

simultaneously (Adams and Hathcock, 1984).

Inorganic liming materials [e.g., Ca(OH)2 and CaCO3] are generally used to 

alleviate soil acidity and Al toxicity (Pavan et al., 1982; Haynes, 1984; Carvalho and 

van Raij, 1997; Fageria and Baligar, 2008). For instance, a regular lime application of 

1.5 t ha–1 year–1 is recommended to be added to most manage acid soils in New Zealand
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(Cregan et al., 1989). Organic residues (e.g., cattle manure) have also been proposed as 

alternative liming agents (Haynes and Naidu, 1998; Whalen et al., 2000; Haynes and 

Mokolobate, 2001; Mokolobate and Haynes, 2002; Naramabuye and Haynes, 2006; Xu 

et al., 2006), although their net alkalinity should be verified prior to its use, as specific 

amendments (e.g., anaerobic sewage sludge) may be a net source of acidity due to the 

subsequent nitrification (Egiarte et al., 2005). Carbonization of organic materials, 

however, may avoid this problem as during this process (i) there is a preferential 

removal of acidity (especially when carbonized at temperature > 400°C), which leads to 

the formation of an alkaline–enriched material (Novak et al., 2009; Gaskin et al., 2010; 

Domene et al., 2015), and (ii) most of the N becomes incorporated into recalcitrant 

heterocyclic structures (Novak et al., 2009; Wang et al., 2012a). As for other liming 

agents, particle size of the amendment and soil properties will also determine the 

magnitude of the amelioration effect of biochar on the acid soil (Anderson et al., 2011; 

Yuan et al., 2011a; Yuan et al., 2011b; Yuan and Xu, 2011; Xu et al., 2012).

Alkaline compounds [e.g., CaO, Na2O, CaCO3, Na2CO3 or CaMg(CO3)2] in 

biochar (Vassilev et al., 2013a; Wang et al., 2014) may dissolve over time and cause a 

raise in soil pH that may prompt the hydrolys

subsequent formation of less toxic species [e.g., Al(OH)2+ and Al(OH)4
–] (Zhao et al., 

2009) (Qian and Chen, 2013; Qian et 

al., 2013). Furthermore, adsorption of Al species with hydroxyl and carboxyl functional 

groups at the surface of biochar (Qian and Chen, 2013; Masud et al., 2014) could also 

contribute to the alleviation of Al toxicity. Besides, any changes in the concentration of 

certain ions, chelating agents, and/or ionic strength will influence Al toxicity on plants 

(Perrott et al., 1976; Hue et al., 1986; Ma et al., 2001; Yamada and Takahashi, 2010).
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Some base divalent cations (Ca2+, to a lesser extent Mg2+) reduce Al toxicity via 

improving Ca status of plant roots and blocking Al uptake by roots (Alva et al., 1986; 

Rengel, 1992; Brady et al., 1993; Silva et al., 2001; Hossain et al., 2014). Excessive Na+

may cause cation imbalances and lead to plant toxicity, as well as a weakening soil 

structure (Bernstein, 1975; Luan et al., 2009; Domene et al., 2015).

In this study the liming potential of woody biochars with contrasting alkalinity 

and nutrient content, as well as their effects on Al toxicity in acid soils were 

investigated and compared with those of NaOH and Ca(OH)2. Special attention was 

paid to changes happening in soil solution ionic composition (especially cations, Al 

fractionation and speciation), soil pH and exchangeable Al. Moreover, the germination 

and radicle elongation of alfalfa (Medicago sativa L.) grown in soils to which these 

amendments were added were considered. 

7.2 Materials and Methods

7.2.1 Soils

Two soils with contrasting pH–buffering capacities were used: (1) Hautere Silty 

Clay Loam [Typic Acid Brown Soils (New Zealand Soil Classification; Hewitt and 

Dymond, 2013); Haplic Cambisol (IUSS Working Group, 2006)] and (2) Ramiha Silt 

Loam [Acidic Allophanic Brown Soil (New Zealand Soil Classification; Hewitt and 

Dymond 2013); Andic Umbrisol (IUSS Working Group, 2006)]. They were collected 
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from Otaki (40°48'36.26"S, 175°9'28.24"E) and Turitea (40°24'7.68"S, 175°42'48.08"E), 

New Zealand, respectively. 

Soil pH1:2.5 was determined using a glass electrode in a 1: 2.5 soil: deionized 

water suspension (w/v). Soil CEC was determined using 1 M ammonium acetate (pH = 

7) (Rayment and Lyons, 2011). Phosphorous retention capacity was measured by 

shaking 5 g of air–dried soil with 25 mL of 1000 mg L–1 P solution with respect of 

KH2PO4 for 16 h (Saunders, 1965). The P in the solutions after centrifugation (13700 

rcf.) and filtration (through Whatman No. 42) were then determined according to the 

vanadomolybdate (yellow) method (Kitson and Mellon, 1944). Aluminium, Fe and Si in 

short–range order materials were extracted using acid ammonium oxalate (pH = 3) (Alox,

Feox and Siox); Al and Fe in organic complexes were extracted using sodium 

pyrophosphate (Alpy and Fepy), although this extractant may also solubilize small 

amounts of inorganic amorphous Al; exchangeable Al was extracted using 1 M KCl 

solution (Alex) –Rodeja et al., 2004; García–Rodeja et al., 2007). The 

concentrations of Al, Fe and Si in the extractions were then determined by Atomic 

Absorption Spectroscopy (AAS, GBC 904 Avanta Ver 1.33, Australia). 

The soil alkaline–pH buffering capacity (shortened as alkaline–pH–BC) was 

measured following the methods described by Hartikainen (1992). For this, titration 

curves were established by adding a series incremental amount (0.00, 0.01, 0.02, 0.04, 

0.08 and 0.16 mmol) of OH–1 to a 1:5 soil: deionized water suspensions (w/v) in 

triplicates. Ionic strength was adjusted to 0.006 M using CaCl2. The suspensions were 

shaken for 24 h, equilibrated for the following 6 d at 25°C, re–shaken for 2 min on the 

7th day and pH subsequently measured. The soil alkaline–pH–BC was calculated from 
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the slope of the linear portion of the acid–base titration curve (OH–1 added vs pH) 

(Aitken and Moody, 1994).

7.2.2 Biochars

Two types of feedstock were used for biochar production: (a) chipped pine 

(Pinus radiata D. Don) branches and (b) chipped weeping willow (Salix matsudana L.) 

branches. Both of which were pyrolysed at 550°C in a 27–L gas–fired rotating drum 

kiln with an average heating rate of 10°C min–1. The resultant solid pyrolytic products 

were referred to as BP550 and BW550, respectively. Biochars were ground to pass 

through a 2–mm sieve prior to mixing with soil for the radicle elongation trial. 

Subsamples were further ground to a particle size < 0.3 mm using a ring mill for 

characterization.

The pH and EC were measured following a modification of the method of 

Rajkovich et al. (2012) in a suspension of biochar in deionized water (ratio of 1:20; w/w) 

(IBI 2012). Calcium carbonate equivalence (liming equivalence, % CaCO3–eq) was 

determined according to IBI standards modified from the method proposed by Rayment 

and Lyons (1992). For this, 0.5 g of biochar to which 10 mL 1 M HCl solution were 

added and stood for overnight involving shaking for 2 h, and then the excess HCl was 

titrated against standardized 1 M NaOH solution under vigorous stirring using an auto 

titrator (TIM 865 Titration Manager, Radiometer Analytical). In addition, carbonate–C

was determined using a titrimetric method (Wang et al., 2014). The acid-pH-buffering 

capacity (shortened as acid–pH–BC) of the biochars was determined following the 
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above-described method for measuring alkaline pH-buffering capacity of the soils, but 

instead of OH-1, H+ was added.

Total C and N contents were determined using a TruSpec CHNS analyser 

(LECO Corp. St. Joseph, MI). The ash contents were determined by thermal analysis 

using a TG analyser (SDT Q600, TA Instruments, Melbourne, Australia). Total P was 

determined using a Technicon Auto–Analyser after Kjeldahl digestion (McKenzie and 

Wallace 1954). Available P (2% formic acid extractable P) was measured according to 

the method of Wang et al. (2012b), available N (6 M HCl hydrolysable N) was

measured following the protocol described in Chapter 3 section 3.2.3, respectively. 

Total Ca, Mg and K were determined using Atomic Absorption Spectroscopy (AAS, 

GBC 904 Avanta Ver 1.33, Australia) after digestion following modified dry ashing 

(Enders and Lehmann 2012).

7.2.3 The use of soil amendments to reach specific pH values

Subsamples of the Hautere and Ramiha soils were separately amended with 

BW550 biochar, BP550 biochar, NaOH, and Ca(OH)2 at different application rates to 

obtain a series of desired pH values (5.4, 5.6, 5.8 and 6.4). The amount added to achieve 

a specific pH value was estimated based on the alkaline–pH–BC of the soils and the 

acid–pH–BC of biochar using the equation [7–1] (Kissel et al., 2012) 

change of pH that results from either the addition or removal of H+ +, mmol H+ kg–

1). Additional information is provided in the supplementary information.

pH = [7–1]
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The soils were then thoroughly mixed with the amendments at specific 

application rates in triplicates and wetted with deionized water to 70 % of field capacity. 

All treatments were incubated in a chamber at 20 oC for 10 d. Thereafter, the pH was 

measured and adjusted where needed. Subsamples of the soil mixtures were taken for 

measuring exchangeable Al and exchangeable acidity following the method described 

above.

7.2.4 Germination and radicle elongation bioassay

A radicle elongation bioassay technique (Sheppard and Floate, 1984) was 

modified (Figure 7–1) to assess the responses of alfalfa (Medicago sativa L.) to the 

Hautere and Ramiha soils in the presence or absence of BW550 biochar, BP550 biochar, 

NaOH and Ca(OH)2. Once the targeted soil pH was achieved, the soil mixtures were 

packed into Petri dishes (D = 89 mm) to their corresponding soil bulk densities and then 

wetted with deionized water to 70 % of field capacity, and covered with Whatman No. 

42 filter papers. Twenty alfalfa seeds were placed at the surface of the filter paper. All 

Petri dishes were covered with lids, and placed overnight upside–down so that the seeds 

became completely immersed with soil solution, facing them up thereafter in an 

incubator at 20 oC for 4 d. The number of protrusions inferring germination was 

recorded every 8 h and the radicle length was measured using a ruler on the 4th day. For 

each treatment, the relative root length (RRL) was expressed relative to the longest 

radicle grown in the Ca(OH)2 amended soil at pH 5.8 and used to assess the responses 

of alfalfa to the amendments.
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7.2.5 Post-harvest soil solution analysis

Once the radicle elongation test was finalized, the ionic composition of 1:10 soil: 

deionized water extracts (w/v) was determined (Hartikainen, 1992). Briefly, 15 g of soil 

mixture was agitated with 150 mL of deionized water for 30 min and equilibrated at 24 

oC for 3 d (agitated for 5 min once a day). Thereafter, the suspensions were filtered 

through a 0.45– rcf.) for further analysis. The 

HCO3
– was measured by titrating 10 mL subsample of supernatant against a 

standardized 0.01 M H2SO4 to pH 4.5 under vigorous stirring using an auto–titrator 

(TIM 865 Titration Manager, Radiometer Analytical); the pH of the solution prior to 

titration was also recorded. Dissolved organic carbon (DOC) was determined following 

method of Walkley (1947); the concentration of Na+, K+, Ca2+ and Mg2+ were measured 

by Flame Atomic Absorption Spectrometer (AAS, GBC 904AA, Australia); and the 

concentration of Cl–, F–, Br–, PO4
3– and SO4

2– by ion chromatography (IC5000, 

LACHAT, USA).

The steps followed to conduct aqueous reactive Al fractionation and monomeric 

Al speciation are summarized in Figure 7–2. Briefly, aqueous Al fractionation was 

carried out following the procedure proposed by Driscoll (Driscoll, 1984), which 

separates Al into 5 pools: total reactive Al (Alr), acid soluble Al (Alas), total monomeric 

Al (AlTm), labile monomeric Al (AlLm) and non–labile monomeric Al (AlNLm). The 

speciation of monomeric inorganic Al (AlLm) – e.g., Al3+, Al–OH and Al–F complexes 

Lm, basic cations 

(K+, Ca2+, Na+, and Mg2+), and inorganic anions (Cl–, F–, Br–, PO4
3– and SO4

2–) into a 

chemical equilibrium model (Visual MINTEQ ver. 3.1).
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Figure 7–2 A diagram representation of aqueous reactive Al fractionation and 

monomeric Al speciation procedure and composition

* The Al concentration in each step was measured using the pyrocatecol violet (PCV) 

method (Dougan and Wilson 1974) after adjusting solution pH to ca 6.0 with 0.1 N HCl. 

All determinations were carried out in triplicates.

** Ion–exchange column containing both H+ and Na+ resin (Amberlite 120)

Pool 1
Alr

(*Acidify supernatant to pH 
= 1 for overnight)

Pool 4
AlNLm

(Measure directly from ion-
exchange column** outlet)

Pool 3
Alas = Alr-AlTm

Pool  2
AlTm

(Measure directly without 
acidification)

Pool 5
AlLm = AlTm-AlNLm

Colloidal, polymeric, 
aluminium, strong 
alumino-organic 

complexes

Free aluminium, 
aluminium sulphate, 

fluoride and hydroxide 
complexes

Monomeric alumino-
organic complexes

Visual 
MINTEQ 

ver 3.1

Al3+ Al-OH Al-F Al-SO4
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7.2.6 Statistical analysis

Unless otherwise stated, results were expressed as the mean of three replicates 

with its standard deviation. One–way ANOVA with a Tukey post–hoc test was used to 

evaluate statistical differences (p < 0.05) in soil Al indices and activities between 

different treatments using SPSS software (IBM SPSS Statistics 20). A correlation 

matrix analysis was performed among the RRL and soil solution composition (including 

AlLm species). 

7.3 Results

7.3.1 Selected properties of soils and biochars

Although both soils had similar initial pH values (5.2 – 5.3) (Table 7–1), the 

Ramiha soil was characterized by having a higher pH–BC [50.8 vs 28.1 mmol H+ kg –1

(pH unit)–1] and Alox and Alpy content (2.43 vs 0.56 % and 1.36 vs 0.35 %, respectively) 

than the Hautere soil. In both soils the reactive Al pools were likely to be associated 

with organo–Al complexes (Alpy/Alox > 0.5). Exchangeable acidity was greater in the 

Hautere soil than in the Ramiha (3.4 vs 2.7 cmol kg–1), but differences in exchangeable 

Al were smaller (2.3 vs 2.6 cmol kg–1

kg–1) over which Al toxicity to sensitive plant roots tends to occur (Saigusa et al., 1980).

The CEC of the Ramiha soil was 13.8 cmol (+) kg–1 and that of the Hautere soil 8.8 

cmol (+) kg–1.
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Table 7-1 Selected properties of the studied acidic soils a

Properties Units Hautere soil Ramiha soil

pH1:2.5 5.2 5.3

CECb cmol(+) kg–1 8.8 13.8

P retention capacity % 41 88

Alkaline–pH–BC c mmol H+ kg –1 (pH unit)–1 28.1 50.8

Total C g kg–1 34 73

Alpy
d % 0.35 1.36

Alox
e % 0.56 2.43

Alox+1/2Feox 
f % 1.09 3.14

Alpy/Alox 0.62 0.56

Exchangeable acidity cmol kg–1 3.4 2.7

Exchangeable Al cmol kg–1 2.6 2.3

aAll concentrations are expressed on an oven dry weight basis
b Cation exchangeable capacity
c Alkaline pH buffering capacity
d Sodium pyrophosphate extractable Al
e Ammonium oxalate extractable Al
f Ammonium oxalate extractable Fe



 
Chapter 7 Can biochar ameliorate aluminium phytotoxicity in acid soil?

155 
 

The two biochars had contrasting properties (Table 7–2). The ash content of the 

BW550 biochar was more than 6–fold that of the BP550 biochar (10.8 vs 1.6 %). 

BW550 biochar had a pH, EC, carbonate–C and liming equivalence (CaCO3–eq) of 9.4, 

S cm–1, 8.83 g kg–1 and 18.2 % CaCO3–eq, respectively; whereas the pH and EC 

of BP550 biochars was 8.9 a S cm–1, with negligible carbonate–C content (0.07 

g kg–1) and no detectable CaCO3–eq. According to the biochar classification system 

proposed by Camps–Arbestain et al (2015), the BP550 and BW550 biochars were 

classified as having liming classes 0 and 2, respectively. The pH–BC of BW550 biochar 

was 3–fold that of BP550 biochar [170.5 vs 54.7 mmol H+ kg–1 (pH unit)–1]. The higher 

liming value of BW550 biochar was associated with a higher content of alkaline earth 

metallic elements (Ca2+, Mg2+, and K+) than the BP550 (42.9 vs 6.0 g kg–1, 4.4 vs 1.1 g 

kg–1, and 10.7 vs 2.9 g kg–1, respectively), while Na+ shown opposite trend with 0.8 vs

1.1 g kg–1.
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Table 7-2 Selected properties of the studied biochars a

Biochar Units BP550 BW550

pH 1:20 8.9 9.4

EC b cm–1 283 1165

Ash % 1.6 10.8

Liming equivalence % CaCO3–eq – 18.2

Carbonate–C g kg–1 0.07 8.83

Acid–pH–BC c mmol H+ kg –1 (pH unit)–1 54.7 170.5

Total C g kg–1 872 738

Total N g kg–1 4.8 17.8

Available N mg kg–1 41.3 383.5

Total P mg kg–1 490 4234

Available P mg kg–1 97 1588

Total K g kg–1 2.9 10.7

Total Mg g kg–1 1.1 4.4

Total Na g kg–1 1.1 0.8

Total Ca g kg–1 6.0 42.9
a All concentrations are expressed on an oven dry weight basis
b Electrical conductivity
c Acid–pH buffering capacity
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7.3.2 Contrasting liming effects of BW550 and BP550 

biochars on acid soils

For a specific pH value to be obtained, the amount of either BP550 or BW550 

biochar added to the Ramiha soil was 1.5– to 2–fold that added to the Hautere soil 

(Tables embedded in Figures 7–3a and b). Likewise, to achieve a specific pH value in 

either soil, the amount of BP550 added was 2.5– to 4.8–fold that of BW550 (Figure 7–

2). For example, an application rate of BW550 biochar at 4.76 % (w/w) was needed to 

increase the pH of the Hautere soil from 5.3 to 6.4, whereas the application rate of 

BP550 biochar needed to achieve the same pH was up to 21.70 % (Table embedded in 

Figure 7–3a). Likewise, for the Ramiha soil to attain a pH of 6.4, 9.09 % of BW550 and 

28.70 % of BP550 were needed, respectively (Table embedded in Figure 7–3b). 
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Exchangeable Al was the main contributor to exchangeable acidity, as 

exchangeable H+ made < 10% of the contribution (data not shown). The amendments 

(BW550 biochar, BP550 biochar, NaOH and Ca(OH)2) always reduced Alex in both 

soils, except for the BP550 biochar when added to the Hautere soil at an application rate

of 2.44 % (Figure 3). In both soils and for a given pH value, the greatest reduction in 

Alex was observed with the application of BW550 followed by BP550 and Ca(OH)2,

both having similar patterns, and then NaOH. The decrease of Alex with the 

amendments was more evident in the Ramiha soil. The addition of 4.76 % BW550 

biochar to the Hautere soil caused a decrease in Alex from 2.6 cmol kg–1 to 0.1 cmol kg–1

whereas the Alex level remained at 2.3 cmol kg–1 when adding the BP550 biochar at that 

application rate; in Ramiha soil, values fell from 2.8 to 0.1 cmol kg–1 and to 1.9 cmol 

kg–1, respectively. 

7.3.3 Changes in aqueous soil solution composition amended 

with various amendments

The pH value of the aqueous extracts (1:10 solid: deionized water) from the 

control and amended soils ranged between 4.9 and 6.5 (Table 7–3). Compared with the 

unamended Hautere soil, the addition of Ca(OH)2 and BW550 biochar increased soil EC 

whereas that of NaOH and BP550 biochar tended to decrease it. This contrasted with 

the changes in EC undergone in the Ramiha soil, as it significantly (P < 0.05) increased 

with all amendments, this increase being specially accentuated at high application rates. 

The addition of NaOH caused a significant increase (P < 0.05) in DOC concentration, 

this being more noticeable at high application rates; whereas the other amendments only 
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Table 7-3 Aqueous solution (1:10 solid: deionised water) composition as affected by 

different amendments

Amendments Application Rate pH ISa ECb DOCc

% (×10–3) cm–1 mg kg–1

Hautere soil
Nil 0.00 4.9 8.9 685 33

NaOH 0.04 5.0 6.7 515 151
0.06 5.0 8.0 617 160
0.08 5.1 7.2 552 185
0.16 5.4 11.0 843 359

Ca(OH)2 0.04 4.9 12.1 931 30
0.06 5.0 14.1 1084 30
0.07 4.9 17.7 1365 82
0.22 5.0 15.6 1201 40

BP550 2.44 4.9 12.0 925 30
4.76 5.0 8.4 645 52
9.09 5.1 6.7 516 41

21.70 5.4 7.9 609 78
BW550 0.99 5.0 12.7 977 20

2.44 5.1 13.7 1050 34
4.76 5.6 14.5 1119 71
9.09 6.5 19.2 1479 116

Ramiha soil
Nil 0.00 5.0 6.8 523 53

NaOH 0.07 5.1 9.6 742 104
0.11 5.2 9.6 739 114
0.15 5.3 8.6 664 154
0.30 5.9 15.1 1161 241

Ca(OH)2 0.04 4.9 10.4 801 47
0.10 5.0 8.2 631 50
0.15 5.1 7.7 594 70
0.30 5.5 10.6 815 98

BP550 2.44 4.9 9.7 748 47
9.10 5.0 10.9 835 57

13.50 5.1 11.2 862 85
28.70 5.6 12.0 923 120

BW550 0.99 5.0 9.4 722 58
2.44 5.3 10.0 772 74
4.76 5.5 12.5 960 99
9.09 5.7 20.1 1546 148

a Ionic strength
b Electronic conductivity
c Dissolve organic matter
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caused a significant increase (P < 0.05) at the highest application rates, with the 

increase being less prominent (Table 7–3).

As expected, applying Ca(OH)2 and to a lesser extent BW550, significantly (P <

0.05) increased Ca2+ concentration in both soil solutions, whereas the addition of NaOH 

and BP550 at high rates (> 9.09 %) caused a significant (P < 0.05) reduction in Ca2+

(Figures 7–3 and –4). Biochar treatment (either BW550 or to a lesser extent BP550) 

showed significantly (P < 0.05) higher concentrations of K+ than the control soils. In 

both soils, Na+ concentration increased with the addition of NaOH and high application 

rates of BP550 biochar (> 9.09 %), but showed no change when Ca(OH)2 and BW550 

biochar were added. The addition of BW550 biochar at increasing application rates

resulted in a steady increase in the soil solution ionic strength, as reflected by the 

increase of ionic species in solution (Table 7–3 and Figures 7–4 and –5).
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Figure 7–4 Charge balance diagram in aqueous phase (1:10 solid: deionised water) of 

Hautere soil amended with NaOH (a), Ca(OH)2 (b), BP550 (c) and BW550 (d)
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Figure 7–5 Charge balance diagram in aqueous phase (1:10 solid: deionised water) of 

Ramiha soil amended with NaOH (a), Ca(OH)2 (b), BP550 (c) and BW550 (d)
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(61.5 and 62.2 %, respectively), followed by acid soluble Al (Alas) (30.3 and 32.5 %, 

respectively), and then the non–labile monomeric Al (AlNLm) (Figure 7–6). In both soils, 

the addition of Ca(OH)2 caused a decrease of Alr in solution (mainly as AlLm and to a 

lesser extent Alas) with an increase in AlNLm. The addition of BW550 biochar followed a 

similar pattern to that observed with Ca(OH)2 addition, except that the AlNLm remained 

relatively constant. 

In the Hautere soil, both NaOH and BP550 biochar applications caused an initial 

decrease in Alr at low application rates followed by an increase at high application rates, 

mainly in the form of Alas, although total Alr always remained below that of the control 

soil (Figure 7–6a). In the Ramiha soil, the NaOH caused an initial decrease in Alr at low 

application rates but then this rose to values above those of the control soil (more than 

2–fold at the highest application rate) (Figure 7–6b). In this soil, the BP550 biochar 

only caused a decrease in Alr values at intermediate application rates.
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Figure 7–6 Reactive Al (Alr) fractionation in aqueous phase (1:10 solid: deionised water) 

of Hautere soil (a) and Ramiha soil (b) amended with NaOH, Ca(OH)2, BP550 and 

BW550 at different application rates to various pH levels
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In the Hautere soil, the decrease in AlLm caused by the amendments studied was 

associated with reductions in AlF2+ and Al3+ and to a lesser extent, Al(OH)2+ and AlF2
+

(Figure 7–7a).

In the Ramiha soil, trends in changes in Al speciation with biochar addition were 

similar to those observed in the Hautere soil (e.g., a predominant reduction in AlF2+ and 

Al3+), except that higher biochar application rates were needed to attain similar 

decreases (Figure 7–7b). In fact, the addition of BW550 to this soil markedly reduced 

Al3+ to undetectable levels at application rates of 4.76 and 9.09%. The addition of 

NaOH at high application rates caused a change in Al speciation with an increase in Al–

OH [e.g., Al(OH)2
+ and AlOH2+] and AlF2+.
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Figure 7–7 Labile monomeric Al (AlLm) species distribution in aqueous phase (1:10 

solid: deionised water) of Hautere soil (a) and Ramiha (b) soils amended with NaOH, 

Ca(OH)2, BP550 and BW550 at different application rates to various pH levels
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7.3.6 Responses of alfalfa seedling to various amendments

Seedling root growth was more sensitive to the amendments than seed 

germination. The sown seeds mostly germinated on the 2nd day with germination rates > 

92% and without any significant (P > 0.05) differences between amendments (data not 

shown). Regardless of the soil studied, alfalfa root growth was enhanced by the 

incorporation of either BW550 (< 9.09%) or Ca(OH)2 compared with the unamended 

treatment (Figure 7–8). 

Conversely, root growth was negatively influenced by the addition of BP550 and 

NaOH to the soils studied (Figure 7–8). This became more severe as application rates 

increased, with the largest inhibition (40 % reduction in the root length) at BP550 

application rates > 20 %. The negative effect of BP550 on RRL was more intense than 

that of NaOH when added to the Hautere soil, whereas the trend was opposite in the 

Ramiha soil.
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7.4 Discussion

The andic properties of the Ramiha soil – associated with the abundance of 

short–range ordered Al oxy–hydroxides and organo– –

fold greater alkaline–pH–BC compared with the Hautere soil (Climo and Richardson, 

1984). The presence of variable charge (e.g., short–range ordered Al oxy–hydroxides) 

strongly contributes to the pH–BC of these soils. Moreover, when adding a liming 

material to a soil rich in organo–Al complexes, accompanying exchangeable cations 

will displace a fraction of the Al complexed with organic matter (Takahashi et al., 1995),

which will then react with OH– (generated by the liming material) forming Al(OH)3

precipitates and thus contributing to the pH–BC of the soil (Takahashi et al., 2006).

Indeed, the amount of either BP550 or BW550 biochar added to the Ramiha soil to 

obtain a specific pH value was 1.5– to 2–fold of that added to the Hautere soil. 

The two biochars under study differed in their liming effect. In fact, for either 

soil to achieve a specific pH value, the amount of BP550 added was 2.5– to 4.8–fold 

that of BW550. This was ascribed to the fact that willow wood is more enriched in 

organic salts of alkaline earth elements (e.g., Ca, Mg, and K) than that of pine woodchip

(Vassilev et al., 2010). During pyrolysis process acidic organic functional groups are 

removed and the ash content increases (Ueno et al., 2008; Fuertes et al., 2010; Singh et 

al., 2010a). This ash is enriched in alkaline salts that differ in their water solubility, and 

includes (i) readily soluble salts, (ii) carbonates (as alkali traps evolving CO2 during 

pyrolysis), (iii) sparingly soluble metal oxides and hydroxides (that will become 

enriched at temperature > 600 oC, at which carbonates thermally decompose), and (iv) 
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silicates, the latter especially when feedstocks contain soil particles (Glaser et al., 2002; 

Okuno et al., 2005; Vassilev et al., 2013b, a; Wang et al., 2014). Most of these salts 

have a considerable liming value (Vassilev et al., 2013b; Smider and Singh, 2014). In 

addition, the organic functional groups at the surface of biochar particles (e.g., organic 

anions of carboxyl, lactone and phenolic groups) (Yuan and Xu, 2012) are amphoteric 

and can thus contribute to either acidity or alkalinity (Boehm, 2002).

The ability of a specific liming material to alleviate soil acidity is routinely 

assessed by measuring its liming equivalence (CaCO3–eq) by means of a rapid titration 

(Rayment and Lyons 1992). This methodology has however some drawbacks, e.g., it 

may underestimate the liming equivalence in the presence of sparingly soluble salts 

(e.g., whewellite, calcite, and dolomite) which react slowly with acid (Materechera and 

Mkhabela, 2002). Singh et al. (2010) also highlighted the importance of kinetics when 

measuring the CaCO3–eq of different biochars. For instance, the CaCO3 equivalence 

values determined by slow titration to pH = 7 were approximately half of the values 

obtained by the rapid titration method and this was ascribed to incomplete dissolution of 

calcite in the latter method. Differences in kinetics of salt solubilisation may also 

explain the fact that, in the present study, the CaCO3–eq of BP550 biochar was nil 

whereas the corresponding acid–pH–BC was 57 mmol H+ kg –1 (pH unit)–1.

The two liming agents that were rich in soluble Ca (BW550 and Ca(OH)2

evidenced by the changes in ionic concentration (Figure 7–4 and –5) – caused a 

decrease in reactive Al in solution (Figure 7–6). This was attributed to the hydrolysis of 

Al (either originally existent in solution or displaced by Ca2+ from exchange sites) and 

polymerization reactions with subsequent precipitation of Al hydroxides. The other two 
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when NaOH was applied to the Ramiha s

(Figure 7–6). In the Ramiha soil, both BP550 biochar and NaOH tended to increase the 

fraction of acid soluble Al, especially when applied at high application rates, and this 

being especially evident when NaOH was used as amendment. This increase in colloidal, 

polymeric Al is attributed to the combined effects of (i) a pH increase and (ii) high Na+

concentration on the dispersion of organic matter – as evidenced by the increase in DOC 

(Table 7–3). The greater organic matter content of the Ramiha soil compared with the 

Hautere soil (73 vs 34 g kg–1) and the considerable Al associated with organic matter in 

the former soil (Alp was 1.36 % in the Ramiha soil and 0.35 % in the Hautere soil) 

would explain the differences in the magnitude of colloidal polymeric Al solubilized 

between the two soils.

The changes in the speciation of labile monomeric Al (AlLm) caused by the 

liming agents differed between the two groups of amendments (BW550 and Ca(OH)2 vs

BP550 and NaOH). Based on the chemical equilibrium model Visual MINTEQ 3.1, the 

addition of Ca(OH)2 and BW550 biochar into soils led to a reduction in AlLm (mainly 

that of Al3+ and AlF2+) in the aqueous phase, but this was not observed when either 

BP550 biochar or NaOH was added to the Ramiha soil. The reduction in AlLm was 

attributed to the above mentioned Al hydrolysis, polymerization and precipitation 

reactions. Aluminium complexation reactions with biochar organic functional groups 

followed by precipitation in some instances and/or Al sorption on silicate particles 

present in biochars should not be dismissed (Qian and Chen, 2013). Finally, it should be 

noted that differences in the effect of the different biochars on the ionic strength of the 

soil solution, as reflected by their different EC values (Table 7–2) and subsequent 
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effects in soil solution (Table 7–3), may have further influenced their pH–BC, given the 

well–known effect that ionic strength has on pH–BC (Aitken and Moody, 1994).

The radicle elongation (RRL) was improved with the presence of either BW550 

or Ca(OH)2 as these amendments alleviated the toxicity of Al species (e.g., Al3+ and 

AlF2+) and added Ca2+ important for root elongation. The significant negative 

correlations between RRL and AlF2
+ (r = – 0.401, P < 0.05), AlOH2+ (r = – 0.422, P <

0.01), Al(OH)2
+ (r = – 0.530, P < 0.01) further support the cause–effect relationship 

between a decrease of these toxic Al species and root elongation (Kinraide and Parker, 

1990; Hede et al., 2001; Rout et al., 2001). Moreover, a significant positive correlation 

between RRL and Ca2+ (r = 0.613, P < 0.01) was detected (Table 7–4). On the other 

hand, an unbalanced cation ratio (e.g., caused by an excess of Na) and/or the 

solubilisation of polymeric Al organic compounds in the presence of NaOH and BP550 

biochar led to inhibition on radicle elongation. There was in fact a significant negative 

correlation between RRL and Na+ (r = – 0.840, P < 0.01). Other authors have reported 

negative effects on plant performance when adding Na–enriched biochars to soil

(Domene et al., 2015). Nonetheless, it should be noted that the addition of either 

BW550 or BP550 biochars had no effects on alfalfa seed germination, in agreement 

with study of Free et al (2010) and that of Rogovska et al (2012). Therefore, seed 

germination may not be a suitable method for testing potential negative effects of 

specific biochars on plant growth.
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7.5 Conclusion

Biochar generated from willow woodchips at 550oC (BW550) has ash content 

and a higher liming potential than that of biochar produced from pine woodchips at the 

same temperature (BP550). Thus, BW550 resulted to be a more effective liming agent 

compared with BP550. BW550 reduced exchangeable Al concentration to a greater 

extent. The alfalfa seedling radicle elongation bioassay in conjunction with the Al 

fractionation and speciation were suitable techniques for demonstrating alleviation of Al 

phytotoxicity by amending soil with biochar made from willow woodchips.
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Chapter 8

OVERALL SUMMARY AND 

RECOMMENDATIONS FOR FUTURE 

RESEARCH

This chapter provides (i) a general summary of the main achievements of this 

study; (ii) the highlights of this research; and (iii) some recommendations for future 

research.
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8.1 Overall summary

Given the ever–increasing interest in the use of biochar as soil amendment to 

improve soil functions this thesis posed the question “can biochar be specifically used to 

increase the bioavailability of residual P in high P–affinity soils (e.g., Andosols) and/or 

alleviate Al phytotoxicity in acid soils?” After reviewing the literature (Chapter 2), the

mechanisms through which biochar might influence the above–mentioned limitations 

(i.e., P and Ca deficiency, and Al phytotoxicity) were identified: (i) an increase in soil 

pH associated with the liming properties of biochar may cause an increase in P 

availability and a decrease in soluble Al; (ii) the addition of nutrients originally present 

in the biochar (e.g., P and Ca) may contribute to alleviate their deficiency in plants; and 

(iii) the stimulation of AMF hyphae development may contribute to increase P uptake 

by plants.

8.1.1 Analytical methods for biochar characterization

Initially, the suitability of some analytical methodologies to characterize 

biochars (specifically the pH–buffering capacity – pH–BC – and available N) was tested.

For this, 19 biochars produced from a variety of feedstocks and under different 

processes conditions (e.g., different highest heating temperatures) were used (Chapter 3).

Different pH–buffering capacity (pH–BC) methodologies (single vs multiple acid 

additions, short vs long equilibration times) originally developed for soils were tested 

along with the method proposed to measure the liming equivalence of biochars (IBI, 

2012). The methodologies were thereafter validated by incubating two acid soils – to 

which separate amendments of the 19 biochars were made at the rates estimated using 
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both methodologies – for 10 d to target a final pH of 6.5. The results indicated that the 

relationship established between the pH–BC of the 19 biochars under study after 30–

min equilibration (pH–BC30min) with a single acid addition and that obtained after a 5–d

equilibration (pH–BC5d) (predicted pH–BC5d = 2.2 × pH–BC30min + 20.4) made it 

possible to estimate adequately the liming potential of biochars. The liming equivalence 

was found to be more accurate (narrow range of final pH values) but less precise 

(average not as close to the targeted value as when using the predicted pH–BC5d

methodology). Both protocols were considered suitable to make the recommendation of 

the biochar application rate. 

Acid (6 M HCl) hydrolysis at 105°C for 24 h followed by oxidizing the 

hydrolysate with potassium peroxodisulfate, originally developed by Wang et al (2012a) 

using biochars rich in N, proved un suitable for biochars with low N concentrations. 

The same procedure but with a smaller dilution factor (242), was found to be

sufficiently adequate to overcome the chloride interferences while avoiding over 

diluting the sample when measuring the biochar (e.g., woody biochar) with lower 

content of available N. This procedure was therefore recommended in this study.

Three different biochars – two biochars were produced from chipped pine 

(Pinus radiata D. Don) branches at 450oC and 550°C (referred to as BP450 and BP550, 

respectively) and a third one from chipped weeping willow (Salix matsudana L.) 

branches at 550°C (referred to as BW550) – were prepared to investigate the possibility 

of using biochar to increase the bioavailability of residual P in a high P–affinity soils 

(e.g., Andosols) and/or alleviate Al phytotoxicity in acid soils. These biochars (BP450, 

BP550 and BW550) were then classified based on the Camps Arbestain et al. (2015) 

classification system as follows: (i) organic C storage value: classes 4; 4; 5,
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respectively; (ii) fertilizer value: classes 0; 0; 3; P30t K4t S7t Mg7t, respectively; and (iii) 

liming equivalence values: classes 0; 0; 2, respectively.

 

8.1.2 Mobilization of P immobilized in high P affinity 

Andosols using biochar

The soils investigated in this part of study were two sil–andic Andosols of 

contrasting P status (Olsen P of 4.3 vs 33.3 mg kg–1, referred to as LP and HP soil, 

respectively). This section comprised three chapters (Chapter 4–6). The first two 

chapters focused on the development of methodologies to accurately (i) estimate 

external hyphal length in soil (Chapter 4), and (ii) evaluate the P transferred by AMF 

hyphae to plants (Chapter 5). Both have been key to the study of the feasibility of using 

biochar to increase P bioavailability in high–P affinity soils via its stimulation on AMF 

growth (Chapter 6).

The traditional visual gridline intersection (VGI) method commonly used to 

measure the length of AMF hyphae distribution in soil was modified with (i) that using 

a digital photomicrography technique (DGI) method, and (ii) the processing of the 

images using ImageJ software (PIP) method. Before measuring the hyphal length in the 

LP and HP soils where Lotus pedunculatus cv barsille was grown for 32 wk, these

methods were first tested with known lengths of possum fur. The study confirmed that 

both DGI and PIP methods are suitable and easy methods to study the density and 

distribution of AMF hyphae in the soil, but the PIP method provides less uncertainty. A

manuscript on this study (Chapter 4) – Qinhua Shen, Miko U.F. Kirschbaum, Mike J. 
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Hedley, Marta Camps–Arbestain. Testing an alternative method for estimating the 

length of fungal hyphae using photomicrography and image processing (2016) – has 

been accepted to be published on the journal of PLoS ONE.

Another challenge confronted when working on the effect of biochar on AMF 

hyphae growth using a root study container was the need to discriminate the P uptake 

associated with AMF from that of P diffusion caused by spatial patchiness of available 

P (i.e., when adding a biochar rich in P to soil or a biochar with liming properties). The 

plant growth medium was divided into two sections – (i) a root zone to which root and 

hyphal have full access and (ii) an hyphal zone to which only AMF hyphae has access –

by a polyester mesh (30– ing) (Hedley et al., 1994). This was further modified 

by placing a “P diffusion break” (made of a 3–mm thick of tephra) under the polyester 

mesh. This layer of tephra proved to be sufficient to halt P diffusion from the HP soil to 

the LP soil for a plant growth period of 32 wk (Chapter 5). Given the inability of (i) root 

to penetrate into the hyphal zone of HP soil to take up P and (ii) P in the hyphal zone of 

HP soil to diffuse to the root zone of LP soil, the increase in P uptake by plant growth in 

a combination of a root zone of LP soil and a hyphal zone of HP soil (compared with

that in which both root and hyphal zones were filled with LP soil) was only ascribed to 

the transfer of P from HP soil to LP soil by AMF hyphae. This novel root study 

container allows the biochar to be added to either the root zone or the hyphal zone and 

evaluate the effect of biochar on AMF hyphae development and P uptake. Therefore, 

this device can help discern whether biochar can influence AMF development and 

enhance P bioavailability. A manuscript entitled “A novel technique for evaluating the 

phosphorus transferred by arbuscular mycorrhizal fungi hyphae” is currently being 

prepared for submission to Soil Research.
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Lotus pedunculatus cv barsille was grown in LP and HP soils separately 

amended with BP450, BP550 and BW550 biochars at an application rate of 10 t ha–1

using the root study container for 32 wk without any further P and N fertilization

(Chapter 6). The results showed that (i) none of the tested biochars conferred any 

specific advantages to the soil with high P content (i.e., HP soil); (ii) the BW550 

biochar with high P content and liming potential increased plant growth by 59 % and P 

uptake by 73 %, whereas the pine–based biochar (e.g., BP450 and BP550) did not 

provided extra nutrients uptake neither contributed to plant growth in the P–deficient

soil (e.g., LP soil); and (iii) biochar produced from BP450 biochar caused a 70% P 

uptake increase (and 40% plant growth increase) by stimulating AMF growth (by 0.8 m

hyphae g–1 soil g–1 DM) and accessing a high–P area (HP soil) to which plant root had 

no access. The positive effects of BW550 and BP450 biochars were ascribed to (i) the 

provision of supplemental nutrients (especially P) from the BW550 biochar, along with 

its liming effect and related increase in P availability, and (ii) the stimulation of AMF 

growth and access to P by the BP450 biochar. However, the current research was unable 

to unravel the underlying mechanisms through which BP450 stimulated AMF hyphae 

development. A manuscript based on this study (Chapter 6) has been recently accepted 

to be published on the Journal of Soil Science and Plant Nutrition: Qinhua Shen, Mike J. 

Hedley, Marta Camps–Arbestain, Miko U.F. Kirschbaum. Can biochar increase the 

bioavailability of phosphorus? (2016).
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8.1.3 Amelioration effect of biochar on acid soil

The liming effect of BW550 and BP550 biochars on two acidic soils was 

compared with that resulting from adding either Ca(OH)2 or NaOH to the same soils, 

and the mechanisms involved in the amelioration of soil acidity and Al toxicity to plant 

growth were investigated (Chapter 7). A seedling radicle elongation bioassay using 

Alfalfa (Medicago sativa L.) was carried out. Results showed that the BW550 biochar 

was a more effective liming agent compared with the BP550 biochar: (i) less amount of 

BW550 needed to achieve a targeted pH value (5.4, 5.6, 5.8 and 6.4) than that BP550;

(ii) for a given pH, the decrease in exchangeable Al resulting from the amendments was 

greater when adding the BW550 biochar compared with the addition of the BP550 

biochar. The addition of BW550 biochar (at application rates < 9.1 %) stimulated alfalfa 

seedling growth, whereas addition of BP550 (at application rates > 2.4 %) caused 

inhibition. These different responses were explained by the fact that the former caused a

decrease in both inorganic monomeric Al (mainly in AlF2+ and Al3+) and colloidal Al, 

and an increase in aqueous Ca2, while the latter caused an unbalanced cation ratio (e.g., 

caused by an excess of Na) and the subsequent solubilisation of polymeric Al organic 

compounds. A manuscript entitled “Can Biochar Ameliorate Aluminium Phytotoxicity?”

has been prepared and will be submitted to Geoderma Journal.

We concluded that willow wood chip can be used as a suitable feedstock to 

produce a biochar with liming and fertilizer values (e.g., P, Ca and K), and is therefore 

able to alleviate Al toxicity in acid soil and increase P bioavailability in a P infertile soil, 

in addition to contributing to C storage. While the biochar produced from the pine 
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woodchips has no nutrients and liming values, it has the potential to stimulate AMF 

mycelium development and enhance plant P uptake via hyphal P acquisition from a soil 

patch rich in P.

8.2 Highlights of the thesis

o A methodology was developed to determine the pH–buffering capacity of biochar 

consisting of a 30–min incubation of biochar after a single acid addition and a

correction factor to account for the lack of the equivalence (Predicted pH–BC5d =

2.2 × pH–BC30min + 20.4) (Chapter 3).

o The methodology of available N in biochar was modified to account for this 

fraction in biochars low in N (e.g., woody biochar). The modification consisted in 

avoiding over diluting the digestate while minimising interferences with chloride

(Chapter 3).

o A less subjective and rapid method (photomicrography–image analysis) was 

obtained to measure the length of AMF hyphae in soil compared with the visual 

gridline intersection method (Chapter 4). 

o The root study container commonly used to study the role of hyphae on nutrient 

plant uptake was modified with a novel “P diffusion break” made of a layer of 3–

mm tephra to avoid the interference of P diffusion caused by spatial patchiness of 

available P (Chapter 5).

o Biochar produced from willow woodchips at 550 C (BW550) was shown to be 

suitable soil amendment if it is intended to enhance the P fertility of sil–andic 

Andosols with low P status (Chapter 6).
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o Biochar produced from pine woodchips at 450 C (BP450) was shown to be a

suitable soil amendment if it is intended to stimulate AMF development and 

increase P uptake by plants grown in sil–andic Andosols (Chapter 6).

o Biochar produced from willow woodchips at 550 C (BW550) was shown to be a

suitable soil amendment if it is intended to alleviate Al toxicity and enhance root 

elongation in acid soils (Chapter 7).

o Biochar produced from pine woodchips at 550 C (BP550) was shown to inhibit 

root elongation but the underlying mechanism was not identified (Chapter 7).

8.3 Future research recommendations

8.3.1 Applying the techniques of photomicrography and 

image processing to determine the AMF root 

colonization

The major challenge when studying the influence of AMF on environmental and 

agricultural functions is the measurement of AMF colonization and external hyphal 

growth in soil. This is generally carried out using the gridline intersection method, 

which is time–demanding and fatigue–inducing. The alternative method proposed here

using photomicrography and image processing has been proved to be efficient and less 

prone to error (e.g., associated not only to user bias but also to bias caused by the 

distribution of hyphae on the grid). This method also possesses a potential advantage for
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determining AMF root colonization by the same principle but this needs to be tested 

before being applied.

8.3.2 The underlying mechanisms through which biochar 

stimulates AMF hyphal abundance and functionality

The application of biochar BP450 was found to stimulate AMF hyphae 

development and subsequently favour plant P uptake, although the underpinned 

mechanisms remained unclear. The presence of biochar may not only modify the soil 

chemical properties, but also soil physical properties (Herath et al., 2013) and this may 

result in a more favourable environment for AMF growth; biochar may also (ii) 

interfere the signalling path between the host plant and fungus (as suggested by 

Warnock et al., (2007)); and (iii) provide AM fungi with a C source (Quilliam et al. 

2013). More research is needed to provide a mechanistic explanation.

8.3.3 The potential of biochar to reduce cadmium

bioavailability in soils (with special interest in soils to 

which long term phosphate fertilization has been carried 

out)

Applications of phosphate fertilizers that were estimated to contain in the range 

of 20 – 50 mg cadmium (Cd) kg–1 led to significant increases in the Cd concentration of 
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the topsoils (Loganathan et al., 2003). Indeed, 1.3 mg Cd kg–1 was found in the HP soil 

sampled in an area of grazed ryegrass/clover pasture with a long–term P fertilization 

history (data not shown). Given the potential toxicity of Cd to humans and other living 

organisms, concerns have been raised about the effects of its gradual long–term 

accumulation in New Zealand soils. The application of biochar may decrease the 

availability of cationic heavy metals as a result of their ability to contribute to soil 

cation exchange capacity (CEC) and to increase soil pH (if a biochar with liming 

properties) (Uchimiya et al., 2010).
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