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ABSTRACT 

The global interest in using biochar for C sequestration-climate mitigation and soil 

improvement has driven rapid expansion in biochar research to understand its properties 

and application impacts. The potential for biochar application to increase soil organic 

carbon (SOC) stocks and its potential agronomic and additional environmental benefits, 

such as reducing soil nitrous oxide (N2O) emission, are determined by its stability in the 

soil, which is dependent on its intrinsic properties and the soil conditions.  

The inherent properties of biochar are highly influenced by feedstock type and pyrolysis 

temperature hence, the use of various types of feedstock and pyrolysis technologies leads 

to uncertainties in predicting the effect of biochar addition to soils. Previous research has 

established a general assumption that biochar stability is strongly influenced by the type 

of feedstock used and maximum pyrolysis temperature. Research is required, however, to 

produce practical and reliable techniques that can be used to verify the reported maximum 

pyrolysis temperature, regardless of the type of feedstock used and predict the likely 

stability of the biochar. 

In addition to the pyrolysis process, the final particle size of the biochar and the method 

of incorporation into the soil may also influence the ability of the biochar to moderate soil 

properties and function. With previous research, there is general lack of attention given to 

these potentially influential parameters when assessing the impact of biochar application 

to soil. 

Therefore this thesis evaluates (i) the use of near-infrared (NIR) spectroscopy technique 

for predicting the maximum pyrolysis temperature of biochar as it is a well-known, non-



 

ii 
 

destructive, and rapid technique for analyzing organic material; (ii) the effect of biochar 

application, with special attention to biochar particle size and depth of placement, on N2O 

soil emission and SOC stocks; and (iii) the integrated use of NIR spectroscopy for SOC 

measurement. 

In the first study, we hypothesized that NIR spectroscopy can be used to predict the 

maximum pyrolysis temperature achieved during biochar production. Eighty-two 

carbonized materials produced from various feedstock types and pyrolysis conditions with 

the reported pyrolysis temperature ranged between 220 to 800 °C, were scanned using 

NIR spectrometer and were used as the calibration set. The NIR calibration model was 

built by correlating the NIR spectral data with the reported pyrolysis temperature using 

partial least squares regression (PLSR). A separate sample set (n=20) was compiled using 

laboratory-produced biochar made from pine wood at pyrolysis temperature ranged from 

325 to 723 °C. The calibration model validated using (i) leave-one-out cross-validation 

(LOO-CV) and (ii) the prediction set, yielded good accuracy (LOO-CV: r2=0.80 and 

RMSECV:48.8 °C; prediction: r2=0.82 and RMSEP: 57.7 °C). Results obtained in this 

study have shown that NIR spectroscopy can be used to predict the maximum pyrolysis 

temperature of biochar and has the potential to be used as a monitoring tool for biochar 

production.  

In addition to the first study, the predictive ability of the NIR model was evaluated further. 

We hypothesized that the variation in feedstock types and pyrolysis processes may affect 

the predictive performance of the NIR model in predicting the maximum pyrolysis 

temperature of biochar. Therefore, three sample sets were generated from a total of 82 

carbonized materials and its subsets (Set A: n=82; Set B: n=68; Set C: n= 48) and were 
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used for developing three calibration models. The selection of samples for Set B and C 

was made by reducing the variability associated with production conditions and feedstock 

type i.e. Set B consist of samples produced by slow pyrolysis and using the same pyrolyzer 

unit, while for Set C (a subset of Set B), samples produced from “processed feedstocks” 

were excluded. A separate sample set (n=18) consists of samples produced from animal 

manure, crop residue, and woody materials were used as the prediction set. This biochar 

was produced using the slow pyrolysis technique in a laboratory or under relatively high 

production controlled conditions at temperature ranged from 250 to 550 °C. These 

calibration models were validated using (i) leave-one-out cross-validation (LOO-CV) and 

(ii) a prediction set, with the model based on set C gave the best prediction (R2: 0.941; 

RMSEP: 27.3 °C), followed by the model based on set A (R2: 0.896; RMSEP: 35.6 °C), 

and set B (R2: 0.928; RMSEP: 37.3 °C). These results indicate that feedstock types have 

a considerable effect on the performance of the NIR model while the effect of pyrolysis 

conditions was less pronounced. Thus, data variability from samples needs to be taken 

into account in developing the NIR calibration model for predicting the maximum 

pyrolysis temperature of biochar. 

Before studying the effect of biochar on N2O soil emission and SOC stocks, the maximum 

pyrolysis temperature of biochar to be used in the experiment was predicted using the NIR 

spectroscopy technique. The estimated pyrolysis temperature – after scanning the 3-year 

old pine wood biochar and using the NIR model developed – was 500 °C, while the 

reported temperature was 550 °C.  

A controlled glasshouse study was conducted to investigate the effect of biochar particle 

size and the impact of soil inversion (through simulated mouldboard ploughing) on N2O 
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emissions from soils to which cattle urine was applied. We hypothesized that the 

application of biochar may (i) affect N2O emissions through changes in soil physical 

properties, specifically soil aeration and water retention; and (ii) the effects of biochar 

addition on these properties may differ depending on their particle size (e.g., a larger 

particle size may increase soil aeration whereas a smaller particle size may clog pores), 

and their placement in soil (e.g., the incorporation of a large particle size-biochar at depth 

may promote water movement from the top layer and increase the overall drainage of the 

soil). Pine biochar (550 °C) with two different particle sizes (<2 mm and >4 mm) was 

mixed either into the top soil layer at the original 0–10 cm depth in the soil column or at 

10–20 cm depth by inverting the top soil to simulate ploughing. Nitrous oxide emissions 

were monitored every two to three days, up to seven weeks during the summer trial, and 

measurements were repeated during the autumn trial. The use of large particle size biochar 

in the inverted soil had a significant impact on increasing the cumulative N2O emissions 

in the autumn trial, possibly through changes in the water hydraulic conductivity of the 

soil column and increased water retention at the boundary between soil layers. Thus, the 

importance of the role of biochar particle size and the method of biochar placement on 

soil physical properties and the implications of these on N2O emissions was highlighted. 

In the same glasshouse study, the effect of biochar particle size and depth of placement 

was further evaluated in relation to soil organic C. We hypothesized that (i) the large-

particle size biochar may affect soil aeration and accelerate soil C decomposition rate with 

increased oxygen availability, and this effect is greater when biochar is incorporated at 

depth due to the more compacted soil at deeper layer with poorer aeration compared to 
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the surface layer; and (ii) the NIR spectroscopy technique can be used to predict the SOC 

concentration and SOC stocks in biochar-amended soil. 

Carbon stocks were estimated using NIR spectroscopy coupled with partial least-squares 

regression analysis (NIR/PLSR) and direct organic C measurements using an elemental 

analyzer. The NIR spectra of the soil were acquired by scanning intact soil cores using 

the NIR spectrometer. By the end of the glasshouse trial (327 days), the large-particle size 

biochar applied at depth had induced significant soil C loss (9.20 Mg C ha-1 (P < 0.05), 

possibly through the combination of enhanced soil aeration, and the interrupted C supply 

from new plant inputs at that depth due to soil inversion. This C loss did not occur in the 

treatment with the small-particle size biochar.  Near-infrared (NIR) spectroscopy was able 

to predict the SOC concentration, however, the prediction accuracy may be negatively 

affected by an increasing biochar particle size and soil inversion, thus may affect the 

subsequent SOC estimates. 

The information obtained in this thesis will inform the future use of biochar and contribute 

to the knowledge of possible factors affecting soil N2O emission from biochar-amended 

soil, the mineralization of native SOC, and the changes in SOC stocks over time, 

particularly in the pastoral soils of New Zealand. Also, based on this study, the use of NIR 

spectroscopy technique may potentially be integrated as part of the methodology for SOC 

estimation. 
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1 CHAPTER 1. GENERAL INTRODUCTION 
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1.1 General background 

The use of biochar as soil amendments for improved soil conditions and as a climate-

change mitigation approach has gained recognition in the past few years and the interest 

in biochar research is consistently expanding (Chen et al., 2019). Biochar is a carbon-rich 

solid obtained from the thermochemical conversion of biomass in an oxygen-limited 

environment (Lehmann and Joseph, 2015). Due to its resistance towards microbial 

degradation, it has a mean residence time of 100 years or more, hence, biochar application 

can impact soil C storage and net CO2 removals. Biochar addition would also indirectly 

increase soil C sequestration potential through stabilization of native SOC (Wang et al., 

2016). It has been estimated that biochar systems can mitigate up to 2 Gt CO2 eq/year 

(Fuss et al., 2018). Biochar as soil amendments may also reduce the N2O emission from 

soil (Verhoeven et al., 2017) which further contributed to climate-change mitigation. 

However, understanding in the exact mechanisms and factors involved in the native SOC 

stabilization and the reduction of soil N2O emission following biochar application is still 

lacking (Lehmann and Joseph, 2015).  

The impact of biochar addition on a particular soil is dependent on biochar characteristics 

that were influenced by the nature of feedstocks and pyrolysis temperature (Li et al., 2019; 

Majumder et al., 2019). Extensive research has been devoted to the characterization of 

biochar to understand the variations in biochar physicochemical properties -as a function 

of production conditions and feedstocks- and its suitability for selected purposes 

(Igalavithana et al., 2017). Near-infrared (NIR) spectroscopy is one of the recent methods 

employed for biochar characterization (Kusumo et al., 2014; Yang and Sheng, 2012). This 

technique is rapid, non-destructible, allows the use of large sample mass, and cost-
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efficient. Multivariate analysis (e.g. partial least square regression, PLSR) is used to build 

the calibration model by correlating the acquired NIR spectral data of the sample with the 

reference data. This model then can be used to determine the properties of unknown 

samples. As biochar application is gaining more interest, more biochar is produced by 

small-scale producers with less control over the production process. Thus, a fast and reli-

able tool is needed to determine the properties of the biochar, particularly the actual 

maximum pyrolysis temperature achieved during biochar production which may suggest 

the likely stability of biochar over time. 

In addition, any properties that are measurable by standard methods can be used as the 

reference data, thus, NIR spectroscopy can also be used with other conventional 

techniques to minimize analysis cost and time. For example, NIR has been used to 

measure the soil C content and to estimate the soil C stock of a large area (Segnini et al., 

2019). Therefore, NIR has the potential to be used for evaluating the effect of biochar on 

soil C by measuring the changes in soil C content over time following the application of 

biochar. 

In New Zealand, limited studies have been done to assess the impact of biochar 

application on soil N2O emission (Clough et al., 2010; Taghizadeh-Toosi et al., 2011), 

and on soil C stock (Calvelo Pereira et al., 2016), but have not studied the effect of biochar 

particle size and placement method. Whereas, although NIR spectroscopy has been used 

to predict SOC concentration (Kusumo et al., 2011) and SOC stocks (Roudier et al., 2015), 

no NIR-study has been done to predict SOC content in biochar-amended soil. To date, 

NIR spectroscopy has only been used for assessing biochar stability indices (Kusumo et 

al., 2014), with no application on biochar-amended soil. 
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In this context, the general hypotheses guiding this research were as follows: 

 NIR spectroscopy can be used to predict the highest heating temperature achieved 

during biochar production.  

 The varying feedstock types and pyrolysis conditions used for biochar production 

may decrease the performance of the NIR prediction model due to the presence of 

data variability. 

 The application of biochar may (i) affect N2O emissions through changes in soil 

physical properties, specifically soil aeration and water retention; and (ii) the 

effects of biochar addition on these properties may differ depending on their 

particle size (e.g., a larger particle size may increase soil aeration whereas a 

smaller particle size may clog large pores important for aeration and drainage), 

and their placement in soil (e.g., the incorporation of a large particle size-biochar 

at depth may promote drainage, aeration, and increase rooting depth). 

 The large-particle size biochar may affect soil aeration and accelerate soil C 

decomposition rate with increased oxygen availability, and this effect is greater 

when biochar is incorporated at depth due to the more compacted soil at deeper 

layer with poorer aeration compared to the surface layer. 

 NIR spectroscopy can be used to predict the SOC concentration and SOC stocks 

in biochar-amended soil. 
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1.2 Research Objectives 

1.2.1 Main objectives 

Following these identified research gaps and hypotheses, the main objectives of this study 

are to evaluate the effect of biochar particle size and the method of biochar placement on 

N2O soil emission and SOC stocks, as well as to develop a reliable technique using NIR 

spectroscopy to predict the pyrolysis temperature of biochar, and by extension, the SOC 

stocks of biochar-amended soil. 

1.2.2 Specific objectives 

1. To develop a technique using near-infrared spectroscopy (NIRS) combined with 

partial least squares regression (PLSR) to reliably predict the highest heating 

temperature achieved during biochar production as a method of selecting more 

stable biochar. 

2. To evaluate the effects of feedstock types and pyrolysis conditions, as sources of 

data variability, on the performance of near-infrared (NIR) models for predicting 

the highest heating temperature of biochar. 

3. To investigate the effect of biochar particle size and the impact of soil inversion—

through simulated mouldboard ploughing—on N2O emissions from soils to which 

cattle urine was applied. 

4. To examine the effect of biochar particle size and the method of biochar placement 

on soil organic C (SOC) stocks.  

5. To evaluate the potential of using NIR spectroscopy technique to predict the SOC 

concentration and SOC stocks. 
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1.3 Thesis outline 

 
In this thesis, the focus is divided into evaluating the use of NIR spectroscopy as a method 

of selecting more stable biochar by predicting the highest heating temperature achieved 

during biochar production as presented in Chapters 3 and 4, followed by the investigation 

on the effect of biochar addition on soil N2O and soil C as presented in Chapters 5 and 6, 

respectively. The biochar used in Chapters 5 and 6 was also scanned using NIR technique 

written in Chapters 3 and 4. Moreover, the use of NIR spectroscopy in the earlier chapters 

act as prelude to a more comprehensive use of NIR spectroscopy on biochar-amended soil 

presented in Chapter 6. The whole thesis includes 7 chapters as follows:  

Chapter 1 gives an introduction to the entire thesis, general background, and 

specifies the objectives of the current research and the outline of this thesis.  

Chapter 2 provides a literature review based on the previous related findings 

including research gaps. 

Chapter 3 presents a near-infrared (NIR) calibration model that can be used to 

predict the highest heating temperature (HHT) at which biochar was produced. 

Chapter 4 evaluates the effect of different feedstock types and pyrolysis 

conditions on the predictive performance of NIR models used for predicting the maximum 

pyrolysis temperature of biochar.  

Chapter 5 investigates the effect of biochar particle size and the impact of soil 

inversion (through simulated mouldboard ploughing) on N2O emissions from soils to 

which cattle urine was applied.  
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Chapter 6 investigates the influence of biochar particle size and depth of 

placement on soil organic C (SOC) stocks and the use of NIR spectroscopy coupled with 

partial least-squares regression analysis (NIR/PLSR) for SOC measurement. 

Chapter 7 is the overall conclusions and future research recommendations. 
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2 CHAPTER 2. LITERATURE REVIEW 
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2.1 Biochar overview  

Biochar is a C-rich product obtained when biomass is thermally degraded in the absence 

of, or with a limited amount of oxygen (pyrolysis) that could be used as a soil amendment 

for improved agronomic and environmental outcomes (Lehmann and Joseph, 2015). The 

European Biochar Certificate (EBC) (2016) and the International Biochar Initiative 

(2015) have established a series of thresholds for a charred material to be considered as 

biochar which includes a carbon content higher than 10% (dry mass basis), an atomic 

H/Corg ratio of 0.7 or lower, and with specific maximum values of heavy metals and 

organic contaminants.  

Biochar can be produced from wide ranges of feedstocks such as woody materials, e.g., 

pine chips (Gonzaga et al., 2018); agricultural wastes, e.g., rice husk, rice straw, and corn 

cob (Jindo et al., 2014; Kanouo et al., 2019); animal waste (Cantrell et al., 2012); paper 

mill waste (Enders et al., 2012); and sewage sludge (de Figueiredo et al., 2019). The type 

of feedstocks used and the pyrolysis conditions applied, such as temperature, time, heating 

rate, and level of oxygen, determine the characteristics of biochar (Panwar et al., 2019; 

Wei et al., 2019).  

Pyrolysis is defined as “the thermal degradation of biomass by heat in the absence of 

oxygen, which results in the production of charcoal (solid), bio-oil (liquid), and fuel gas 

products” (Demirbas and Arin, 2002). Major organic compounds such as cellulose, 

hemicellulose, and lignin are expected to break down during pyrolysis. Hemicellulose 

breaks down first (220-315 °C), followed by cellulose (315-400 °C), and lignin (>400 °C) 

(Yang et al., 2006). The main types of pyrolysis methods used are slow (conventional) 

pyrolysis, fast pyrolysis, flash pyrolysis, and intermediate pyrolysis (Tripathi et al., 2016).  
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The operating parameters for each pyrolysis method are shown in Table 2.1. These 

parameters determine the rate and extent of biomass degradation. 

Table 2-1. Range of the main operating parameters for the pyrolysis process, as adapted 
from Demirbas and Arin (2002) and Zhang et al. (2010). 

Condition  Slow   Fast  Flash  Intermediate 
Pyrolysis temperature 250-700 500-950 >1000 500-650 
Heating rate (°C /s) 0.1-1 10-200 >1000 1.0-10 
Particle size (mm) 5-50 <1 <0.5 0.5-20 
Residence time (s)  450-550 0.5-10 <0.5 10-20 
Pressure (MPa) 0.1 0.1 0.1 0.1 
       

There is a strong relationship between the pyrolysis conditions, i.e. temperature and the 

chemical structure of biochars. Carbon concentration increases as pyrolysis temperature 

increases, whereas ‘H’ and ‘O’ concentrations gradually decrease (Novak et al., 2009). 

When the pyrolysis happens at relatively lower temperatures, i.e. <400 °C, biochar rich 

in C=O and C-H functional groups are formed. The yield recovery is high at low pyrolysis 

temperature range, and the dominant organic compounds are aliphatic or less stable 

cellulose-like structures, which can be easily degraded by microbes. At high pyrolysis 

temperatures (400–700 °C), the feedstock is converted into relatively stable poly-

condensed-aromatic structures that contain high C (Kaal et al., 2012). The changes in 

biochar elemental contents (C, H, and O) such as the decrease in both atomic ratios of 

H/C and O/C with the increase of heating temperature has been used as an indicator of 

biochar’s structure and stability (European Biochar Certificate (EBC), 2016; International 

Biochar Initiative, 2015).  

Physical properties of biochar such as surface morphology, porosity, pore-volume, 

surface area, and other physical structures are also influenced by feedstock types and 
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production conditions (Kan et al., 2016a). At high temperature (600°C), Brodowski et al. 

(2005) observed complete destruction of the original structure of the feedstock. The 

structure of biochar produced at a lower temperature (~400°C) was similar to that found 

in amorphous carbons, while biochar produced at a higher temperature (>500°C) have 

structures which were more similar to the thermally-reduced graphene oxides (Guizani et 

al., 2017; McDonald-Wharry et al., 2013).  Brewer et al. (2014) found that biochar 

porosity is influenced by feedstock type with biochar produced from grass has a higher 

porosity than woody biochar, while generally, both pore volume and surface area of 

biochar increase with the increase of heating temperature (Fu et al., 2012; Weber and 

Quicker, 2018). 

To date, research on biochar characteristics as a function of feedstock types and pyrolysis 

temperature has been extensive (Igalavithana et al., 2017; Leng and Huang, 2018) as the 

physicochemical properties (elemental compositions, moisture, fixed C, volatile matter, 

ash contents, pH, CEC, surface area, and pore size) including its molecular and structural 

compositions of biochar determine its stability and suitability for specific applications 

(Leng and Huang, 2018; Li and Chen, 2018). Based on a recent review and meta-analysis 

of 154 studies by Li et al. (2019), the possibility to link biochar production (pyrolysis 

temperature and feedstock type) with its properties and performance was highlighted. This 

suggested the possibility of predicting the outcomes of specific biochar application based 

on the pyrolysis temperature and type of feedstock used for its production. Recent guide-

lines by IPCC also emphasize the practical need to identify biochar’s production temper-

ature and feedstock type to estimate the change in SOC stocks from biochar amendments 

to soils (IPCC, 2019). However, although this information is commonly available, it is 
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well known that due to the exothermic nature of pyrolysis reaction (Ripberger et al., 2015) 

and the varying thermal behavior of feedstock (Di Blasi et al., 2014), the control of py-

rolysis temperature can be difficult and thus, the reported temperature may be inaccurate 

and need to be verified. 

2.2 Agronomic and environmental benefits of biochar 

The use of biochar is not only limited to C sequestration (Lehmann and Joseph, 2015), 

but its application to soil has been reported to give positive effects on soil qualities such 

as the increases of ion exchange capacity, liming ability, nutrient retention, soil organic 

C, and plant growth (Laird et al., 2010; Shi et al., 2017; Zhang et al., 2012). The addition 

of biochar may also improve soil aeration, soil aggregation, and other soil hydrologic 

functions (Blanco-Canqui, 2017; Omondi et al., 2016; Ouyang et al., 2013). Under 

specific conditions, biochar application has also been shown to reduce the greenhouse gas 

(GHG) emissions such as the nitrous oxide (N2O) and methane (CH4) from soil (Cayuela 

et al., 2015; Jeffery et al., 2016; Van Zwieten et al., 2015). The next sections will explore 

more on the effect of biochar application on soil N2O emission and soil organic C. 

2.2.1 Biochar effect on nitrous oxide (N2O) emission from soil 

New Zealand has committed to reducing greenhouse gas (GHG) emissions to 5 and 11% 

below the 1990 level by the year 2020 and 2030, followed by a net-zero target for CO2 

and N2O by 2050 according to the Climate Change Response (Zero Carbon) Amendment 

Act introduced in 2019 (Ministry for the Environment, 2019a). The primary sources of 

nitrous oxide (N2O) in New Zealand are excreta (urine and dung) from grazing animals; 

contributed to 14% (5435.3 kt CO2-e) of total N2O emissions from the agricultural sector 
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in 2017 which represent a 5.8% increase since 1990, followed by urea and farm dairy 

effluent applied to soils (Ministry for the Environment, 2019b).  

Nitrous oxide is produced in soil by microbial processes that occur during (i) the oxidation 

of NH4
+ to NO3

- (nitrification),  (ii) during the dissimilatory reduction of NO3
- and NO2

- 

to N2 when oxygen is depleted (denitrification) (Robertson and Tiedje, 1984) or (iii) from 

the nitrifier-denitrification reaction, in which ammonia oxidizers reduce NO2
− to N2O or 

N2. Nitrifier-denitrification can happen in both aerobic and anaerobic conditions (Wrage 

et al., 2001). These microbial processes are affected by several factors such as the 

availability of N sources, organic matter content, and the physical condition of the soil i.e, 

low soil aeration, high soil water content and soil compaction (de Klein and Ledgard, 

2005; Saggar et al., 2004). Denitrification is the main reaction responsible for N2O 

production when the water-filled pore spaces (WFPS) of soils is over 70% while, 

nitrification is the main source under drier soil conditions (Khalil and Baggs, 2005). 

However, the emissions of N2O in New Zealand pastoral soils mostly originate from 

denitrification processes (Saggar et al., 2004). 

The use of biochar as soil amendments has been suggested as a potential tool to reduce 

the N2O emission from soil (Van Zwieten et al., 2015), however, its application has been 

reported to have contrasting effects. Several authors (Nelissen et al., 2014; Taghizadeh-

Toosi et al., 2011; Thomazini et al., 2015) claimed the emissions of N2O from soil were 

reduced after the application of biochar, while other studies showed biochar increased 

(Chen et al., 2015; Shane M. Troy et al., 2013; Yoo and Kang, 2012) or did not affect soil 

N2O emissions (Angst et al., 2014; van Zwieten et al., 2019). Nonetheless, multiples meta-

analyses confirmed that N2O emissions are reduced with biochar application rates. Based 
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on the meta-analysis done by Cayuela et al. (2014), biochar applications reduced soil N2O 

emission by 54% in both laboratory and field studies. However, later they updated their 

finding with a lower N2O mean reduction of 49% (Cayuela et al., 2015) with field studies 

shown lower N2O reductions (28%) compared to laboratory studies (54%). Further meta-

analyses done by Liu et al. (2018) and Borchard et al. (2019) also found reduced soil N2O 

emission by 32 and 38%, respectively, along with decreased NO3
- leaching after biochar 

applications. 

2.2.1.1 Soil factors and the role of biochar in controlling N2O emissions  

There are several possible factors involving biochar application in soil that may affect 

N2O emissions, such as the changes in soil pH, soil aeration, and interactions between 

biochar with available N in soil (Cayuela et al., 2014, 2013). Changes in soil pH may 

affect N2O emissions due to the need for an optimum pH for nitrifiers and denitrifiers to 

perform well in soil. Decreasing soil pH may increase the N2O product ratios of both 

nitrification (N2O/(NO2
−+NO3

−)); due to enhanced denitrification of NO2
− (Mørkved et 

al., 2007), and denitrification (N2O/(N2+N2O)); possibly due to hindered synthesis of the 

functional N2O reductase enzyme (Bakken et al., 2012). The liming properties of biochar 

have been reported in several articles where the application of biochar was found to 

alleviate soil pH in acidic soil (Chintala et al., 2014; Verheijen et al., 2010). In studies 

done by Isadora et al. (2019), Obia et al. (2015), and Van Zwieten et al. (2010), the 

reduction in N2O emissions from acidic soils after having increased its pH with the 

application of biochar were observed. However, the change in pH of a specific soil with 

the addition of specific biochar will also largely dependent on the pH-buffering capacity 
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of the specific soil. Thus, the response of soil pH to biochar application might be varied 

(Camps-Arbestain et al., 2015). 

Biochar application may also alter soil physical properties such as improving soil aeration, 

porosity, moisture, and aggregation while reducing compaction and bulk density (Blanco-

Canqui, 2017; Herath et al., 2013; Masiello et al., 2015). These changes may affect soil 

N2O emissions by influencing the generation of N2O and its diffusion (Chapuis-lardy et 

al., 2007; Heincke and Kaupenjohann, 1999). The addition of biochar may increase 

oxygen availability and lower the WFPS, thus decreasing soil N2O emissions by 

hampering the activity of denitrifiers. Yanai et al. (2007) and Rogovska et al. (2011) 

suggested that biochar addition enhanced soil aeration and contributed to the reduction in 

N2O emissions in their incubation studies. However, in an incubation study done by Case 

et al. (2012), it was suggested that the effect of biochar on soil pH and aeration only 

provided a minimal contribution to the reduction of N2O emission from basic soil. These 

researchers incubated soil cores with different doses of biochar and wetted them to a 

uniform 78% WFPS. They found that despite all soil cores has the same soil aeration, soil 

amended with higher biochar rate had lower cumulative N2O production compared to 

control. Although biochar-amended soils having higher soil pH values than non-amended 

soils, they were only slightly differed (8.02-8.22), and thus the reduction of N2O 

production due to the pH changes in basic soils was considered as unlikely. In such 

conditions, another factor such as the interaction between biochar and the available N 

(NO3
- or NH4

+) in soil was hypothesized as a potential contributor to the suppression of 

N2O soil emission. Nevertheless, this study only focused on the effect of biochar addition 
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in basic soil. Thus, the result found cannot simply be used to represent the effect of biochar 

addition on N2O emission in all soil types and conditions. 

The availability of reactive N in the soil, such as NO3
- or NH4

+, is important for microbial 

activities related to N2O production. Biochar application to soil may limit the availability 

of N in soil possibly by immobilization of the available NH4
+ (Hina et al., 2010; Saleh et 

al., 2012) and/or NO3
-  (Haider et al., 2017; Kammann et al., 2015; Yao et al., 2012), thus 

lowering the N2O emissions by reducing the availability of the substrate used for the 

production of N2O. Considerable reductions in soil extractable NO3
- and a decrease in 

N2O emission over time has been observed after the application of biochar (Bruun et al., 

2011; Case et al., 2012; L. Van Zwieten et al., 2010; Van Zwieten et al., 2014). However, 

the mechanisms involved and the interaction between biochar properties; such as the 

function of pyrolysis temperature, feedstock type, and its application rate, with soil 

available N on N2O production remains elusive and require further evaluation (Cayuela 

et al., 2014; Q. Liu et al., 2018; Verhoeven et al., 2017). Contrary to the studies above-

mentioned, Singh et al. (2010) and Jones et al. (2012) found that biochar had little or no 

effect on the leaching of NO3
- in biochar-amended soils. Both of these studies involved 

relatively long-term experiments. The authors suggested the aging of biochar in soils had 

also affected the available N and subsequently the N2O emissions.  

Most of the studies on the effect of biochar application on soil N2O emission still lack 

insights and understanding of the mechanisms involved (Kammann et al., 2017; Woolf et 

al., 2018a). Mukherjee and Lal (2013), Clough et al. (2013), and Omondi et al. (2016) 

emphasized the lack of research focusing on the effect of biochar application on soil 

physical properties, such as the formation and stability of soil aggregates, which are 
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closely related to soil aeration, porosity, and drainage facility of soil, and thus may also 

indirectly impact N2O soil emission.  

Clough et al. (2013) also highlighted the need to assess the influence of biochar particle 

size, which often gets overlooked in N2O emissions studies. In a comparison study done 

by Felber and Leifeld (2013) in which N2O emissions from controlled laboratory 

conditions experiment and a field experiment were measured, it was suggested that the 

efficiency of biochar for reducing N2O emissions was also related to the effectiveness of 

mixing of biochar in soil and its possible effect on NO3
- immobilization. The ineffective 

mixing of biochar in the field left larger soil aggregates without having biochar 

incorporated inside and this reduced the contact of biochar particles with soil and affected 

the ability of biochar to retain NO3
- (Felber et al., 2013).  Soil-biochar contact is also 

affected by the biochar incorporation technique (e.g., whether the biochar is spread on the 

soil surface, uniformly mixed into the topsoil or incorporated at certain soil depth) and 

yet this also has received little attention (Verheijen et al., 2010). In a review done by 

Blanco-Canqui (2017), biochar particle size and placement method were identified as 

factors that can potentially influence soil physical properties, and yet there is very limited 

research on this.  

2.2.2 Biochar effect on soil C  

Soil carbon (C) plays an important role in varying soil functions such as in the 

conservation and filtration of water, storage and recycling of nutrients, biomass 

production, habitat for biological activity, and carbon storage. Soil C is also considered 

as one of the key indicators of soil function in regards to agricultural productivity, water 

security, and climate regulation (FAO, 2015; Wiesmeier et al., 2019). The estimated size 



   

18 
 

of the soil organic C (SOC) pool to 1-m depth is 1462–1548 Pg (petagram = 1015 g or 109 

t), almost twice as much as the atmospheric stocks (Batjes, 2014). Therefore, even small 

changes in the SOC stocks would affect the atmospheric stock (Smith, 2008) with small 

gains in soil organic C can result in a considerable reduction in atmospheric CO2 

concentrations  (4 per 1000 Initiative, 2015). SOC decomposition rate can be affected by 

several factors such as the inherent soil characteristics, climate, and land use e.g. 

agricultural activities (Lal, 2018). Unsustainable agricultural practices have resulted in a 

major depletion of SOC stocks by ~133 Pg C in the top 2-m of agricultural soils 

(Sanderman et al., 2018).  

The SOC stocks can be maintained or increased by (i) reducing soil tillage and thus less 

SOC mineralization from soil disruptions, (ii) increasing below-grounds C inputs through 

the selection of deep-rooting crop varieties with higher fine-root density at depths, and/or 

(iii) the addition of organic C amendments (e.g. animal manure, compost, or biochar) 

(Chenu et al., 2019; Dignac et al., 2017; Whitehead et al., 2018). The incorporation of 

biochar into the soil has not only been promoted as a strategy for direct C sequestration 

due to its high C content and high recalcitrance (Lehmann, 2007; Woolf et al., 2018a) but 

also as an agricultural management practice with beneficial effects on soil physical and 

chemical properties (Chen et al., 2019; Ye et al., 2019). However, biochar addition has 

been found to affect the mineralization rate of native SOC (S. Liu et al., 2016; Wang et 

al., 2016), referred to as “priming”, where “positive priming” is the increased 

mineralization of native SOC while, “negative priming” is the reduced mineralization of 

native SOC, following biochar additions (Zimmerman et al., 2011).  
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Several mechanisms have been proposed to explain the biochar-induced negative priming 

effect such as (i) enhanced physical protection of SOC from increased soil aggregation 

(Hernandez-Soriano et al., 2016; Kerré et al., 2016), (ii) sorption of SOC on biochar 

surfaces and thus limiting its availability to microbes (Keith et al., 2015; Maestrini et al., 

2014; Whitman et al., 2014), (iii) increased formation of organo-mineral complexes 

through adsorption and ligand exchange (Joseph et al., 2010; Weng et al., 2017) and/or 

(iv) the inhibition of microbial activity due to toxic substances in biochar (Palansooriya 

et al., 2019; Whitman et al., 2015), while the addition of biochar may accelerate the 

mineralization rate of SOC (positive priming) by (i) stimulated microbial activity from 

the addition of labile C in biochar, also known as co-metabolic effect (Luo et al., 2011; 

Singh and Cowie, 2014) and/or (ii) improved soil condition favorably for microbes e.g. 

changes in soil pH, nutrient availability, and soil moisture regime (Paetsch et al., 2018; 

Whitman et al., 2015). 

Mixed responses of SOC mineralization following biochar additions are common, for 

example, in a meta-analysis study by Maestrini et al. (2015), a mean increase of 15% in 

native SOC mineralization (positive priming) after biochar additions to the soil was 

observed, in contrast with a mean decrease of 3.8% in SOC mineralization with biochar 

additions (negative priming effect) reported in a meta-analysis study done by Wang et al. 

(2016). These contrast may be due to the differences in the number of studies included in 

each meta-analysis and/or the transient nature of priming effect, changing from positive 

to negative or vice versa which sometimes can only be observed if the study was carried 

out for a certain duration. Several studies reported that the positive priming effect 

occurred for more than 1.5 years after biochar addition and shifting towards negative 
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priming afterward (Ding et al., 2018; Maestrini et al., 2015), whereas other studies found 

that following biochar addition the priming effect was negative for up to 0.5 years, with 

no significant priming effect was observed later on (Kerré et al., 2016; Wang et al., 2016).   

The changes in the direction and magnitude of SOC priming in soil amended with biochar 

were not only influenced by study duration but also other experimental conditions such 

as the setting (whether it was done in the laboratory, glasshouse or the field), the 

presence/absence of plants, biochar application rate, as well as the varying soil and 

biochar properties incorporated in each study (Ding et al., 2018; Han et al., 2020; 

Maestrini et al., 2015; Wang et al., 2016). Compare to field studies, controlled 

experiments i.e. laboratory incubations and glasshouse pot studies were less 

representative of realistic field conditions due to the lack of variations in factors affecting 

biochar-SOC dynamics such as the moisture, temperature, and interactions between 

biochar, SOC, and plant inputs (Cui et al., 2017; Fang et al., 2017; Paetsch et al., 2018), 

thus the overall effect of biochar addition on native SOC can be difficult to assess. Weng 

et al. (2015) highlighted the importance of incorporating plants into the study when 

assessing the extent of biochar-induced priming of SOC as labile plant inputs and root 

exudates may cause negative priming of SOC due to the preferential substrate utilization 

by microorganisms that favor easily degradable plant inputs compare to the more stable 

SOC (Weng et al., 2015) and also stabilized the SOC through biochar-enhanced organo-

mineral interactions (Weng et al., 2017). Plant inputs may also induce co-metabolic 

decomposition and thus promote the positive priming effect (Dong et al., 2018).  

Additionally, the amount of biochar applied was an influencing factor for SOC priming. 

Based on the meta-analysis by Wang et al. (2016), a low application amount of biochar ≤ 
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1% (w/w) induced significant negative priming on SOC, whereas no significant priming 

effect was observed with higher biochar application rate (up to 20% w/w). In a 90-day 

incubation study by Abbruzzini et al. (2017), with a biochar application rate of 0.4 to 1.9% 

(w/w) they found significant negative priming effect on SOC in biochar-amended soils 

compared to the soil alone, possibly due to preferential utilization of easily available C 

source by soil microorganisms. Yet, in another short-term incubation study by Liu et al. 

(2018) the negative priming effect of biochar was only significant when the application 

rate was 5% (w/w) with no significant differences when biochar was applied at a lower 

rate. The low amount of biochar may be insufficient to physically protect the native SOC 

from mineralization. Conversely, based on a review by (Han et al., 2020), positive priming 

effect was observed in studies with a biochar addition rate lower than 15% (w/w). 

Furthermore, soil properties such as soil textures may affect the SOC mineralization rate 

as positive priming effect has been observed when biochar was mixed with sandy or 

coarser soil -possibly due to the greatly improved soil aeration (S. Liu et al., 2016) and 

increased accessibility of the weakly protected SOC for microbial degradation (Han et al., 

2020)-, whereas, negative or no priming effect was found in fine-textured soil. Likewise, 

biochar properties such as the labile C fraction and ash content that vary with feedstock 

type and pyrolysis conditions also affect the native SOC decomposition rate following its 

application (Han et al., 2020). For example, biochar produced at a lower temperature or 

made from manure, and crop residues would have higher labile C fraction than high 

temperature, woody-based biochar (Enders et al., 2012; Pariyar et al., 2020), and thus 

contributed to the increased mineralization of native SOC through the stimulation of 

microbial activity by the labile C contained within the biochar or temporary negative 
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priming effect due to preferential substrate utilization of biochar-C instead of the native 

SOC by soil microorganism (Singh and Cowie, 2014; Yu et al., 2018). 

Although most possible factors (and its related mechanisms) affecting biochar-derived 

priming effect has been identified and investigated, other aspects such as the biochar 

incorporation technique (Maestrini et al., 2015) and its application depth -which may also 

affect soil processes and SOC dynamics (Blanco-Canqui, 2017; Verheijen et al., 2010)- 

is lacking and need to be taken into consideration in evaluating the effect and predictive 

understanding of biochar addition on native SOC decomposition. 

2.3 Near-infrared (NIR) spectroscopy for biochar characterization 

and soil organic C (SOC) measurement  

2.3.1 Near-infrared (NIR) spectroscopy overview 

Near–infrared (NIR) spectroscopy technique has been developed for its use in agriculture 

sector in the last 40 years for determining the composition of agricultural products such 

as cereals, fruit, vegetables, meat, etc. (Bellon-Maurel and McBratney, 2011; Burns and 

Ciurczak, 2007; Workman Jr, 2016).`It has also been successfully used to measure soil 

moisture content (Kuang and Mouazen, 2011; Mouazen et al., 2005a), soil texture (Deiss 

et al., 2017; Mouazen et al., 2005b), total soil C, organic C, total N (Brunet et al., 2008; 

Chang and Laird, 2002; Viscarra Rossel et al., 2016; Yang et al., 2012), cation exchange 

capacity (CEC) (Sudduth and Hummel, 1993; Ulusoy et al., 2016), mineralisable N 

(Moron and Cozzolino, 2004), potentially mineralisable C (Ludwig et al., 2002; Sarkhot 

et al., 2011), microbial biomass C and N (Linsler et al., 2017; Ludwig et al., 2002; Zornoza 
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et al., 2008), root density (Kusumo et al., 2010; Xu et al., 2016), and the composition of 

organic matter in soil and litter (Kang et al., 2017; Terhoeven-Urselmans et al., 2006).  

Near-infrared (NIR) spectroscopy is known as a rapid, cost-effective, non-destructive 

technique and can be used in both laboratory and on-site (Nocita et al., 2015a). It works 

based on the interaction of near-infrared radiation with sample constituents, particularly 

the covalent bonds of small atoms such as O, C, H, and N, abundant in organic matter. 

The signal reflected from the object (e.g. soil) is based on the vibration of the small atoms, 

such as C-H, O-H, N-H bonds which produces spectral signatures that are defined by their 

absorbance or reflectance as a function of wavelength in the electromagnetic spectrum. 

The near-infrared (NIR) spectral region encompasses wavelengths between 700 nm to 

2500 nm, which generally consists of weak overtones and combinations of vibrational 

bands of atoms (Viscarra Rossel et al., 2006; Williams and Norris, 2001). 

The overlapping of overtones and combination bands makes the separation and 

identification of individual NIR bands difficult. However, the quantitative analysis of 

samples based on the NIR spectra can be improved using chemometric techniques, such 

as the performance of a multivariate calibration for the determination of sample 

constituents. Chemometric can be defined as a discipline within chemistry that deals with 

statistical and mathematical methods to extract useful information from chemical 

measurement and relate it to the compound of interest followed by the development of a 

predictive model (classification or regression) (Williams and Norris, 2001).  
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2.3.2 NIR spectral pre-processing techniques and the use of multivariate analysis  

2.3.2.1 NIR data preprocessing 

Generally, analysis of NIR spectra involves pre-processing techniques to remove or 

minimize unwanted spectral variance (e.g. baseline shift, trend, scattering, noise) and 

enhance the data. This includes data transformation to reduce nonlinearity such as from 

reflectance (R) spectra to log (1/R), spectral normalization using the multiplicative scatter 

correction (MSC) or standard normal variate (SNV) to reduce signal fluctuation caused 

by light scattering in reflectance measurements from variation in the particle size 

distribution of the sample, detrending for baseline correction, data smoothing and 

differentiation using Savitzky–Golay method to reduce random noise and increase the 

signal-to-noise ratio, also data autoscaling using mean centering and variance scaling (Sun 

et al., 2009; Varmuza and Filzmoser, 2009; Workman Jr, 2016). NIR spectral pre-

processing is followed by the implementation of multivariate analysis to produce 

qualitative or quantitative models. Two well-known multivariate techniques commonly 

used for NIR data are the principal component analysis (PCA) and the partial least square 

regression (PLSR).  

2.3.2.2 Principal component analysis (PCA) and partial least square regression 

(PLSR). 

The principal component analysis (PCA) is an exploratory method that reduced the 

dimension of original data by projecting the original highly correlated x-variables into a 

smaller set of uncorrelated latent variables called principal components (PCs). Each PC 

contains explained variance (information) of the data structure. The data plotted in the 

scatter plot (score plot) is well presented if the total variance retained in a few PCs is high. 
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Most of the data variability can be explained in the first two principal components; PC1 

and PC2 (Miller and Miller, 2010). PCA is usually run before any other multivariate 

technique to check for outliers or any discernable pattern from sample distributions shown 

in the scores plot (Esbensen et al., 2002).  

Whereas, the PLSR analysis is carried out to build the calibration model by correlating 

the pre-processed NIR spectral data with the reference data. Briefly, PLSR involves the 

use of latent variables (also known as components or factors) obtained from X-variables 

that relate well with the Y-variables (through internal regression), and also best describe 

the variation of X-variables itself. This transformation of original X variables into latent 

variables involves maximizing covariance between latent variables (components/factor) 

and Y variables, i.e. by having maximum explained variance of X-variables and maximum 

correlation with Y-variables (Varmuza and Filzmoser, 2009; Wold and Eriksson, 2001). 

The optimum number of components/factors that produce low root mean square error 

(RMSE) and low Akaike Information Criterion(Viscarra Rossel, 2008) are used to 

establish the calibration model. Then, the model is validated using leave-one-out-cross-

validation (LOO-CV) to check for over-fitting and later validated using the prediction set.  

The predictive ability of the model is evaluated based on statistical parameters such as the 

root mean square error of LOO-CV (RMSECV), root mean square root of prediction 

(RMSEP), the coefficient determination (R2) and RPD (ratio of prediction to deviation); 

RPD is the standard deviation of the reference data divided by the root mean square error 

(SD/RMSE) (Kusumo et al., 2011). The steps for chemometric analysis of NIR spectra is 

illustrated as follows: 
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Figure 2-1. Steps for chemometric analysis of NIR spectra 

 
2.3.3 The use of NIR spectroscopy for biochar characterization 

To date, only a few studies on the characterization of charred materials, including biochar, 

using NIR have been done. Reeves et al. (2007) successfully determined some chemical 

properties (total acids, carboxylic acids, lactones, and phenols) of charred pine wood, 

bark, cellulose, and lignin. Monteiro et al. (2010) carried out a quality assessment of 

charcoal and were able to distinguish between charcoal obtained from an industrial 

process and that obtained in a laboratory furnace. Davrieux et al. (2010) and De Muñiz et 

Spectral pre-processing to remove or reduce unwanted spectral 
variability and noise.

Multivariate analysis using PCA, and PLSR to build a calibration 
model by correlating the pre-processed NIR spectral data with the 

reference data.

Model validation using the LOO-CV technique followed by 
validation using prediction set.

Assessment on the predictive performance of the NIR calibration 
model based on statistical parameters (i.e. RMSE, R2, RPD)
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al. ( 2013) used NIR to distinguish charcoal produced from wood of different tree species. 

Andrade et al. (2012) estimated the fixed C content, volatile matter content, and 

gravimetric yield of Eucalyptus charcoal produced at different production temperatures; 

350°C, 450°C, 550°C, and 900°C.  

Whereas, Yang and Sheng (2012) used NIR spectroscopy to estimate ash, volatile matter, 

fixed C contents, and pyrolysis temperature of biochar made from pine wood, cedarwood, 

and cotton stalk produced at different pyrolysis temperatures. Kusumo et al. (2014) also 

used NIR to predict the production temperature of biochar, ash, volatile matter, and other 

biochar properties such as condensed aromatic C, fixed C, H/Corg. In a more recent study, 

Ramalho et al. (2017), differentiated charcoal produced from wood as coming from either 

native forest or commercial plantation. They also showed that NIR can be used to 

discriminate these charcoal according to their production temperatures. Costa et al. (2018) 

also used NIR spectroscopy to predict final production temperature of charcoal produced 

from Eucalyptus wood at a final temperature of 400 °C, 500 °C, 600 °C, and 700 °C. 

NIR spectroscopy has been proven to be a useful technique for estimating the properties 

of charred material including biochar, however, most reported NIR studies were used on 

charcoal produced from wood and for the specific industrial purpose (e.g. as an energy 

source, for barbeques) (Costa et al., 2019), whereas biochar is produced from various 

types of feedstock at varying temperature range and production conditions which may 

affect NIR prediction. 



   

28 
 

2.3.4 Near-infrared (NIR) spectroscopy as an alternative method for SOC 

estimation. 

Biochar application is one of the management practices that has been shown to affect soil 

organic carbon (SOC) storage (Bai et al., 2019; Ngo et al., 2014). In a recent study by 

Blanco-Canqui et al. (2020), the negative priming effect of biochar and its potential use 

as a C sequestration agent has been highlighted, where SOC stocks were increased by 

twice the amount of C added with the biochar after six years in the field in the Midwestern 

USA. Currently, the common methods used to measure the organic C concentration and 

the overall C stocks of the untreated soil (not containing biochar) are also applicable for 

biochar-amended soils. In general, SOC can be estimated based on the standard and 

conventional direct measurements or by using the relatively recent spectroscopic methods 

(Bellon-Maurel and McBratney, 2011; Nayak et al., 2019; Paustian et al., 2019). 

2.3.4.1 Direct measurement for SOC determination 

Direct measurement of SOC stocks relies on appropriate physical sampling and sample 

processing, followed by laboratory analysis for SOC concentration determination 

(Paustian et al., 2019; Smith et al., 2020). However due to the slow rate of SOC changes 

and the large spatial variability in SOC content, the detection of any measurable changes 

can be difficult (Nayak et al., 2019). The SOC stocks for a given depth is calculated from 

bulk density, SOC concentration, and soil depth (FAO, 2019; IPCC, 2006). Therefore, an 

effective sampling design involving adequate sample size and sampling interval, the 

correct sampling depth, accurate bulk density, and SOC content measurements is crucial. 

If the expected change in SOC stocks can be estimated for a given period, the minimum 

number of samples required can be determined based on the concept of the minimum 
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detectable difference (MDD) (FAO, 2019; Zar, 2010) with the MDD value should be 

smaller than the expected change in SOC stocks.  

Based on a review comprising of 41 studies by Davis et al. (2017), sampling depth for 

SOC assessment was found to vary between 10 cm to 100 cm. However, IPCC (2006) 

recommended SOC measurement to be done in the top 30 cm depth, whereas FAO (2019) 

suggested deeper soil sampling, although lower depth may be considered depending on 

the objectives of the study. Soil bulk density is the mass per unit volume of the soil and 

generally measured using the undisturbed (intact) core method (FAO, 2019). However, 

soil bulk density is influenced by soil texture and land use causing differences in the 

amount of soil sampled within a given sampling depth (Ellert and Bettany, 1995), thus, 

the “equivalent soil mass” approach is recommended when calculating for SOC stocks 

(Ellert et al., 2007; FAO, 2019; Wendt and Hauser, 2013).  

2.3.4.2 Standard laboratory methods for SOC measurement 

Common laboratory analyses for SOC measurements include dry combustion in an 

elemental analyzer, wet oxidation/digestion, and the loss-on-ignition method. Dry 

combustion technique works based on the combustion of SOC at a high temperature and 

is the most accurate for measuring the soil C content (Nayak et al., 2019). However, the 

cost for the initial purchase and maintenance is relatively high, moreover, this technique 

requires a very small sample mass (a few milligrams), thus it is important to ensure the 

samples analyzed are representative (FAO, 2019). 

Wet oxidation based on the Walkley and Black (1934) procedure is a well-known 

technique used to determine the organic matter content in the soil. This method assumes 

that 77% of the organic carbon is oxidized by chromic acid and that soil organic matter 
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contains 58% C (Schulte and Hoskins, 1995), thus, a correction factor of 1.3 is needed to 

adjust the result. This technique is relatively rapid and easy, however, unlike the dry 

combustion method, the recovery rate of this technique may vary and is affected by the 

differences in soil constituents and the presence of recalcitrant material like charcoal 

(FAO, 2019; Schulte and Hoskins, 1995). Thus, this technique is also used to determine 

the chemical oxidative stability of biochar and for the quantification of biochar in the soil 

(Leng et al., 2019). 

Another routinely used method to determine SOC content is the loss-on-ignition (LOI) 

which is based on the oxidation of soil at a temperature ranging from 360 to 550 °C for 

two hours or more (FAO, 2019; Schulte and Hoskins, 1995). The SOM content i.e. the 

difference between the soil mass before and after ignition, will need to be multiplied with 

0.58 or individual conversion factor to get the SOC value. This technique is not only 

simple and cheap but it also allows the use of larger sample mass ≥20 grams. However, 

similar to the wet oxidation technique, LOI value is affected by soil compositions such as 

the clay content and the presence of charcoal (Abella and Zimmer, 2007; De Vos et al., 

2005). 

2.3.4.3 SOC measurement using spectroscopic methods 

Spectroscopic techniques such as the visible-near-infrared (Vis-NIR), near-infrared 

(NIR), or mid-infrared (MIR) spectroscopy, laser-induced breakdown spectroscopy 

(LIBS), and inelastic neutron scattering (INS), are increasingly applied for SOC 

measurement as they are relatively rapid, efficient for large sample numbers, cost-

effective, and non-destructive than the conventional methods (England and Rossel, 2018; 

Nayak et al., 2019).  
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The infrared (Vis-NIR, NIR, or MIR) spectroscopy has been used for over 30 years to 

investigate soil properties including SOC content (Bellon-Maurel and McBratney, 2011; 

Nocita et al., 2015a) and thus this technique is more established compared to other 

spectroscopic techniques (Knadel et al., 2017). Infrared spectroscopy is suitable for soil 

organic C analysis since absorption bands of organic molecules are detected within these 

spectral regions (Vis: 350-700 nm; NIR: 780-2500 nm; MIR: 2500-25000 nm) (Williams 

and Norris, 2001). Generally, the spectrometer used for Vis-NIR and NIR spectroscopy 

technique is similar, whereas MIR spectroscopy uses a separate spectrometer. In the 

laboratory setting, MIR spectroscopy can predict the SOC concentration of the oven- or 

air-dried and finely ground soil sample with higher accuracy than using both Vis-NIR and 

NIR spectroscopy, however, the latter are superior for in-situ SOC measurement as MIR 

spectra is more affected by soil moisture variations (Hutengs et al., 2019; Soriano-Disla 

et al., 2014). Thus, the use of Vis-NIR and NIR spectroscopy were more prevalent due to 

the minimum sample preparation (Nocita et al., 2015a).  
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Figure 2-2. Quantitative estimation and validation of soil properties based on spectral 
libraries. Source: Nocita et al. (2015b). 

 
In a review by England and Rossel (2018), Vis-NIR was promoted as the most suitable 

cost-effective spectroscopy technique for soil C stock accounting as it can measure soil C 

concentration in-situ or with minimal preparation. Figure 2-2 shows the prediction step 

for measuring soil properties using Vis-NIR spectrscopy technique. 

However, to date, there were only a few studies attempted to estimate the soil C stock 

using Vis-NIR spectroscopy, even though soil C stocks represent more important 

information than soil C concentration. In a study by Roudier et al. (2015), the feasibility 

of using Vis-NIR for the in-situ measurement of SOC concentration and the subsequent 

prediction of  SOC stocks were reported. Guo et al. (2017), Guo et al. (2019), and (Segnini 

et al., 2019) also successfully used Vis-NIR and NIR to estimate SOC stock using the 
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measured SOC concentration. However, they used dried, finely-ground, and sieved soil 

samples. Based on this study, it shows the potential of integrating the Vis-NIR or NIR 

spectroscopy in SOC stock estimation study for reducing research time and cost. 

The use of Vis-NIR or NIR spectroscopy for measuring SOC in soil-amended biochar is 

very much lacking. To date, there were only three published studies on the use of NIR 

spectroscopy on soil-amended with biochar; Reeves et al. (2010) showed that the addition 

of biochar to soil may affect the NIR spectral signature of the original soil C, while, Allen 

& Laird (2013) and Uchimiya et al. (2019) showed that NIR spectroscopy can be used to 

predict the total C of soils amended with biochar. In both studies, soil samples were air-

dried and sieved prior to NIR scanning and the range of NIR wavelength used was 

between 1100 to 2500 nm.
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2.4 Research gaps 

According to the literature review, current research gaps related to (i) biochar 

characterization, (ii) the use of biochar to reduce nitrous oxide (N2O) soil emission, (iii) 

the use of biochar to increase soil organic C (SOC) stocks while reducing the 

mineralization of native SOC, and (iv) how the use of near-infrared spectroscopy can be 

well-suited into a biochar-related study, can be summarised as follows: 

i) Based on the vast literature on biochar characterization, biochar characteristics are 

highly influenced by pyrolysis temperature and feedstock type. Thus, it can be 

concluded that biochar produced from a certain type of feedstock at a certain 

pyrolysis temperature is expected to have particular characteristics, and by knowing 

this information (pyrolysis temperature and feedstock type) it would be sufficient 

to predict its suitability for potential purposes. For example, it is preferable to apply 

wood-based biochar produced at a high pyrolysis temperature for soil C 

sequestration due to its high C content (Woolf et al., 2018a). However, due to lack 

of standardization in biochar production, the reported temperature can only be 

verified indirectly i.e. by measuring the C content (and the H/Corg ratio) using 

laboratory techniques and comparing the values with the literature. Therefore, there 

is a need for a relatively cheaper and rapid alternative method to verify the reported 

pyrolysis temperature, for instance, by using the NIR spectroscopy technique. 

ii) Although the use of biochar as soil amendments has been suggested as a potential 

tool to reduce the N2O emission from the soil, there have been mixed results. Based 

on the literature, there are two parameters in biochar studies; the particle size of 
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biochar and placement depth, which may potentially affect soil N2O emission, but 

have been generally overlooked and are still not well studied.  

iii) Mixed responses of SOC mineralization following biochar additions are common 

and extensive literature has been devoted to understanding the effect of biochar 

application to SOC stocks and the involving mechanisms. Yet, studies focusing on 

the effect of biochar incorporation technique which determines the placement of 

biochar in soil, and the use of biochar with different particle sizes are lacking. 

iv) The determination of SOC using direct measurement requires extensive and 

laborious sampling and laboratory analyses. The NIR spectroscopy technique has 

been promoted as a suitable tool for SOC concentration measurement and SOC 

stock estimation. Yet, it’s usages on soil-amended with biochar is extremely limited. 
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3 CHAPTER 3. NEAR-INFRARED SPECTROSCOPY 

(NIRS) FOR PREDICTING THE MAXIMUM 

PYROLYSIS TEMPERATURE OF BIOCHAR  
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Abstract 

Biochar produced by pyrolyzing feedstock at temperatures 350 °C or above has atomic 

H/Corg ratio of 0.7 or less and has low degradability in soils and suitable for carbon 

sequestration. This study investigates whether the near-infrared reflectance spectra 

(NIRS) of biochar can be used to reliably predict the maximum pyrolysis temperature 

achieved during biochar production as a method of selecting more stable biochar. A 

calibration model was developed using partial least squares regression (PLSR) of  NIR 

spectral data (780-2450 nm), acquired from 82 carbonized materials produced from 

different types of feedstock and ranges of maximum pyrolysis temperatures (220 °C to 

800 °C). The calibration model was validated using (i) leave-one-out cross-validation 

(LOO-CV) and (ii) a prediction set, yielded good accuracy (R2 = 0.82) with root mean 

square error (RMSE) of 48.8 °C and 57.7 °C, respectively. These results indicate that 

NIRS has the potential to be used as a monitoring and quality control tool for biochar 

production. 

 
Keywords 

Near-infrared spectroscopy; NIR; Biochar; Pyrolysis temperature; Partial least squares 

regression (PLSR) 
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3.1 Introduction 

According to International Biochar Initiative (2015) and European Biochar Certificate  

(2016), a charred material is considered as biochar if its atomic H/Corg ratio is 0.7 or less, 

which is commonly achieved by pyrolyzing feedstock at the highest heating temperature 

(HHT) of 350 °C or above. Generally, the HHT of the pyrolysis process through which 

biochar is produced ranges from 350 to 1000 °C, and has a strong influence on biochar C 

content, surface area, and degree of aromatic C condensation (Keiluweit et al., 2010; 

Weber and Quicker, 2018). These properties, in turn, have a strong influence on biochar 

degradability, with those produced at a higher temperature having higher persistence 

(Singh et al., 2012; Wang et al., 2016). 

Temperature gradients are common inside the kiln (between and within feedstock 

particles) due to the non-uniform heat transfer, especially as the feedstock particle size 

and/or that of the reactor increases (Van de Velden et al., 2010). Temperature gradients 

may cause the condensation of volatile pyrolysis products onto/within the biochar 

particles. If not re-pyrolyzed, these volatiles can sometimes have toxic effects on soil biota 

and plants (Buss and Mašek, 2014), although beneficial effects have also been reported 

(Graber et al., 2010; Joseph et al., 2013). Some may include PAH (polycyclic aromatic 

hydrocarbons) compounds, although these have only been found to be in considerable 

amounts in biochar when produced in poorly controlled pyrolysis conditions (Hale et al., 

2012) and their eco-toxicological risk to the soil environment is unlikely (Cornelissen and 

Hale, 2017). If re-pyrolyzed, the resultant products (e.g., coke) may have negative effects 

on the macroscopic structure of the biochar by blocking pores (Liaw and Wu, 2015). 

Another major challenge faced by biochar producers is the exothermic nature of pyrolysis 
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reactions, which makes the control of pyrolysis temperature below 400 °C difficult 

(Ripberger et al., 2015). This raises the need for a “market” quality control tool able to 

predict the maximum temperature at which the biochar has been produced. Besides, it 

could be used as a quality tool during biochar manufacturing as the practice of installing 

multiple thermocouples at different positions inside the kiln for monitoring the pyrolysis 

temperature (Li et al., 1999; Park et al., 2010) or by placing additional thermocouples 

within the samples are practically difficult (Aguiar et al., 2008; Di Blasi et al., 2013). 

Attempts have been made to determine the HHT at which carbonized materials have been 

produced using Raman spectroscopy technique, specifically by establishing correlations 

between the changes observed in characteristic bands with the increasing HHT of known 

samples (McDonald-Wharry et al., 2013; Yamauchi and Kurimoto, 2003). However, 

several shortcomings of this method include (i) the requirement of a suitable laser power 

setting on a sample-to-sample basis to acquire a high quality of signals, (ii) the fact that 

an excess of energy from the laser radiation may burn the sample, thus requiring additional 

preliminary testing to choose appropriate settings before routine analysis, and (iii) the 

high maintenance costs of the instrument (e.g., the annual cost of laser replacement) 

(Jestel, 2010; Smith and Dent, 2019). Schneider et al. (2010) determined the aromaticity 

of benzene polycarboxylic acid (BPCA) content of biochars with increasing HHT of 

carbonized materials. This technique may potentially be used to predict HHT (Schmidt et 

al., 2017); however, this method requires multiple analytical steps and is very time-

consuming.  

Near-infrared spectroscopy (NIRS) has not yet been thoroughly tested for such purpose, 

but it has already been proven to be valuable in industrial quality control and assessment, 
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especially in the agriculture sector. Among others, NIRS has been used by USDA (United 

States Department of Agriculture) as a standard method for the determination of protein 

content in grains, and also by the AOAC (Association of Official Analytical Chemists) to 

assess the quality of animal feed and forages (Kawano, 2008). To date, NIRS has been 

proven to be a suitable technique to predict specific biochar properties which are affected 

by thermal degradation, such as indices of biochar C persistence (condensed aromatic C, 

fixed C, H/Corg) (Kusumo et al., 2014), and other biochar properties (e.g., ash, volatile 

matter) (Andrade et al., 2012; Yang and Sheng, 2012). Therefore, the suitability of using 

NIRS to also predict the production temperature of biochar is expected as reported by 

Yang and Sheng (2012) and Kusumo et al. (2014), that found a 69 and 88% accuracy, 

respectively, in the prediction of pyrolysis temperature for their biochar samples using 

NIR data coupled with principal components—linear discriminant analysis (PC-LDA). 

The relatively moderate predictive accuracy was attributed to the small number of samples 

used (Yang and Sheng, 2012) and possibly due to the poor control of the production 

temperature including the existence of variable temperature gradients within the pyrolyzer 

(Kusumo et al., 2014), however, no detailed explanation was given.  

To our knowledge, other than the studies done by Yang and Sheng (2012) and Kusumo et 

al. (2014), no other study has been done using NIRS to predict the HHT at which biochar 

has been produced. This paper aims to evaluate whether NIRS combined with PLSR 

analysis can be reliably used to predict the HHT at which biochar was produced so that 

this can be used as a tool for quality control in biochar manufacture and C sequestration 

value.     
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3.2 Materials and methods 

3.2.1 Samples 

Eighty-two carbonized materials were used as the original calibration set. These samples 

were previously studied by  Enders et al. (2012) and Whitman et al. (2013) (details are 

provided in Table S3-1) and received in powder form for this study. They were produced 

from animal manures (bull manure, dairy manure, composted dairy manure, digested 

dairy manure, poultry manure), crop residues (corn, mixed plant residues, rice husk, 

soybean, switchgrass), nutshells (hazelnuts, peanut), mixed waste (food, paper, mixtures), 

woody materials (pine shavings, oak shavings, mixed hardwood chips, mixed softwood 

chips, mixed woodchips), and yard waste (brush, grass clippings, leaves). A large number 

of these carbonized materials (n=68) were produced by the same commercial company 

(Best Energies, Inc., Cashton, WI, USA) through slow pyrolysis using a Daisy Reactor 

pyrolyzer unit, while the rest of them (n=14) were produced using other production 

techniques (ablative updraft pyrolysis, fast pyrolysis, intermediate pyrolysis, fixed bed 

gasification, torrefaction, and updraft pyrolysis). The pyrolysis temperatures used ranged 

from 220 °C to 800 °C. 

An additional set of 20 carbonized samples (Table S3-2) were gathered from another study 

and used as the prediction set. This prediction set consists of carbonaceous samples made 

from a single type of feedstock (pine wood) and was produced using slow pyrolysis 

technique in a 5 L gas-fired rotating drum kiln at varying HHT ranged from 325 to 723 

°C (Ripberger et al., 2015). These samples had three different sizes: small (15 mm x 15 

mm x 17.5 mm; n=2); medium (32 mm x 32 mm x 17.5 mm; n=7) and large (67 mm x 67 

mm x 17.5 mm; n=11).  
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Out of the total 102 samples used in calibration and prediction sets, 82 samples complied 

with an atomic H/Corg ratio of 0.7 or lower (Table 3-1), as established by the International 

Biochar Initiative, (2015) and European Biochar Certificate (2016) as the threshold value 

for a charred material to be considered biochar, while 20 samples had an H/Corg ratio 

higher than 0.7. There were 17 samples for which only the H/C ratio was available (Tables 

S3-1 and S3-2). Despite this variability, in this document, all the samples will be referred 

to as biochar. The samples were ground to a particle size less than 100 μm to achieve 

homogenous fine powder before spectral acquisition. 
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Table 3-1. Number of samples grouped according to feedstock and highest heating 
temperature (HHT) 

 Feedstock groups 

  Animal 
manure 

Crop 
residues 

Nutshells Mixed 
wastes 
(food, 
paper, 
mixture) 

Woody 
materials 

Yard 
wastes 

Total 
samples in 
each 
temperature 
group 

HHT X<300 °C 0 0 0 2+0 0 0 2 (0) 

300 ≥ X > 
400 °C 

7(1)+0 2(1)+0 2(2)+0 2(1)+0 4(2)+4(3) 0 21 (11) 

400 ≥ X > 
500 °C 

8(8)+0 2(2)+0 2(2)+0 2(1)+0 3(3)+4 
(4) 

0 21 (18) 

500 ≥ X > 
600 °C 

10(10)+0 7(6)+0 3(3)+0 2(1)+0 8(7)+6 
(6) 

3(2)+0 38 (28) 

X ≥600 °C 5(4)+0 2(1)+0 1(1)+0 2(2)+0 3(3)+6 
(6) 

0 19 (16) 

 Total 
samples in 
each 
feedstock  
group 

30 (23) 13(10) 8(8) 10(5) 38(34) 3(2) 102 (82) 

* n1(n)+(n2) with n1 is the number of biochar from Enders, et al., (2012) and  n2 is the number of biochar 
from Ripberger et al., 2015, while (n) is the number of true biochar with H/Corg ≤0.7 within specific HHT 
and feedstock groups. 

 

3.2.2 Spectral acquisition and pre-processing 

A soil contact probe attached by fiber optic cable to the spectrometer (ASD FieldSpec 3 

V-NIR Spectrometer, Analytical Spectral Device, Boulder, CO) was used to collect the 

UV-Visible NIR spectral reflectance. The spectrometer provides spectra from 350 nm to 

2500 nm with 1 nm resolution. One spectrum recorded per sample was the average of 30 

spectra acquisitions. Indico Pro (Ver. 6.0) was used to correct the splice in the spectrum 

and all the data collected were saved in an ASCII text file. 

A chemometric analysis software-ParLeS (Viscarra Rossel, 2008) was used to pre-process 

the spectral data as follows: data were transformed from reflectance (R) to log (1/R) and 

were pre-processed using wavelet detrending (with 0.2 and 5, trend and decomposition 

level, respectively). A Savitzky–Golay filter with a third-order polynomial algorithm and 
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a window size of 15 nm was used to reduce the noise. The smoothed data were thereafter 

processed into the first derivative, and then finally treated using mean centering (Savitzky 

and Golay, 1964). 

3.2.3 Brief description of data analysis 

3.2.3.1 Principal component analysis (PCA) 

A principal component analysis (PCA) was run prior to any other multivariate technique 

using the pre-processed NIRS data to check for outliers or any discernable pattern from 

sample distributions shown in the scores plot (Esbensen et al., 2002). The most 

representative wavelengths were identified from the loading plot as proposed by 

Kamruzzaman et al., (2011). 

3.2.3.2 Partial least square regression (PLSR) 

Following the PCA analysis, partial least square regression (PLSR) was carried out to 

build the calibration model using the 82 samples of Enders et al. (2012) by correlating the 

pre-processed NIR spectral data with the reference data i.e. HHT. The optimum number 

of factors that produce low root mean square error (RMSE) and low Akaike Information 

Criterion (Viscarra Rossel et al., 2006) were used in the calibration model. The model 

was first validated using leave-one-out-cross-validation (LOO-CV) to check for over-

fitting and later validated using the prediction set (n=20). The accuracy of the established 

model was determined based on the root mean square error of LOO-CV (RMSECV), root 

mean square root of prediction (RMSEP), the coefficient determination (R2) and RPD 

(ratio of prediction to deviation); RPD is the standard deviation of the reference data 

divided by the root mean square error (SD/RMSE) (Kusumo et al., 2011). Minitab 16 

(Minitab Inc., State College, Pennsylvania) was used for PCA. 
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Only pre-processed NIR spectral data at selected wavelength ranges of 780-2450 nm were 

used rather than the full recorded bands of 350-2500 nm to obtain optimal calibration and 

greater accuracy in prediction as proposed by Kusumo et al., (2014). The steps in data 

analysis are presented in Figure 3-1. 

 

Figure 3-1. Proposed methods and model optimization for predicting maximum pyrolysis 
temperature of biochar using PLSR. 
 

3.3 Results 

3.3.1 Spectral absorbance of biochar 

The averaged spectral absorbance of biochar samples based on pyrolysis temperature, as 

depicted in Figure 3-2, shows that biochars produced at pyrolysis temperature ≤400 °C 
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had some recognizable peaks and lower absorbances than the biochars produced at 

temperatures > 400 °C, which showed flat spectra. The 1325-1390 nm bands can be 

assigned to the C-H stretching vibration in the first overtone and the 1550- 1700 nm can 

be assigned to the aromatic groups from lignin. The peak at 1940 nm, which was detected 

in the absorbance spectra of biochars pyrolyzed at temperatures ≤ 400 °C, is attributed to 

the presence of moisture, while the 2155-2225 nm and 2287-2447 nm bands could be 

assigned to the O-H, C-O, C-H stretch, aromatic skeletal, and alkyl groups (Schwanninger 

et al., 2011; Workman Jr and Weyer, 2012).  

 

Figure 3-2. Averaged spectral absorbance of biochar samples (n=82) grouped based on 
pyrolysis temperature; absorbance = log (1/reflectance). Shaded areas represent band 
regions associated with sample variations. 

 

3.3.2 Principal Component Analysis (PCA) 

Seven principal components represent almost 91% of the total variation in NIRS data 

obtained from all 82 samples, with PC 1 and PC 2 accounting for 64% and 9%, 

respectively (Figure 3-3). Clear trends or clusters could be seen from the PCA scores plot 
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based on the HHT of the biochar under study. Poorly carbonized material produced in at 

HHT ≤ 350 °C plotted all in Quadrants I and IV, except for one sample (biochar produced 

from oak shavings at 300 °C). At higher HHT, samples tended to plot towards the left, 

mostly in Quadrants II and III, with biochar produced at HHT ≥ 600 all plotting in 

Quadrant III.  

 

Figure 3-3. PCA scores plot of biochar samples in the calibration set (n=82) according to 
temperature groups. 
 

3.3.3 Partial Least Square Regression (PLSR) for predicting maximum pyrolysis 

temperature 

Based on the LOO-CV technique, the calibration model obtained using the pre-processed 

NIR spectral data at wavelengths ranging between 780 to 2450 nm had a  good ability (r2 

= 0.8) to predict the HHT at which biochars were produced, with the RMSE values of 

cross-validation being below 50 °C and the RPD values higher than 2 (Table 3-2, Figure 

3-4a). Models with RPD values > 2 are considered to be good models and may be 
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sufficient for quantitative prediction depending on the intended application of the model 

(Chang et al., 2001; Dunn et al., 2002; Viscarra Rossel et al., 2006). In addition to LOO-

CV, the calibration models were also validated using the prediction set (n=20). The 

validation model explained 82% of the variation in HHT (Figure 3-4b) with an RMSE 

value of prediction of 58 °C and an RPD value higher than 2.  

Table 3-2. Validation of calibration models using LOO-CV technique and prediction set 
No. of 

samples 
Band 
region 

used (nm) 

No. of 
Factors 

for 
PLSR 
model 

 

Leave-one-out -cross-
validation 

  

Validation using prediction 
set (n=20) 

   R2 RMSECV RPD  R2 RMSEP RPD 

82 780-2450 6 0.803 48.78 °C 2.26  0.824 57.68 
°C 

2.39 

*RMSECV: root mean square error of leave-one-out-cross-validation; RMSEP: root mean square error of 
prediction; RPD: the ratio of prediction to deviation. 

 

 

Figure 3-4. PLSR plot of the observed versus predicted maximum pyrolysis temperature 
using leave-one-out-cross-validated calibration model (a) and validation using prediction 
set (b). 
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3.4 Discussion 

The averaged reflectance spectra of biochar samples produced at 50 °C increments of 

HHT (220-800 °C) were distinguishable from each other (Figure 3-2). The mean 

absorbance increased with HHT providing early evidence that the NIRS technique was 

capable of distinguishing biochars based on their HHT of production, even at relatively 

small temperature differences. The higher absorbance at higher HHT resulted from 

chemical changes within the charcoal structure and the darkness intensification that occurs 

at increasing HHT (Nassau, 2001). Reflectance in the  780-1400 nm bands is also useful 

to explain the variability that is caused by the physical properties of samples, i.e., the color 

and the particle size of scanned samples (Schwanninger et al., 2011). Although here the 

latter does not apply as all samples were ground into a homogenous fine powder to avoid 

the spectral baseline shifts that may happen by scanning an unground sample of varying 

particle size (Williams and Norris, 1987).  

The PCA analysis that was carried out using pre-processed NIR spectral data of all 82 

samples further provided a general idea of the overall distribution of the samples, showing 

that biochar samples having similar properties clustered together. The fact that a gradient 

in the distribution of samples based on HHT was distinguishable (Figure 3-3) further 

indicated that PLSR would be capable of developing a calibration model to predict the 

HHT of biochar samples.  

Despite the fact that the biochar used in the model were produced from different types of 

feedstock and particle sizes, and, in some instances, from different pyrolysis kilns, the 

model was able to predict the HHT of the biochar when performing the LOO-CV with 

RMSE of 48.8 °C. It should be noted that part of the variability could be due to the 
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occurrence of uneven heating and temperature gradients during biochar manufacture 

(Hasan et al., 2017; Park et al., 2010), which supports previous findings reported by 

Kusumo et al., (2014) and may explain why a sample produced at 300 °C has plotted 

along with those pyrolyzed at higher temperatures. Although the uneven heating between 

and within feedstock particles may be minimized by reducing the particle size and 

improving control on the heat transfer inside the kiln (Atreya et al., 2017; Kan et al., 

2016a),  it is a common practice for the particle sizes of feedstocks to range between 0.5 

and 50 mm or even larger depending on the type of pyrolysis method used (Demirbas and 

Arin, 2002). Based on studies of heat transfer in the production of charred materials 

(including biochar), other than the thermal lag that usually exists between the samples and 

the thermocouple temperature (Stenseng et al., 2001; White et al., 2011), the occurrence 

of exothermic reactions could also cause the temperature in hot spots in the kiln to rise to 

50 °C or higher than the temperature setpoint depending on the production conditions (Di 

Blasi et al., 2014; Park et al., 2010). Thus, temperature measurement discrepancies in 

biochar manufacture seem inevitable and the temperature assigned for each biochar can 

only be considered as a proxy. One hypothesis is that the prediction model may well 

predict the true HHT that occurred during pyrolysis of the biochar sample provided but 

the true HHT was unable to be recorded accurately in the larger charge size in the kiln. 

This hypothesis further supported when the calibration model was tested using the 

prediction set (n=20), which rendered a slightly larger RMSE (57.7 °C) than the one 

obtained by LOO-CV. Samples in the prediction set were produced from pine wood chips 

that had a relatively wide range of feedstock particle sizes (from 15 to 67 mm) and the 

differences between small, medium and large samples was evident thus the effect of 
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uneven heating due to different particle sizes were expected to be amplified. Yet, the 

model still gave a good prediction, highlighting the flexibility of the model. The fact that 

the validation of the model using LOO-CV and prediction set yielded a relatively low and 

similar RMSE; 50-60 °C, is remarkable.  

The ease of sample scanning and data collection using the NIRS technique provides an 

opportunity for this calibration data set to be enlarged and the model to be continually 

improved over time by increasing the sample collections to be incorporated into the 

calibration set to cater the variability that exists from different operating conditions.  

3.5 Conclusion 

A calibration model developed using PLSR based on the NIR spectral data (780-2450 nm) 

successfully predicted the maximum pyrolysis temperature at which the biochar samples 

were produced. Based on the high prediction accuracy established by the model using 

leave-one-out-cross-validation (LOO-CV) and a prediction set, this NIR model may be 

considered as a suitable alternative for non-destructive screening and quality control of 

biochar production. 
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4 CHAPTER 4. NEAR-INFRARED SPECTROSCOPY 

(NIRS) FOR PREDICTING THE MAXIMUM 

PYROLYSIS TEMPERATURE OF BIOCHAR: THE 

EFFECT OF FEEDSTOCK TYPES AND PYROLYSIS 

CONDITION  

The study in this chapter was conducted to expand the findings in Chapter 3, where it was 

found that the near-infrared (NIR) spectroscopy technique can be used to predict the 

highest heating temperature (HHT) achieved during biochar production. However, the 

effect of feedstock types and pyrolysis conditions, as sources of data variability, may 

affect the performance of NIR model and this was evaluated in this chapter. 
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Abstract 

Different feedstock types and pyrolysis techniques are used for biochar production and it 

is well-accepted that biochar properties are not only dependent on the maximum pyrolysis 

temperature but also the type of feedstock and pyrolysis process used. This study 

investigates whether variation in feedstock type and/or pyrolysis processes affect the 

predictive performance of near-infrared (NIR) model to predict the maximum pyrolysis 

temperature of biochar. Three calibration models were developed using partial least 

squares regression (PLSR) of the NIR spectral data (780-2450 nm) acquired from three 

sample sets. These sample sets were generated from a total of 82 carbonized materials and 

its subsets (Set A: n=82; Set B: n=68; Set C: n= 48). The selection of sample for Set B 

and C was made by reducing the variability associated with production conditions and 

feedstock type i.e. Set B consist of samples produced by slow pyrolysis and using the 

same pyrolyzer unit, while Set C (a subset of Set B) excluded samples produced from 

“processed feedstocks”. These calibration models were validated using (i) leave-one-out 

cross-validation (LOO-CV) and (ii) a prediction set, with the model based on set C gave 

the best prediction (R2: 0.941; RMSEP: 27.3 °C), followed by the model based on set A 

(R2: 0.896; RMSEP: 35.6 °C), and set B (R2: 0.928; RMSEP: 37.3 °C). These results 

indicate that feedstock types have a substantial effect on the performance of the NIR 

model while the effect of pyrolysis conditions was less pronounced. 

Keywords 

Near-infrared spectroscopy; NIR; Biochar; Pyrolysis temperature; Feedstock; Partial least 

squares regression (PLSR) 
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4.1 Introduction 

Currently, a wide range of feedstocks has been used to manufacture biochar, varying from 

woody materials, agricultural residues, animal and human waste, as well as industrial 

waste (Tripathi et al., 2016). Pyrolysis plants for biochar production can vary widely as 

well, with the main types being slow pyrolysis, intermediate pyrolysis, fast pyrolysis, 

flash pyrolysis, and gasification, which vary depending on the different ranges of 

temperature, heating rates, vapor residence time, and reactor configurations (e.g., ablative, 

auger, fixed bed, fluidized bed, heated kiln, rotating cone, and vacuum pyrolyzers) (Kan 

et al., 2016b).  It has been generally accepted that the properties of resulting biochars (e.g., 

condensed aromatic C, fixed C, H/Corg, ash, and volatile matter contents) are dependent 

on the maximum pyrolysis temperature (referred to as highest heating temperature; HHT), 

and also the type of feedstock and pyrolysis process used (Antal and Grønli, 2003; Harsh 

et al., 2016). Although all these variations provide the opportunity to produce tailor-made 

biochars optimized for particular needs (Ronsse et al., 2013), they also create additional 

challenges in the biochar production, specifically in regulating the heat generated inside 

the pyrolyzer and thus achieving the desired product at a specific HHT. The chemical 

composition of each feedstock determines the type of reactions leading towards thermal 

degradation (Gani and Naruse, 2007), including the occurrence of exothermic reactions 

able to cause sudden temperature spikes during pyrolysis (Di Blasi, 2008; White et al., 

2011). Di Blasi et al. (2014) compared the thermal behavior of different types of feedstock 

(agriculture residues vs. woods) and found higher temperature overshoots with respect to 

the fixed heating temperature for agricultural residues relative to woods (up to a factor of 

2 to 4). These were attributed to the specific chemical composition and high ash content 
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of the former. The feedstock particle size, along with the wide range of operating 

conditions and their technical limitations also influence the heat transfer inside the 

pyrolyser thus affecting the thermal decomposition of feedstock (Jahirul et al., 2012) and 

cause deviations from the intended HHT. Given that the actual maximum temperature 

experienced by the feedstock is difficult to know, the biochar manufacturer generally 

provides information on the HHT – usually measured and monitored using 

thermocouples–. 

The potential use of NIR spectroscopy as a tool to estimate the maximum pyrolysis 

temperature of biochar has been discussed in the previous chapter and the ability of NIR 

model to give good prediction despite the possible existence of temperature gradients 

attributed to the use of feedstock with different particle sizes, was highlighted. However, 

the effect of different feedstock types and pyrolysis conditions on the predictive ability of 

NIR models are yet to be evaluated.  We hypothesized that the NIR model predictive 

ability is affected by variation in feedstock type and/or pyrolysis processes and the NIR 

calibration model’s performance can be further improved by refining sample selection for 

calibration set.  

Therefore, the objective of our research was to examine how feedstock types and pyrolysis 

conditions affect the efficiency of NIR model to predict the HHT of biochar and to identify 

whether the NIR calibration model’s performance can be further improved from reducing 

sample variations i.e., by choosing selectively the samples to be included in the calibration 

set.  
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4.2 Materials and methods 

4.2.1 Samples 

Eighty-two carbonized samples were used as the original calibration set and details of the 

samples were previously described in Chapter 3. Briefly, these samples were previously 

studied by  Enders et al. (2012) and Whitman et al. (2013). They were produced from 

animal manures, crop residues, nutshells, mixed waste (food, paper, or mixtures of 

crushed brick and cement kiln residues), woody materials, and yard waste. Sixty-eight 

carbonized materials (n=68) was produced through slow pyrolysis (Best Energies, Inc., 

Cashton, WI, USA), while the rest of them (n=14) were produced using other production 

techniques (ablative updraft pyrolysis, fast pyrolysis, intermediate pyrolysis, fixed bed 

gasification, torrefaction, and updraft pyrolysis). The pyrolysis temperatures used ranged 

from 220 °C to 800 °C. 

An additional set of 18 carbonized samples (Table S4-1) were gathered from other studies 

and used as the prediction set. They were produced from animal manure (including 

mixtures of eucalyptus wood chips with either biosolids or cattle manure), crop residue 

(corn stover), and woody materials (pine, poplar, and willow woodchips). The pyrolysis 

temperatures used ranged from 250 °C to 550 °C (Calvelo Pereira et al., 2011a; Gregory 

et al., 2014; Herath et al., 2013; Shen et al., 2016; Wang et al., 2012b). All the feedstocks 

used had particle size ranging between 3 to 50 mm and were dried overnight at 65 °C 

before pyrolyzed in small batches (~200 g) using slow pyrolysis technique, under 

relatively high production controlled conditions (Calvelo Pereira et al., 2011). 

Out of the total 100 samples used in calibration and prediction sets, 75 samples complied 

with the molar H/Corg ratio of 0.7 or lower (Table 4-1), as established by the International 
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Biochar Initiative, (2012) and European Biochar Certificate (2012) as the threshold value 

for a charred material to be considered biochar, while 25 samples had H/Corg ratio higher 

than 0.7. There were 17 samples for which only the H/C ratio was available (Table S4-1). 

Despite this, all the samples will be referred to as biochars in this document to facilitate 

its flow. The samples were ground to a particle size less than 100 μm to achieve 

homogenous fine powder before spectral acquisition. 

Table 4-1. Number of samples grouped according to feedstock and HHT 
 Feedstock groups 

  Animal 
manure 

Crop 
residues 

Nutshells Mixed 
wastes 
(food, 
paper, 
mixture) 

Woody 
materials 

Yard 
wastes 

Total 
samples in 
each 
temperature 
group 

HHT <300 °C 0+2 0 0 2+0 0+1 0 5 (0) 

300&350 
°C 

7(1)+2 2(1)+1(1) 2(2)+0 2(1)+0 4(2)+0 0 20 (8) 

400&450 
°C  

8(8)+2(2) 2(2)+0 2(2)+0 2(1)+0 3(3)+3(2) 0 22 (20) 

500&550 
°C 

10(10)+1(1) 7(6)+1(1) 3(3)+0 2(1)+0 8(7)+5(5) 3(2)+0 40 (36) 

≥600 °C 5(4)+0 2(1)+0 1(1)+0 2(2)+0 3(3)+0 0 13 (11) 

 Total 
samples 
in each 
feedstock  
group 

37 (26) 15( 12) 8(8) 10(5) 27(22) 3(2) 100(75) 

* n1(n)+(n2) with n1 is the number of biochar from Enders, et al., (2012) and  n2 is the number of biochar 
from other researchers, while (n) is the number of true biochar with H/Corg ≤0.7 within specific feedstock 
and HHT groups. 

 

 

4.2.2 Spectral acquisition and pre-processing 

The UV-Visible NIR spectral reflectance of the sample was collected using a spectrometer 

(ASD FieldSpec 3 V-NIR Spectrometer, Analytical Spectral Device, Boulder, CO). The 

spectrometer provides spectra from 350 nm to 2500 nm with 1 nm resolution. One 

spectrum recorded per sample was the average of 30 spectra acquisitions. The splice in 
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the spectrum was corrected using Indico Pro (Ver. 6.0) and all the data were saved as an 

ASCII text file. The pre-processing and data treatment of the spectral were done according 

to steps in Chapter 3 using ParLeS (Viscarra Rossel, 2008). 

4.2.3 Brief description of data analysis and samples selection for calibration and 

prediction sets  

In this study, principal component analysis (PCA), followed by partial least square 

regression (PLSR), were carried out to correlate the pre-processed NIR spectral data (780-

2450 nm) with the reference data (HHT). Details on the PCA and the use of PLSR for the 

generation of the calibration model have been described in Chapter 3. 

Initially, a PLSR calibration model was built using the 82 samples of Enders et al. (2012) 

(set A) by correlating the pre-processed NIR spectral data (780-2450 nm) with the HHT 

(as described in Chapter 3). Next, a subset of these 82 samples was selected (set B; n=68) 

– these were all produced by slow pyrolysis and using the same pyrolyzer unit – in order 

to determine whether the prediction ability could be improved by reducing the variability 

of production conditions. Later, a subset from set B (set C; n=48) was compiled to produce 

a more refined calibration model and to decrease the variability associated with feedstock 

type by further reducing the sample size by eliminating those biochar produced from 

“processed feedstocks” i.e. the type of feedstock that has been chemically or biologically 

treated thus the original composition of feedstock were changed such as food and paper, 

including the type of feedstock that can be classified as a new type through substantial 

material changes after certain pretreatment such as the digested manure (International 

Biochar Initiative, 2012). Set C included thermosequences of biochar (from 300 to 600°C) 

produced from the following feedstocks only: bull manure, corn, dairy manure, hazelnut, 
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oak, pine, and poultry manure. Finally, an independent set of 18 biochar was used as the 

prediction set. The steps on sample selection and data analysis are presented in Figure 4.1. 

 

Figure 4-1. Proposed methods and model optimization for predicting maximum pyrolysis 
temperature of biochar using PLSR. Set A: all 82 samples; Set B: 68 from 82 samples 
produced using slow pyrolysis using the same pyrolyzer unit; Set C: 48 from 82 samples 
produced in thermosequence (from 300 to 600 °C) using only 7 types of feedstock. 
 

4.3 Results 

4.3.1 Spectral absorbance of biochar 

Based on the spectral absorbance of the selected biochar samples shown in Figure 4-2, 

biochar produced at pyrolysis temperature > 400 °C have generally flat spectra (or smaller 

peaks). This is associated with the fact that biomass components have been thermally 

degraded (De Muñiz et al., 2013) and the higher absorbance of high-temperature biochars 

due to their blackness as the degree of carbonization increases (Lestander et al., 2014). 

The sensitivity of NIR towards the color of the samples is made evident in the spectra of 
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biochar samples produced from paper sludge as these have lower absorbance due to its 

lighter color, emphasizing the effect of feedstock type in this study. Interestingly, both 

spectra of digested dairy manure produced at 400 and 450 °C were grouped together with 

other biochar produced at 500 °C (Figure 4-2) (no 500 °C digested dairy manure was 

produced, therefore sample produced at 450 °C was chosen to be included here). In Figure 

4-2, the most noticeable band seen at 1940 nm is associated with the presence of moisture, 

common for biochar produced at ≤400 °C. Details on other bands assignments were 

provided in Chapter 3. 

 

Figure 4-2. Spectral absorbance of selected biochar samples; absorbance = log 
(1/reflectance). Shaded areas represent bands regions associated with samples variations 
(all samples shown here were produced using slow pyrolysis technique using the same 
pyrolyzer) 

 
4.3.2 Principal Component Analysis (PCA) 

Seven principal components represent almost 91% of the total variation in NIRS data 

obtained from all 82 samples (Calibration set A), with PC 1 and PC 2 accounting for 64% 

and 9%, respectively. The scores of samples obtained from the first two PCs were used to 



   

61 
 

construct the ordination of biochar samples based on their feedstock and pyrolysis 

temperature (Figure 4-3a). As HHT increased, biochar samples shifted from the right 

(Quadrant I and IV) to the left (Quadrant I and III). For biochars produced at low HHT 

i.e., ≤400 °C, the type of feedstock seemed to have a major influence, with woody 

materials plotting into the far positive space of PC1 and into Quadrant I, whereas all 

biochars produced from mixed waste (food, paper, or mixtures of crushed brick and 

cement kiln residues) except 1 plotted in Quadrant IV, whereas neither animal manure nor 

crop residues seemed to have a consistent pattern. On the other hand, the contribution of 

the type of feedstock to the total variation was smaller at high HHT (≥500 °C) as samples 

tended to be clustered in the negative space of the PC1 axis.  

The loading graph of the two PCs (Figure 4-3b) identifies those wavelengths mostly 

responsible for the discrimination among samples (bands with high positive or negative 

loadings) (Figure 4-3a). These wavelengths can be identified and assigned to specific 

chemical structures. Absorbance band around 1000 nm can be associated with the 

stretching of O-H bonds, while the region around 1080 nm is related to the stretching and 

deformation of C-H bonds. The band at 1837 nm is associated with O–H stretching and 

C–O stretching of cellulose, while, 1906 nm is associated with C=O stretching of 

hemicellulose. The region around 1923-1940 nm is attributed to a combination of O-H 

stretching and O-H deformation of water molecules. The region around 2200 nm is 

associated with C-H and C=O stretching of lignin while, 2265 nm is associated with O-H 

and C-O stretching of lignin. Bands around 2324-2327 nm are associated with C-H 

stretching and deformation of cellulose and hemicellulose (Schwanninger et al., 2011; Xu 

et al., 2013).  



   

62 
 

 

Figure 4-3. a) PCA scores plot of biochar samples in the calibration set (n=82) according 
to feedstock and temperature groups. b) Loadings plot of the first two principal 
components (shown are the wavelengths mostly responsible for the discrimination among 
samples.)  
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4.3.3 Partial Least Square Regression (PLSR) for predicting maximum pyrolysis 

temperature 

Based on the LOO-CV technique, all three calibration models – obtained using set A (n = 

82), B (n = 68) and C (n = 48) – rendered a relatively good prediction ability, with the 

overall RMSE values of cross-validation (RMSECV) being below 50 °C and the RPD 

values higher than 2 (Table 4-2). PLSR models with RPD values > 2 are considered to be 

good models and may be sufficient for quantitative prediction depending on the intended 

application of the model (Chang et al., 2001; Dunn et al., 2002; Viscarra Rossel et al., 

2006). The calibration model based on set C gave the best prediction (R2: 0.857; 

RMSECV: 38.1°C; RPD: 2.67) (Table 4-2).   

Table 4-2. Validation of calibration models using the LOO-CV technique. 
Set No. of 

samples 
Band region 

used 
(nm) 

No. of 
Factors 

for PLSR 
model 

 
 

Leave-one-out –cross-validation 

 

    R2 RMSECV RPD  
A 82 780-2450 6 0.803 48.8 °C 2.26  
B 68 6 0.793 44.8 °C 2.19  
C 48 5 0.857 38.1 °C 2.67  

*Set A: all 82 samples produced at 220 to 800 °C; Set B: 68 from 82 samples, produced using slow pyrolysis 
using the same pyrolyzer unit at 300 to 600 °C; Set C: 48 from 82 samples, produced in thermosequence at 
300 to 600 °C and using only 7 types of feedstock. 
*RMSECV: root mean square error of leave-one-out-cross-validation; RPD: the ratio of prediction to 
deviation 
 
 

Each calibration model was further tested using the independent prediction set. All model 

gave good predictions, but again, calibration model based on set C gave the best prediction 

(R2: 0.941; RMSEP: 27.3 °C; RPD: 4.05), followed by the model based on set A (R2: 

0.896; RMSEP: 35.6 °C; RPD: 3.11) and set B (R2: 0.928; RMSEP: 37.3 °C; RPD: 2.96) 

(Table 4-3). Figure 4-4 showed the relationships between observed versus predicted HHT 
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for models obtained using sets A, B, and C, when validating via cross-validation (Figure 

4-4a,c,e) and using the independent set (Figure 4-4b,d,f). 

Table 4-3. Validation of calibration models using independent prediction set 
 
 

Set 

 
No. of 

samples in 
calibration 

set 

 
No. of 

samples in 
prediction 

set 

 
Band 
region 
used 
(nm) 

 
No. of 
Factors 

for PLSR 
model 

 
Validation using the separate prediction 

set 

 R2 RMSEP RPD 

A 82 18  
780-2450 

6 0.896 35.6 °C 3.11 

B 68 18 6 0.928 37.3 °C 2.96 

C 48 18 5 0.941 27.3 °C 4.05 

*Set A: all 82 samples produced at 220 to 800 °C; Set B: 68 from 82 samples, produced using slow pyrolysis 
using the same pyrolyzer unit at 300 to 600 °C; Set C: 48 from 82 samples, produced in thermosequence at 
300 to 600 °C using only 7 types of feedstock. Prediction set: 18 samples produced at 250 to 550 °C. 
*RMSEP: root mean square error of prediction; RPD: the ratio of prediction to deviation. 
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Figure 4-4. Observed versus predicted pyrolysis temperature PLSR plots of each leave-
one-out-cross-validated calibration model; a) set A; c) set B; e) set C and their prediction 
using independent prediction set (b, d, f), respectively. 

4.4 Discussion 

Based on the spectral absorbance of the selected biochar samples shown in Figure 4-2, 

the spectra of biochar produced at the same pyrolysis temperature but from different 

feedstock can be differentiated. Spectra of biochar produced from paper are obviously 

separated from other samples suggest that differences in the chemical composition of 

feedstock can still be seen even after being pyrolyzed. Papermill waste contains varieties 

of contaminants and chemicals (Van Zwieten et al., 2010) that may react differently 

towards thermal degradation and subsequently produced biochar with unique 

characteristics. Changes in chemical properties of dairy manure after the digestion process 
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(Jensen et al., 2016; Spelter et al., 2008), may also affect the thermal degradation rate of 

the feedstock as compared with undigested dairy manure. Thus, it may explain why the 

spectra of digested manure produced at 400 and 450 °C were grouped together with other 

biochar produced at a higher temperature (500 °C). The noticeable moisture bands at 1940 

nm in the spectra of biochar produced from corn stoves, paper, and dairy manure (high 

cellulose feedstock) at 400 °C may suggest the presence of hygroscopic cellulose which 

is not fully degraded by pyrolysis (Santos et al., 2015).   

The influence of feedstock can also be seen from the PCA score plot (Figure 4-3a) 

although overall its influence lessens with the increase of HHT, whereas the effect of 

using different pyrolysis conditions for sample production was not apparent. It has been 

reported that biochar structures become increasingly homogenous at a higher temperature 

(>500 °C) regardless of feedstock types (Ascough et al., 2008; Leng and Huang, 2018). 

This can be associated with thermal decomposition of cellulose, hemicellulose, and lignin 

-common constituents of biochar feedstock- which happened at different temperature 

ranges. Hemicellulose and cellulose decomposition occur at 220-315 °C and 315–400 °C, 

respectively, while the lignin thermal decomposition occurs at temperature > 400 °C 

(Yang et al., 2006). Therefore, biochar produced at a lower temperature (<400 °C) that 

have more similar chemical properties with the original feedstock (Ramalho et al., 2017) 

was more scattered but clustered together at a higher temperature (≥ 500 °C) (Figure 4-

3a). The presence of these constituents; cellulose, hemicellulose, and lignin which have 

not undergone complete decomposition, can be seen from the identified wavelengths 

shown in the loadings plot (Figure 4-3b).  
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The predictive ability of the first calibration model (Set A) was considered to be good 

based on the validations using LOO-CV (RPD: 2.26) and the external set (RPD: 3.11). 

However, since the biochar samples used in this model were produced using a different 

type of feedstock and pyrolysis condition it was expected that these differences were 

responsible for the predictive errors (RMSECV: 48.8 °C; RMSEP: 35.6 °C). Therefore, 

we expected that the inclusion of only the selected relevant variability would result in a 

more accurate model as in the use of calibration model built using samples from Set B in 

which variation from pyrolysis conditions was limited to the slow pyrolysis technique 

only and yet, although the RMSECV error obtained was slightly lower (44.8 °C), the 

RMSEP was higher (37.3 °C). One possible reason is that the effect of pyrolysis technique 

in this study was trivial relative to other variations (HHT and feedstock types), as 

visualized in the PCA score plot (Figure 4-3a) and thus although we used calibration 

model built using samples produced from one type of pyrolysis technique only (Set B), 

the accuracy of the prediction did not improve. It was also possible that due to the long 

residence time of slow pyrolysis technique favoring the completion of secondary reactions 

(Anca-Couce, 2016; Tripathi et al., 2016), the HHT deviation was prone to happen 

especially in the presence of certain chemical composition such as the high ash content 

(Di Blasi et al., 2014), thus masking the effect of different pyrolysis technique itself, if 

any.  

In set C, all of these samples were also pyrolyzed using the slow pyrolysis technique 

(subset form set B) however, processed samples (biochar from digested manure, paper, 

and foods) were excluded, and thus the variability of the calibration set was reduced 

further. The higher prediction performance of the calibration model using Set C confirmed 
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the substantial effect of feedstock types on data variability and the subsequent predictive 

ability of the model. The changed in the original chemical compositions of the feedstock 

after being chemically or biologically treated may affect its pyrolytic behavior resulting 

in greater or lesser reaction toward thermal degradation at the assigned temperature 

setpoint (Di Blasi et al., 2015; Shane M Troy et al., 2013). The inclusion of this atypical 

data, as seen from the NIR spectra of biochar produced from paper and digested manure 

in Figure 4-2 which were noticeably different from other biochar samples produced at the 

same HHT, resulted in models with larger errors (calibration model using Set A and B).  

4.5 Conclusion 

In this study, the effect of different feedstock types and pyrolysis conditions on the 

predictive ability of NIR models were evaluated. Feedstock types have a substantial effect 

on the performance of the NIR model while the effect of pyrolysis conditions was less 

pronounced. Yet, the overall findings in this study suggest that a good prediction can be 

still be achieved using a calibration model built with relatively high sample size and data 

variability, especially when prior knowledge of the unknown samples was not available 

and thus the appropriate range of variability needed was not known. However, if the 

calibration model is built specifically for biochar produced from a certain type of 

feedstock, the prediction error can be reduced by incorporating only the relevant data 

variability.  



   

69 
 

5 CHAPTER 5. INVESTIGATING THE INFLUENCE OF 

BIOCHAR PARTICLE SIZE AND DEPTH OF 

PLACEMENT ON NITROUS OXIDE (N2O) EMISSIONS 

FROM SIMULATED URINE PATCHES 

 
A paper from this study has been published as: 

Mahmud, A. F., Camps-Arbestain, M., & Hedley, M. (2018). Investigating the Influence 

of Biochar Particle Size and Depth of Placement on Nitrous Oxide (N2O) Emissions 

from Simulated Urine Patches. Agriculture, 8(11), 175. 
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In previous chapters (Chapter 3 and 4), the use of NIR spectroscopy to predict the highest 

heating temperature (HHT) achieved during biochar production as a method of selecting 

more stable biochar was addressed. Biochar produced at high temperature (≥ 500 °C) is 

predicted to last longer in soil than that produced at a lower temperatures. This is im-

portant as the biochar in soil should be stable enough to provide long-term benefits to the 

environment. However, other than biochar stability gauged from the production tempera-

ture, the final particle size of the biochar and the method of incorporation into the soil 

may also influence the ability of the biochar to moderate soil properties and function. This 

chapter (Chapter 5) describes a glasshouse study, which investigates the effect of biochar 

particle size and depth of placement on soil nitrous oxide (N2O) emissions. 

Following the objectives and hypotheses mentioned in Chapter 1, we hypothesized that 

the application of biochar may (i) affect N2O emissions through changes in soil physical 

properties, specifically soil aeration and water retention; and (ii) the effects of biochar 

addition on these properties may differ depending on their particle size (e.g., a larger par-

ticle size may increase soil aeration whereas a smaller particle size may clog pores), and 

their placement in soil (e.g., the incorporation of a large particle size-biochar at depth may 

promote water movement from the top layer and increase the overall drainage of the soil). 

In this study, a pine biochar produced at 550 °C was used. The HHT of this biochar was 

also predicted using the NIR spectroscopy model developed in Chapter 3 and the predicted 

temperature of this biochar was 500 °C. This provides further confirmation that this bio-

char would be relatively stable over time and any influence that may increase the varia-

bility in this study such as additional labile C would be minimal. 
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Abstract 

The use of biochar reduces nitrous oxide (N2O) emissions from soils under specific 

conditions yet the mechanisms through which interactions occur are not fully understood. 

The objectives of this glasshouse study were to investigate the effect of (i) biochar particle 

size, and (ii) the impact of soil inversion—through simulated mouldboard ploughing—on 

N2O emissions from soils to which cattle urine was applied. Pine biochar (550 °C) with 

two different particle sizes (<2 mm and >4 mm) was mixed either into the top soil layer 

at the original 0–10 cm depth in the soil column or at 10–20 cm depth by inverting the top 

soil to simulate ploughing. Nitrous oxide emissions were monitored for every two to three 

days, up to seven weeks during the summer trial and measurements were repeated during 

the autumn trial. We found that the use of large particle size biochar in the inverted soil 

had significant impact on increasing the cumulative N2O emissions in autumn trial, 

possibly through changes in the water hydraulic conductivity of the soil column and 

increased water retention at the boundary between soil layers. This study thus highlights 

the importance of the role of biochar particle size and the method of biochar placement 

on soil physical properties and the implications of these on N2O emissions. 

Keywords 

Nitrous oxide emission; biochar; biochar particle size; soil inversion; soil water retention 
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5.1 Introduction 

The primary sources of nitrous oxide (N2O) emissions from New Zealand pastoral soils 

are excreta (urine and dung) from grazing animals, followed by urea and farm dairy 

effluent applied to soils (Van der Weerden et al., 2016). Excreta deposited by grazing 

animal alone contributed to 14.2% (5503.3 kt CO2-e) of total N2O emissions from the 

agricultural sector, which represent a 7.2% increase since 1990 (Ministry for the 

Environment, 2018a). In 2013, the New Zealand Government adopted the unconditional 

targets of reducing greenhouse gas (GHG) emissions to 5% below the 1990 level by year 

2020, followed by post-2020 commitments to reduce greenhouse gas emissions to 11 and 

50% below the 1990 level by year 2030 and 2050 (Ministry for the Environment, 2018b), 

respectively, which forces the need to develop economically and technically feasible 

options in order to achieve such goal. 

Nitrous oxide can be produced in soil via nitrification, denitrification and nitrifier-

denitrification. The nitrification process involves the oxidation of ammonium (NH4
+) into 

nitrite (NO2
–) and this into nitrate (NO3

–) producing N2O as by-product, while the 

denitrification process involves the reduction of NO3
– into gaseous nitrogen (N) 

compounds, mainly N2O and dinitrogen gas (N2). Nitrifier-denitrification by NH4
+-

oxidizing bacteria may also contribute to the formation of N2O in soils (de Klein et al., 

2001; Wrage et al., 2001). Environmental conditions influencing N2O emissions include 

soil mineral N concentration, soil moisture, dissolved organic carbon (C) concentration, 

temperature, and pH (de Klein et al., 2001; Tiedje, 1988), all of them being highly variable 

over short-time periods and having a strong seasonality. 
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The application of biochar—charcoal intended to be used to simultaneously mitigate 

climate change by contributing to carbon (C) sequestration and improving soil functions 

(Lehmann and Joseph, 2015) —has been suggested as a potential tool to reduce N2O 

emissions from soil (Van Zwieten et al., 2015). Several laboratory and field studies have 

reported decreases in N2O emissions from soil upon biochar application and attributed 

this to the ability of biochar to (i) modify soil physical properties and soil aeration thus 

changing oxygen (O2) concentration (Case et al., 2012; L. Van Zwieten et al., 2010); (ii) 

reduce NH4
+ and NO3

– concentrations through either induced microbial immobilization 

or adsorption mechanisms (Nelissen et al., 2014; Thomazini et al., 2015); (iii) increase 

soil pH, and/or (iv) acting as “electron shuttle” (Cayuela et al., 2013). However, other 

studies have reported either no effect (Angst et al., 2014) or elevated N2O emissions upon 

addition of biochar, the latter attributed to an enhanced N mineralization upon application 

(Mukome et al., 2013; Verhoeven and Six, 2014). 

These mixed results could be, in part, attributed to the different experimental conditions 

used by the different researchers, such as the use of various types of biochar (Spokas and 

Reicosky, 2009), different biochar application rates (Bruun et al., 2012), or dissimilar 

experimental settings (field trial vs. laboratory/glasshouse experiments) 

(Schimmelpfennig et al., 2014). The use of different wetting and irrigation regimes may 

also have influenced N2O emissions, most likely in response to changes in water-filled 

pore space (WFPS) and thus in soil aeration (Saarnio et al., 2013; Singh et al., 2010; Yanai 

et al., 2007). The simultaneous addition of biochar with other organic amendments, such 

as manure and poultry litter (Rose et al., 2016) and/or inorganic fertilizers, and differences 

in their rates of application, may also have determined the availability of labile C and N, 
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and thus affected N2O production (Chen et al., 2015; Kammann et al., 2012; Zheng et al., 

2012). 

A more mechanistic understanding of the effect of biochar on nitrification and 

denitrification could help determine whether this amendment is suitable as a tool to 

mitigate N2O emissions from agricultural systems, and more specifically from pastoral 

systems under humid-temperate climate. The few publications available in the literature 

on how the addition of biochar to urine patches influences N2O emissions have reported 

inconsistent patterns. Clough et al. (2010) observed a temporary increase in N2O 

emissions when applying a pine biochar produced at high temperature (600 °C) and of a 

particle size <5 mm to a silt loam soil. In contrast, Taghizadeh-Toosi et al. (2011) 

observed a decrease in N2O emissions also using a pine biochar, but produced at low 

temperature (<400 °C) (Clough, 2018) and of a generally larger particle size to another 

silt loam soil. The reductions in the second study were attributed to a reduced availability 

of NO3
– caused by NH3 adsorption on biochar particles. Yet the potential role of biochar 

particle size on the different results obtained in N2O emissions studies cannot be 

disregarded, as already highlighted by Cayuela et al. (2014). 

A practical farming aspect is how the biochar amendment to soil is made, e.g., (i) surface 

spreading and incorporation by shallow tillage or (ii) application to depth by use of a 

mouldboard plough. By mouldboard ploughing, the top soil (and the biochar) becomes 

buried deeper in the profile, which contrasts with a top application of biochar followed by 

cultivation, in which the biochar remains in the topsoil without soil inversion. A recent 

short-term study of Calvelo Pereira et al. (unpublished) revealed that the addition of pine 

biochar while mouldboard-ploughing the soil (e.g., biochar and top soil placed below the 
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top 10 cm of soil) caused a 30% reduction in N2O emissions following urea application 

compared to an inverted soil without biochar addition. 

In the present soil column study, we investigated the effect of biochar particle size and 

the impact of soil inversion—through simulated mouldboard ploughing—on N2O 

emissions from soils to which cattle urine was applied. For this, a pine biochar with a low 

atomic H/Corg ratio (and thus rich in condensed aromatic C) with a low ash content was 

chosen, so that the influence of labile C, nutrient content, and/or liming ability of the 

biochar was minimized. We hypothesized that (i) the application of biochar may affect 

N2O emissions through changes in soil physical properties, specifically soil aeration and 

water retention; and (ii) the effects of biochar addition on these properties may differ 

depending on their particle size (e.g., a larger particle size may increase soil aeration 

whereas a smaller particle size may clog pores), and their placement in soil (e.g., the 

incorporation of a large particle size-biochar at depth may promote water movement from 

the top layer and increase the overall drainage of the soil). 

5.2 Materials and methods 

5.2.1 Biochar 

Biochar was produced from untreated pine wood residue (Pinus radiata D. Don) (Foxton, 

New Zealand). The pine wood residue was pre-dried at 60 °C and pyrolyzed in a gas fired, 

rotating drum kiln (25 L) to a highest heating temperature (HHT) of 550 °C. After 

production, it was stored in a steel barrel for three years. The biochar was left to dry until 

its moisture content was reduced to ~7% before the trial was set up. Thereafter the biochar 

was crushed and sieved into two different particle sizes (<2 mm and >4 mm). The 

chemical characteristics of biochar with two different particle sizes were examined and 



   

76 
 

reported in Table 5-1. Briefly, the pH was measured at a ratio of 1:20 (w:v) solution of 

biochar:deionized water equilibrated for 1.5 h prior to measurement according to 

Rajkovich et al. (2012). Calcium carbonate equivalence (liming equivalence, % CaCO3–

eq) was determined according to IBI standards (2015), which was modified from the 

method proposed by Rayment and Higginson, (1992). Biochar samples were analyzed for 

their elemental C, H, and N composition (Elementar Analysensyteme GmbH, Hanau, 

Germany) and thereafter the elemental composition was recalculated on a dry-ash-free 

(daf) basis. Concentration of O (% daf) was then estimated by difference (100%-C%-N%-

H%). Moisture, volatile matter (VM), fixed C (FC) and ash contents (wt. %) of samples 

was determined using a thermogravimetric analyzer (SDT Q600, TA Instruments, 

Melbourne, Australia) according to Calvelo Pereira et al. (2011). Total P, K, Ca and Mg 

were determined using Atomic Absorption Spectroscopy (AAS, GBC 904 Avanta Ver 

1.33, Australia) after digestion following modified dry ashing (Enders and Lehmann, 

2012). Available P was determined using formic acid extraction (Wang et al., 2012a) and 

available N was measured using 6 M HCl (Wang et al., 2012b). Cation exchange capacity 

(CEC) was measured with strontium chloride (SrCl2), as described in Calvelo Pereira et 

al. (2015). Overall, the chemical properties of the biochar were similar for the two particle 

size fractions, with a high C content (>82% w/w)—mostly as condensed aromatic C, as 

reflected by the low atomic H/Corg ratio (≤0.5) and high fixed C content (>70% (w/w) 

(Wang et al., 2013) —low ash content (<3% w/w), and a pH close to neutrality. According 

to the classification system developed by Camps-Arbestain et al. (2015), this pine biochar 

had relatively low liming (class 0) and fertilizer (class 0) values. 
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Table 5-1. Chemical characteristics of pine biochar (feedstock source: Foxton, 
New Zealand) at the beginning of experiment. 

Properties Units 
Biochar 

Small Large 
Particle size mm <2 mm >4 mm 
pH (H2O) - 7.3 6.8 

Liming Equivalence % CaCO3-eq −2.2 −1.9 
Bulk Density (BD) Mg m–3 0.20 0.17 

Total C g kg–1 821 826 
Total N g kg–1 2.9 2.5 
Total H g kg–1 30.8 34.5 
Total O g kg–1 146 137 

C/N ratio (w/w) 285 330 
H/Corg Atomic ratio 0.45 0.50 
O/Corg Atomic ratio 0.13 0.12 
Ash % 2.9 2.7 

Volatile matter % 18.6 17.8 
Fixed C % 74.6 76.5 

CEC cmolc kg–1 1.2 1.0 
Total P g kg–1 0.5 0.5 
Total K g kg–1 2.6 2.4 

Total Mg g kg–1 1.7 1.6 
Total Ca g kg–1 5.5 5.5 

Available N mg kg–1 36 40 
Available P mg kg–1 84 80 

Total O for biochar was determined by (100%-C%-N%-H%) and converted to g kg–1. 

 

5.2.2 Soil 

The soil used in this experiment was collected from the Pasture and Crop Research Unit 

of Massey University at Palmerston North (40°23′20.37″ S, 175°36′32.33″ E), New 

Zealand. It classifies as Tokomaru silt loam Pallic soil according to the New Zealand soil 

classification system (Hewitt and Dymond, 2013) and Typic Fragiaqualf according to 

Keys to Soil Taxonomy (Soil Survey Staff, 2014). The soil was sampled at 0–10 cm 

(topsoil), 10–20 cm and 20–40 cm (subsoils). The physicochemical properties of the top 

layers are reported in Table 5-2. Soils were then thoroughly mixed, sieved to 5 mm, and 

stored in the cold room (temperature 4 °C) until used. 
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Table 5-2. Chemical characteristic of Tokomaru silt loam soil (Palmerston North, New 
Zealand) at the beginning of experiment. 

Properties Units 0–10 cm 10–20 cm 20–40 cm 
pH (H2O) - 5.48 5.51 5.60 

Bulk Density (BD) Mg m–3 1.05 1.29 1.43 
Total C g kg–1 35.2 22.6 13.0 
Total N g kg–1 3.4 2.2 1.2 

C/N ratio (w/w) 10.4 10.3 10.8 
Cation Exchange Capacity (CEC) cmolc kg–1 20.0 18.0 15.0 

 
 
5.2.3 Glasshouse experiment 

PVC columns of 20 cm diameter and 40 cm depth attached to 1.3 m PVC drainage 

collection columns or Flux meters (American Society of Agronomy, 2010) were used in 

this soil column study. Soil columns were prepared as follows: (i) for the biochar-

amended soils, the 0–10 cm soil layer was hand-mixed with either <2 mm or >4 mm 

biochars (2% w/w or ~20 t ha–1) (Supplementary Information; Figure S5-1); (ii) the 0–10 

cm soil layer of all treatments received NPK fertilizer (60 kg N ha–1; 60 kg P ha–1 and 50 

kg K ha–1); (iii) soil (with or without biochar) was then repacked into the soil column 

either at the original 0–10 cm depth (simulating incorporation by shallow tillage) or 

inverting the top soil (simulating incorporation by mouldboard ploughing) and placing it 

at 10–20 cm depth (Supplementary Information; Figure S5-2). Soil layers without biochar 

amendment were repacked to the original bulk density; soil layers with biochar 

amendment were repacked to a recalculated bulk density (considering the bulk density of 

biochar particles and application rate added). Additional two columns were prepared for 

destructive sampling to represent time zero (soil core prior to seeding). Overall, there were 

26 cores (24 + 2) from six treatments with four replicates for each treatment, and the two 

time zero columns. The treatments were the following: un-inverted control (UC), un-

inverted small particle size biochar (US), un-inverted large particle size biochar (UL), 
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inverted control (IC), inverted small particle size biochar (IS), and inverted large particle 

size biochar (IL). The experiment was conducted in a glasshouse at the Plant and Growth 

unit of Massey University at Palmerston North from October 2014 to September 2015, 

following the time line described in Supplementary Information; Table S5-1. 

Annual ryegrass (Lolium multiflorum L.) was seeded in all columns and thinned to 20 

seedlings per column upon germination. During the experiment, ryegrass was cut nine 

times (four in summer and five in autumn) to five cm height to simulate cattle grazing. 

Urine applications were carried out in December 2014 (referred to as summer trial) and 

April 2015 (referred to as autumn trial) at rates of 354 kg N ha–1 and 563 kg N ha–1, 

respectively, so that the N2O measurements could reflect changes associated with seasons 

(Figure 5-1). Accordingly, the average WFPS of the soil was maintained at ~40–50% and 

~70–80% for summer and autumn trial, respectively. 
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Figure 5-1. The maximum glasshouse and soil temperatures (at 10 cm depth) over the 49-day of both summer and autumn 
trials. In summer, cores were irrigated with 8 mm d–1 of deionized water to maintain initial soil WFPS% of 40–50% and the 
average daily evaporation rate was ~6 mm d–1. In autumn, cores were irrigated with 5 mm d–1 of deionized water to maintain 
initial soil WFPS % of 70–80% and the average daily evaporation rate was ~2 mm d–1. The cores were irrigated after gas 
measurements were taken. In summer, specific actions were taken to cool down the cores and the minimum glasshouse 
temperature during both summer and autumn trials was always maintained at ~17 °C. 
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5.2.4 Nitrous oxide emission measurement 

N2O fluxes were measured (at 0, 30, and 60 min) before urine application and then 

thereafter for every two to three day, up to seven week during the summer trial and 

measurements were repeated during the autumn trial. The gas sampling was carried out 

between 12 and 3 pm using a gas chamber with headspace volume of 3.4 L. Fifty ml of 

gas sample were collected at each sampling time using a syringe, and transferred into 

evacuated glass vials. In each sampling event, two ambient samples (i.e., outside the 

chamber) were taken to check for background emission. Concentration of N2O was 

measured using gas chromatography (GC-2010 Plus, Shimadzu, Japan) with a carrier gas 

N2 flow of 30 mL min–1, a column temperature of 70 °C and detector temperature of 315 

°C. The increase in N2O concentration within the gas chamber headspace was calculated 

using linear regression and the cumulative N2O emissions were calculated using linear 

integration of daily fluxes (Jones et al., 2011; Luo et al., 2008). 

5.2.5 Leachate collection 

During the summer trial, no leachates were produced, given the WFPS of the soils (40–

50%) and the high ambient temperature. Once this ended, water was applied routinely to 

keep the grass growing while waiting for the autumn trial to begin. To minimize carryover 

N from the summer application to the autumn trial, all cores were leached twice (first and 

second leaching events) with copious amount of water prior to the second application of 

urine. This also allowed the WFPS of the soil to increase up to ≥70% as needed for the 

autumn trial. During the autumn trial, no leachate was collected as there were no 

fluctuations in the irrigation scheduled. By the end of week seven for autumn trial, all 

cores were leached (third leaching event) and one more N2O fluxes measurement were 
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taken to check for any extended N2O emission. Drainage water collected after each of 

these leaching events was measured and analyzed colorimetrically for inorganic N content 

(NO3-N and NH4-N) using a Technicon Auto Analyser (Blakemore, 1987). 

5.2.6 End-of-trial sampling 

All the columns were dismantled in September 2015, 327 d after the beginning of the trial. 

Soil cores were taken from the center of each column using slide hammer (45 mm 

diameter) (Supplementary Information; Figure S5-3). Each soil core was then scanned 

using a modified contact probe of ASD FieldSpec 3 Vis-NIR Spectrometer (Kusumo et 

al., 2009) to predict root density and soil C content (results not included in this study). 

After scanning, each 10-cm soil layer (for the 0–10 and 10–20 cm depth layers—the 

bottom soil was not characterized) was sliced into layers 3, 3 and 4 cm thick 

(Supplementary Information; Figure S5-3). Each slice was weighed, then halved evenly 

and re-weighed. One half was used to determine root density (mg cm–3) by wet sieving 

(Kusumo et al., 2009); part of the other half was used to determine soil moisture and soil 

water holding capacity (WHC), while the rest was air-dried, homogenized, and ground 

for soil chemical characterization. Soil bulk density was calculated for each soil slice 

using the internal diameter of the corer (43.5 mm), the slicing depth, and the weight of 

the soil oven dried at 105 °C. 

Soil total C and N were analyzed using a Vario MACRO cube CHNS elemental analyzer 

(Elementar Analysensyteme GmbH, Hanau, Germany). Soil pH was measured in water at 

a soil:water ratio of 1:2.5 (w:v) (Blakemore, 1987). The WHC was measured at −15, −1 

and −0.3 bar matric potentials using a pressure plate (Dane and Hopmans, 2002). The 

moisture content was gravimetrically determined and then converted to volumetric basis 
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using the bulk density. The plant-available water content (AWC) was calculated as the 

difference in volumetric water content at −0.3 and −15 bar. 

5.2.7 Other measurements 

Daily soil temperature was recorded using sensors installed in randomly selected columns 

(Figure 5-1). The WFPS was calculated based on the ratio of the volumetric soil water 

content to the total pore space (particle density assumed to be 2.65 Mg m–3). Each column 

was weighed periodically, and the amount of water added to each column and the rate at 

which this was evaporated—measured using evaporation pans placed inside the 

glasshouse—were recorded on daily basis. 

Freshly harvested swards were weighed, dried at 70 °C for 48 h and re-weighed to 

calculate the dry matter (DM) yield. Then the dried swards were ground, acid-digested 

and analyzed for total N based on the colorimetric auto-analysis procedure using a 

Technicon Auto Analyser (Blakemore, 1987). 

5.2.8 Statistical analysis 

Cumulative N2O was calculated by assuming that changes in fluxes between 

measurements were linear. Data were tested for normality and the homogeneity of 

variance using the Kolmogorov-Smirnov and Multiple Comparison test, respectively. 

Data that did not fulfill the assumptions were log-transformed before further statistical 

analysis. The effect of each treatment: (i) biochar application (control vs. small biochar 

particle size vs. large biochar particle size); and (ii) soil inversion (un-inverted and 

inverted) were assessed separately using one-way ANOVA, followed by LSD post-hoc 

test if significant difference were detected at p < 0.10. Means and standard error of the 
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mean (SEM) were also reported. All statistical analyses were conducted using Minitab 16 

(Minitab Inc., State College, PA, USA). 

5.3 Results 

5.3.1 Dry matter (DM) yield, N concentrations in plant and N plant uptake 

Cumulative ryegrass DM yields at the end of the summer trial (range: 374 to 401 g m–2) 

were twice to three times larger than those of the autumn trial (range: 137 to 179 g m–2) 

(Table 5-3). There were no significant effects of either biochar addition (regardless of 

particle size) or soil inversion on DM yield. This is consistent with the general lack of 

changes in soil chemistry (e.g., soil pH, Supplementary Information; Table S5-2) caused 

by the addition of biochar to the system and the lack of nutrient value of this amendment 

(Table 5-1). Ryegrass grown during the summer season had a lower N concentration 

(range: 3.2% to 3.6%–w/w) than that grown during autumn (range: 5.1% to 5.4%–w/w), 

yet the amount of N taken up by the swards was larger in the former (range: 11.9 to 13.5 

g m–2) than in the latter (range: 7.3 to 9.2 g m–2). This was consistent with the higher 

growth of swards in the warmer season, which led to an overall greater plant N uptake. 

While biochar addition had no effect on plant N, soil inversion caused an increase in N 

plant uptake in all summer treatments, although the effect was only significant for the 

control (UC: 12.7 g N m–2; IC: 13.4 g N m–2: p = 0.018) (Table 5-3). 
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Table 5-3. Treatment and soil inversion effects on dry matter yields, plant N concentration, plant N uptake, and percentage of 
the total N applied taken up by plant for summer and autumn trial. 

 Summer Trial 
   Treatments 

Properties 
(Unit) 

Soil Inversion  Control Small-Particle Size 
Biochar 

Large-Particle Size 
Biochar 

Dry Matter (DM) Un-inverted  374aA 350aA 351aA 
(g m–2) Inverted  374aA 401aA 386aA 

Plant N concentration Un-inverted  3.4aA 3.4aA 3.5aA 
(g N 100 g–1) Inverted  3.6aA 3.2aA 3.3aA 

Plant N uptake Un-inverted  12.7aB 11.9aA 12.3aA 
(g m–2) Inverted  13.5aA 12.8aA 12.8aA 

N taken up out of added N (354 
kg N ha–1) 

Un-inverted  36.0aB 33.7aA 34.7aA 

(%) Inverted  38.0aA 36.3aA 36.1aA 
 Autumn Trial 
   Treatments 

Properties 
(Unit) 

Soil Inversion  Control Small-Particle Size 
Biochar 

Large-Particle Size 
Biochar 

DM Un-inverted  179aA 137aA 157aA 
(g m–2) Inverted  172aA 172aA 155aA 

Plant N concentration Un-inverted  5.1aA 5.3aA 5.4aA 
(g N 100 g–1) Inverted  5.2aA 5.2aA 5.3aA 

Plant N uptake Un-inverted  9.2aA 7.3aA 8.5aA 
(g m–2) Inverted  8.9aA 8.9aA 8.2aA 

N taken up out of added N (563 
kg N ha–1) 

Un-inverted  16.2aA 13.0aA 15.1aA 

(%) Inverted  15.9aA 15.9aA 14.6aA 
Within a specific season, (i) different small letters within a row indicate differences between biochar treatments (n = 4) and p < 0.10), and (ii) 
different uppercase letters within a column indicate differences between un-inverted and inverted treatments (n = 4 and p < 0.10). 
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5.3.2 N2O emissions fluxes 

During both summer and autumn, the average N2O emission prior to urine application 

from un-inverted cores (summer: 0.1 to 1.5 N2O-N g ha–1 day–1; autumn: 0.8 to 4.6 N2O-

N g ha–1 day–1) were lower than those from the inverted cores (summer: 1.6 to 2.1 N2O-

N g ha–1 day–1; autumn: 4.4 to 24.8 N2O-N g ha–1 day–1), with differences being significant 

between the un-inverted and inverted controls of both seasons, and also for the treatment 

with large particle biochar run during autumn (Figure 5-2, Supplementary Information; 

Table S5-3). 

Shortly after the application of urine, all treatments displayed a peak in N2O emissions 

(Figure 5-2), these being generally higher in biochar-amended treatments (US, UL, IS, 

IL) compared to their respective controls (UC, IC), although differences were not 

significant. The time at which the peak occurred was influenced by (i) the season under 

consideration, and (ii) whether the soils were inverted or not. During summer, N2O 

emissions from the un-inverted soils always peaked (30.5 to 60.7 N2O-N g ha–1 day–1) 

within the first five day after urine application, whereas when inverted, peaks were smaller 

(13.9 to 29.1 N2O-N g ha–1 day–1), and displaced to day seven. During autumn, both un-

inverted and inverted treatments showed a first peak within the first five day after urine 

application (40.7 to 93.8 N2O-N g ha–1 day–1), and a second and smaller peak by day 10 

(9.4 to 28.6 N2O-N g ha–1 day–1), but no significant differences detected between 

treatments for both un-inverted and inverted soils (Figure 5-2, Supplementary 

Information; Table S5-3). Also, for the inverted soil, both treatments with biochar had an 

extended duration of N2O emission (21 days in summer and 25 days in autumn) compared 

with controls, which subsided after 11 days in summer and 17 days in autumn, while for 
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un-inverted soils, all treatments including controls have similar duration of N2O emission 

in both seasons (14 days in summer and 17 days in autumn). 

When comparing between seasons, N2O emissions were always higher in autumn than in 

summer from all treatments for both un-inverted and inverted cores, as expected, given 

the higher WFPS and higher amount of N added in autumn than in summer. However, 

when N2O emissions were reported as percentage of added N emitted as N2O, no 

significant differences were found between seasons.
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(a) (b) 

  
(c) (d) 

Figure 5-2. Average N2O-fluxes (SEM (n = 4)) by day from soil columns after cattle urine application for summer (a,b), and 
autumn trials (c,d). 
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5.3.3 Cumulative N2O emissions 

For the summer trial, the average cumulative N2O emissions from all treatments ranged 

from 200 to 372 N2O-N g ha–1 (Figure 5-3a), which accounted for 0.06% to 0.11% of 

applied N (354 kg N ha–1). The addition of biochar (regardless of particle size) caused a 

consistently higher cumulative N2O emission than the corresponding controls in both un-

inverted and inverted treatments, although the differences were not significant. Soil 

inversion did not have a significant effect on cumulative N2O emissions either. 

For the autumn trial, the average cumulative N2O emissions from all treatments ranged 

from 239 to 558 N2O-N g ha–1, which accounted for 0.04% to 0.10% of applied N (563 

kg N ha–1) (Figure 5-3b). Here, variability between replicates was larger than during 

summer, which made difficult the detection of significant differences between treatments. 

However, the combined effect of biochar (of large particle size) addition and soil 

inversion, IL, did cause a significant increase in N2O emissions, compared with the un-

inverted soil, UL. No significant differences were detected between seasons when 

comparing the cumulative N2O emissions out of total N added for each treatment.



   

 

 

 
(a) (b) 

Figure 5-3. Cumulative N2O emissions from soil columns after cattle urine application for summer 
Within a specific season and specific soil inversion treatment, different small letters indicate differences between biochar 
treatments (SEM (n = 4) and p < 0.10). Within a specific season and specific biochar treatment, differen
indicate differences between un-inverted and inverted treatments (SEM (n = 4) and p < 0.10). 
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5.3.4 Leachate volume and soil water holding capacity 

The volume of leachates after the first leaching event was smaller in the biochar-treated 

soils than in the non-treated (UC: 41, US: 17 and UL: 23 mm; p = 0.017; IC: 27, IS: 10 

and IL: 13 mm; p = 0.062) (Table 5-4). Differences in leachate volume between biochar-

amended and non-amended soils were still evident for the inverted treatments after the 

second leaching event (IC: 27, IS: 20 and IL: 14 mm; p = 0.060), but not for the un-

inverted ones. After the third leaching event, no significant differences were observed 

between biochar-amended and un-amended treatments (Table 5-4). Overall, out of the 

total N applied, ≤0.2% was lost as mineral N in the form of NO3
– (NH4

+ concentrations 

in leachates were negligible) with no significant differences between treatments 

(Supplementary Information; Table S5-4). 

 

Table 5-4. Treatment effects on the amount of drainage collected for every leaching 
event including cumulative drainage volumes. 

Leaching Event 
Leaching Volume (mm) between Treatments 

UC US UL p-Value IC IS IL p-Value 
1st 41a 17b 23b 0.017 27a 10b 13b 0.062 
2nd 24a 26a 26a 0.939 27a 20ab 14b 0.060 
3rd 35a 38a 32a 0.750 39a 42a 52a 0.335 

Cumulative 101a 81a 80a 0.109 92a 71.4a 80a 0.378 
UC—control un-inverted; US—Un-inverted 0–10 cm with <2 mm biochar; UL—un-inverted 0–10 cm with 
>4 mm biochar; IC—control inverted; IS—inverted 0–10 cm with <2 mm biochar; IL—inverted 0–10 cm 
with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments at each 
leaching event (n = 4). 

 

At the end of the experiment, there were no significant differences in soil bulk densities 

between treatments (Supplementary Information; Table S5-5). The same was so for the 

volumetric soil moisture content at the different water potential tested (−0.3, 1 and 15 bar; 

Supplementary Information; Table S5-6) with the exception of the 6–10 cm layer, in the 
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un-inverted soil, and the 10–13 cm layer, in the inverted one at three matric potentials 

(Figure 5-4). Interestingly, these layers corresponded to those of biochar-amended soils 

that were at the boundary with the non-biochar soil, and the effect was particle size-

dependent (Figure 5-4; Supplementary information; Figure S5-2). Specifically, in the un-

inverted soil, it was the small particle size biochar that significantly retained the highest 

amount of water at −0.3 and −1 bar. In the inverted soil, it was the large particle size 

biochar that caused the largest water retention at the 10–13 cm depth, this difference being 

significant at all moisture tensions. The control soil always had the smallest water content 

at the different tensions studied (Figure 5-4).
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(a) (b) 

Figure 5-4. Volumetric soil moisture contents (%) at different matric potentials; −15, −1 and −0.3 bar (in log scale) at (a) 6–10 
cm depth (un-inverted soil) and (b) 10–13 cm depth (inverted soil) measured after the end of the experiment. Within a specific 
matric potential, different small letters indicate differences at p < 0.10 between treatments (SEM (n = 4)). In the un-inverted 
soil, biochar was at 0–10 cm depth; in the inverted soil biochar was at 10–20 cm depth. 
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5.3.5 Nitrogen mass balance 

A mass balance indicated the amount of urine-N taken up by ryegrass plants was <40% 

in summer and <20% in autumn, the amount of urine-N lost as N2O was 0.7% to 0.13% 

of the N applied for both trials. 

5.4 Discussion 

5.4.1 Dry matter yield (DM), N concentrations in plant and N plant uptake 

The apparent differences in the growth of swards during the summer period compared to 

that during the autumn was mostly attributed to differences in temperature (summer mean 

= 32.5 ± 2.8 °C; autumn mean = 20.4 ± 1.4 °C). Although annual ryegrass is a cool-season 

grass (Charlton and Stewart, 1999), the low total DM from autumn trial may also have 

been caused by the lack of fertilizer use over the course of this trial and in addition pasture 

scorching, caused by the high concentration urine applied, inhibited early growth (Baral 

et al., 2014; Selbie et al., 2015). The addition of biochar did not cause differences in plant 

growth or N uptake, as expected, given the low fertility value of the biochar and high 

stability of the C in biochar, which minimized N immobilization. Also, the relatively low 

CEC (~1.12 cmolc kg–1 at the beginning of the experiment) of biochar would make any 

possible additional retention of NH4
+ to be negligible. Soil inversion, on the other hand, 

did have an effect causing a greater N plant uptake compared to the un-inverted soil during 

summer. This could be attributed to the fact that the new top horizon—being 

impoverished in soil C—there was less urine N immobilization than in the un-inverted 

soil, and thus increased the short-term N availability to plants. 

5.4.2 N2O emissions 

5.4.2.1  N2O Emissions during the summer trial 
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Denitrification is expected to be the dominant N2O formation pathway in soil with WFPS 

>60% (Bateman and Baggs, 2005), which were the moisture conditions of the soils during 

autumn (70–80%). The WFPS during summer was considerably smaller (40–50%), but 

still the percentage of N2O-N loss out of urine-N added was similar during both seasons. 

Denitrification may have also contributed to N2O emissions during summer, in addition 

to nitrification—given that anaerobic microsites have been shown to be also present at 

WFPS ~45% (Carter, 2007). In the inverted soils though, denitrification was probably less 

favored at the early stages of the experiment (i.e., summer), as the top layer of the inverted 

soils had small organic matter content. This was to some extent supported by the different 

pattern in the daily N2O emissions—with a delayed and broader peak—that these soils 

had compared with the un-inverted ones. 

During summer, biochar addition to soil had no significant effect on N2O emissions. Yet 

N2O emissions from biochar-amended and inverted soils showed a larger and delayed 

larger peak compared with just inverted soils, which could be attributed, at least in part, 

to denitrification occurring once the urine reached the organic matter-rich and biochar-

amended layer, as favored by a larger retention of water in it (Barnes et al., 2014; Basso 

et al., 2013). The greater water retention in biochar layers was supported by the fact that, 

in the first leaching events, biochar-amended soils drained a smaller amount of water than 

the non-biochar treatments, and this was more accentuated in the inverted treatments. 

Volumetric soil moisture contents measured in biochar-amended soils also showed 

significant greater values (p < 0.05) compared to un-amended ones but only at the 

boundary soil layers (Supplementary Information; Table S5-6), as discussed in Section 

4.2.3. 
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5.4.2.2  N2O Emissions during the autumn trial 

Emissions of N2O during autumn were generally larger than those during summer, which 

was attributed to the larger urine application, greater water content of the soil, and the 

smaller N uptake by the plants. In contrast to summer time, soil inversion did not have an 

effect on the shape of the curve of daily N2O emissions. This could be explained by the 

fact that by that time, ryegrass roots had already contributed to increase soil organic matter 

content (Supplementary Information; Table S5-7 and S5-8), along with the fact that WFPS 

during autumn was larger, conditions that favored denitrification as soon as nitrate was 

made available. The immediate N2O emission after urine application suggests that this 

was mainly produced through denitrification (de Klein and Logtesjin, 1994). 

The cumulative effect of the inversion treatment on N2O emissions only caused significant 

differences when in combination with large particle size biochar and during this wet 

season. In fact, this was the only treatment combination in which biochar amendment had 

a significant effect on N2O emissions, although overall, biochar-amended soils 

consistently generated greater N2O emissions compared with the treatments without 

biochar. 

5.4.2.3 Effect of biochar particle-size and soil inversion on soil moisture: implications 

on N2O emissions 

The differences in water retention encountered at the boundary layers of soils amended 

with biochar suggests that, the effect of biochar on soil water retention was not only on 

the amount of water retained within biochar porosity, but also on the water hydraulic 

conductivity of the soil column. Soil inversion per se had an effect on water hydraulic 

conductivity, as noted during the first leaching events, in which the collected water was 
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considerably smaller than the un-inverted soils. Burying the organic matter-rich surface 

horizons might have slowed down the flow of water due to hydrophobicity effects caused 

by organic molecules and produced a transient perched water layer during the autumn 

experiment. Moreover, biochar seemed to have caused a boundary effect in the un-

inverted soil mixed with biochar of small particle size (US treatment) and in the inverted 

soil mixed with biochar of large particle size (IL treatment). The accumulation of water 

at the boundaries of these soil layers (Supplementary Information; Figure S5-2) may 

explain the higher volumetric moisture content of those specific biochar layers, as that 

may have caused an impregnation of biochar pores with water (to a larger extent than the 

operational wetting of soil samples prior to the use of the pressure plate). This may in turn 

explain that, in autumn, the US treatment was the un-inverted treatment with the largest 

N2O emissions, and the IL was the inverted treatment with the largest N2O emissions, yet 

only in the latter differences were significantly different. While a priori, the presence of a 

large biochar particle size would be thought to facilitate water drainage through this buried 

soil layer in the IL treatment, it is probable that in this study it had the opposite effect. 

The presence of a subsurface soil layer with large particle size biochar and greater 

aggregation may have caused a need for a larger water potential at the contact zone 

between the two soil layers in order to drain through the subsurface layer. It has been 

reported that when a fine-textured layer overlaying a coarse-textured one, the water 

movement in the profile is hindered i.e., the infiltration rate decreased when the water 

reached the interface between layers, allowing water to be stored in the fine-textured layer 

for a longer time (Hillel, 1998; Si et al., 2011). Overall, the results highlights the important 
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effect that biochar particle size has on soil physical properties as already reported by Lim 

et al. (2016). 

5.5 Conclusion 

This soil column study has shown that, compared to a simulated standard re-grassing of 

soil using a shallow cultivation technique, the combination of soil inversion and addition 

of biochar to a soil had no major impact on ryegrass growth and N recovery from soil. 

However, these treatments caused changes in soil physical properties that were associated 

with higher N2O emissions after the application of cattle urine, specifically in the 

treatment in which a larger particle size biochar was used in combination with soil 

inversion. Field experiments with longer duration are needed to evaluate to what extent 

the changes in soil physical properties caused by soil inversion and application of biochar 

(with special attention to particle size) may affect the N2O emissions from soil in the long 

term. 
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6 CHAPTER 6. INVESTIGATING THE INFLUENCE OF 

BIOCHAR PARTICLE SIZE AND DEPTH OF 

PLACEMENT ON SOIL ORGANIC C STOCKS AND 

THEIR PREDICTION USING NEAR-INFRARED (NIR) 

SPECTROSCOPY 

 
Studies presented in Chapters 5 and 6 were based on the same glasshouse experiment. In 

this chapter, the effect of biochar particle size and depth of placement was evaluated in 

relation to soil organic C. Also, following the use of NIR spectroscopy on biochar pre-

sented in Chapters 3 and 4, the use of NIR spectroscopy was expanded to estimate the soil 

C concentration and SOC stocks in biochar-amended soil. 
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Abstract 

Biochar can either enhance or slow down the decomposition of native organic matter – 

the so-called priming effect. Studies have commonly assessed the priming effect of 

biochar on soil organic C decomposition in relation to the type of feedstock and pyrolysis 

temperature. However, other biochar properties, such as its particle size and method of 

incorporation into the soil have received little attention. The objective of this study was 

to investigate the effect of (i) biochar particle size, and (ii) the biochar incorporation 

technique (through soil inversion simulating mouldboard ploughing) on soil organic C in 

the presence of annual ryegrass under glasshouse conditions. Pine biochar (550 °C) of 

two different particle sizes (<2 mm and >4 mm) was mixed either with the top soil layer 

at the original 0–10 cm depth of the soil column or with the 10–20 cm depth layer by 

inverting the top soil to simulate ploughing. Carbon stocks were estimated using NIR 

spectroscopy coupled with partial least-squares regression analysis (NIR/PLSR) and 

direct organic C measurements using an elemental analyzer. We found that the application 

of large-particle size biochar at depth induced significant C loss (9.20 Mg C ha-1 (P < 

0.05), possibly through the combination of enhanced soil aeration, limited soil particles 

and biochar interactions due to its lower surface area (compared with the small-particle 

size biochar), and the interrupted C supply from new plant inputs at that depth due to soil 

inversion. This study highlights the role of biochar particle size and the method of biochar 

placement on soil organic C stocks, and also shows the potential of using NIR 

spectroscopy technique to predict the soil C concentration and soil C stocks. 

Keywords 

Biochar; biochar particle size; soil inversion; soil C stocks; near-infrared spectroscopy 
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6.1 Introduction 

Soil carbon (C) has a key role in the fulfillment of soil functions (e.g., biomass production; 

storage and transformations of nutrients; storage of water; biodiversity pool; carbon pool) 

and the provision of ecosystem services (e.g., food security, water security, climate 

regulation) (FAO, 2015). Soils are the largest terrestrial C pool and changes in their stocks 

can have key implications in our climate (Lal, 2008), as even small gains in soil organic 

C can result in a considerable reduction in atmospheric CO2 concentrations (4 Per 1000, 

2015). Human activity has caused the loss of organic matter from soils through 

unsustainable agricultural practices and reduced C stocks in the top 2 m of agricultural 

soils by ~133 Pg C (Sanderman et al., 2018). Increases in soil C stocks can be attained by 

(i) the addition of organic C amendments (e.g., manure, biochar), (ii) the use of farm 

operations for soil management that minimize soil disturbance (e.g., minimum tillage), 

and/or (iii) the selection of deep-rooted species, among others (Whitehead et al., 2018). 

The use of biochar has not only been promoted as a strategy for C sequestration (Criscuoli 

et al., 2014; Woolf et al., 2018a) but also as an agricultural management practice aimed 

at improving soil properties (Ye et al., 2019). These include (i) the addition of plant-

available nutrients (Camps-Arbestain et al., 2015; Wang et al., 2012a), (ii) the reduced 

loss of nutrients through leaching (Borchard et al., 2019; Laird et al., 2010), (iii) the 

effects on soil physical properties (Blanco-Canqui, 2017; Herath et al., 2013), and (iv) its 

liming properties (Singh et al., 2017). However, the effect of biochar on the native organic 

matter can vary widely (Zimmerman and Ouyang, 2018), as expected, given the broad 

array of biochars and soils (and the quality and quantity of the organic matter that soils 

contain). Proposed mechanisms for a decrease in the mineralization rate of soil organic C 
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due to biochar-soil interactions (i.e., negative priming) are (i) increased physical 

protection through soil aggregation (Weng et al., 2017), (ii) formation of mineral-organic 

associations via adsorption of soil organic C ligands on biochar surface particles (Keith 

et al., 2015) and/or (iii) the inhibition of microbial activity due to toxicity (Whitman et 

al., 2015), whereas (i) an amelioration of soil pH, (ii) the addition of a limiting nutrient, 

and/or (ii) the addition of labile C in biochar can accelerate the decomposition of native 

organic matter (i.e., positive priming) (Whitman et al., 2015). Moreover, the effect of 

biochar on native organic matter cycling has been commonly assessed in relation to 

certain biochar properties i.e. type of feedstock and pyrolysis temperature (Zimmerman 

et al., 2011), whereas other biochar properties, such as its particle size and the method of 

incorporation into the soil (e.g., whether the biochar is spread on the soil surface, 

uniformly mixed into the topsoil or incorporated at certain soil depth), have received little 

attention (Blackwell et al., 2009; Liang et al., 2016). This has resulted in the lack of 

guidelines to identify the suitable particle size and incorporation technique for a particular 

biochar use. Biochars with small particle size (< 2 mm) have greater surface contact with 

soil particles, mix better with soil, and may be able to become incorporated into soil 

aggregates and even promote soil aggregation (Brodowski et al., 2006), which would 

contribute to biochar and the organic matter preservation. However, biochars with small 

particle size may decompose faster due to their larger surface area (Sigua et al., 2014) and 

thus increase the overall soil C mineralization (Liang et al., 2016). Also, the generation 

of dust resultant from biochar application is also greater as particle size decreases, 

whereas the use of biochar of large particle size requires less processing and is easier to 

handle.  
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The method chosen for the incorporation of biochar determines its placement in the soil 

and therefore it also affects the biochar decomposition rate. Most of the studies on biochar 

involve the mixing of biochar into the topsoil probably because this application technique 

is relatively easy and straightforward. However, the incorporation of biochar at a certain 

depth as with the use of mouldboard ploughing, although less common, has also been 

adopted to reduce biochar susceptibility to erosion along with its potential benefit for root 

growth (Graves, 2013). In fact, the incorporation of biochar at depth has been shown to 

influence soil water infiltration and retention, and this may indirectly affect the 

decomposition of soil organic C (Z. Liu et al., 2016). Therefore, understanding the effect 

of biochar particle size and method of incorporation on soil organic C is essential for 

assessing the potential of using biochar as a C sequestration tool.  

The present glasshouse study, investigated the effect of biochar particle size and the 

incorporation technique (in this case through soil inversion simulating mouldboard 

ploughing) on soil organic C in a soil column under annual ryegrass. For this, pine biochar 

with a low atomic H/Corg ratio (i.e., rich in condensed aromatic C) and a low ash content 

was chosen, so that the influence of labile C, nutrient content, and/or the liming ability of 

the biochar was minimized. The primary hypothesis was that, compared with small-

particle size biochar, the application of large-particle size biochar may affect soil aeration 

to a greater degree and thus further accelerate soil C decomposition rate with increased 

oxygen availability and this effect is greater when the biochar was incorporated at depth 

due to the more compacted soil at deeper layer with poorer aeration compared to the 

surface layer. Carbon stocks were estimated using two methodologies: NIR spectroscopy 

coupled with partial least-squares regression analysis (NIR/PLSR) and direct organic C 
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measurements using an elemental analyzer. This tested the secondary hypothesis that the 

NIR spectroscopy can be used to predict the SOC concentration and SOC stocks in 

biochar-amended soil. 

6.2 Materials and methods 

6.2.1 Biochar  

Biochar was produced from untreated pine wood residue (Pinus radiata D. Don) (Foxton, 

New Zealand) at a maximum temperature of 550 °C.  After production, it was stored in a 

steel barrel for three years and later was crushed and sieved into two different particle 

sizes (<2 mm and >4 mm) before usage. The selected properties of the biochar at the 

beginning of the experiment are given in Table 6-1. Briefly, biochar elemental C, H, and 

N composition were determined using Vario MACRO cube CHNS elemental analyzer 

(Elementar Analysensysteme GmbH, Hanau, Germany), while moisture, volatile matter 

(VM), fixed C (FC) and ash contents (wt. %) of samples were determined using a 

thermogravimetric analyzer (SDT Q600, TA Instruments, Melbourne, Australia) 

according to Calvelo Pereira et al. (2011). Overall, the biochar of both particle size 

fractions had low ash content (<3% w/w) and high C content (>82% w/w) – mostly as 

condensed aromatic C, as reflected by the low atomic H/Corg ratio (≤0.5) and high fixed 

C content (>70% w/w). Details on biochar characterization and methodologies have been 

described in Mahmud et al. (2018).  
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Table 6-1. Chemical characteristics of pine biochar (feedstock source: Foxton, New 
Zealand) at the beginning of the experiment. 

Properties Units 
Biochar 

Small Large 
Particle size Mm <2 mm >4 mm 

Bulk Density (BD) Mg m–3 0.20 0.17 
Total C g kg–1 821 826 
Total N g kg–1 2.9 2.5 
Total H g kg–1 30.8 34.5 
Total O g kg–1 146 137 

C/N ratio (w/w) 285 330 
H/Corg Atomic ratio 0.45 0.50 
O/Corg Atomic ratio 0.13 0.12 
Ash % 2.9 2.7 

Volatile matter % 18.6 17.8 
Fixed C % 74.6 76.5 

 

6.2.2 Soil collection and glasshouse experiment 

The detailed description of the soil collection and experiment setup is provided in 

Mahmud et al. (2018) (Table 6-2). Briefly, a Tokomaru silt loam Pallic soil (Typic 

Fragiaqualf) (Hewitt and Dymond, 2013; Soil Survey Staff, 2014), sampled at 0–10 cm 

(topsoil), 10–20 cm and 20–40 cm (subsoils) was collected from the Pasture and Crop 

Research Unit of Massey University at Palmerston North (40°23′20.37″ S, 175°36′32.33″ 

E), New Zealand. Soil amended with either < 2 mm or > 4 mm particle size biochar (2% 

w/w or ~20 t ha–1) was repacked into the soil column either at the original 0–10 cm depth 

(simulating incorporation by shallow tillage) or inverting the topsoil (simulating 

incorporation by mouldboard ploughing) and placing it at 10–20 cm depth. Overall, there 

were 26 columns (24 + 2) from six treatments with four replicates for each treatment, and 

the two time zero columns. The treatments were the following: un-inverted control (UC), 

un-inverted small particle size biochar (US), un-inverted large particle size biochar (UL), 
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inverted control (IC), inverted small particle size biochar (IS), and inverted large particle 

size biochar (IL). All soil columns were planted with annual ryegrass (Lolium multiflorum 

L.) and its height was kept to 5 cm. The experiment was conducted in a glasshouse at the 

Plant and Growth unit of Massey University at Palmerston North from October 2014 to 

September 2015, which simulated summer and autumn conditions with the average water-

filled pore space (WFPS) of the soil was maintained at ~40–50% and ~70–80%, 

respectively. 

Table 6-2. Chemical characteristic of Tokomaru silt loam soil (Palmerston North, New 
Zealand) at the beginning of the experiment. 

Properties Units 0–10 cm 10–20 cm 20–40 cm 
pH (H2O) - 5.48 5.51 5.60 

Bulk Density (BD) Mg m–3 1.05 1.29 1.43 
Total C g kg–1 35.2 22.6 13.0 
Total N g kg–1 3.4 2.2 1.2 

C/N ratio (w/w) 10.4 10.3 10.8 
Cation Exchange Capacity (CEC) cmolc kg–1 20.0 18.0 15.0 

 

6.2.3 Soil sampling and analysis 

At the end of the experiment, all columns were dismantled and soil cores were taken from 

the center of each column using slide hammer (45 mm diameter). Each soil core was then 

scanned using a modified contact probe of ASD FieldSpec 3 Vis-NIR Spectrometer 

(Kusumo et al., 2009) to collect the UV-Visible NIR spectral reflectance at 1-cm intervals 

between 0 and 20 cm (Figure S6-1). The spectrometer provides spectra from 350 nm to 

2500 nm with 1 nm resolution. One spectrum recorded per sample was the average of 30 

spectra acquisitions. After scanning, each 10-cm soil layer (for the 0–10 and 10–20 cm 

depth layers; the bottom soil was not characterized) was sliced into layers 3, 3, and 4 cm 

thick. Each slice was weighed, then halved evenly and re-weighed for further analysis as 

described in Mahmud et al. (2018). Root density (mg cm–3) was determined by wet sieving 
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(Kusumo et al., 2009). Soil total C and N were analyzed using a Vario MACRO cube 

CHNS elemental analyzer (Elementar Analysensyteme GmbH, Hanau, Germany) and 

total C was assumed to equal SOC because this soil contained no inorganic C (pH < 6), 

while non-oxidizable soil organic C (OCnon-ox) fraction was determined using potassium 

dichromate (Herath et al., 2015). Soil bulk density was calculated for each soil slice using 

the internal diameter of the corer (43.5 mm), the slicing depth, and the weight of the soil 

oven-dried at 105 °C.  

It is worth mentioning that there were no differences in dry matter between treatments 

(Mahmud et al., 2018). Hence, the amount of plant materials deposited onto the soil 

surface of each treatment was assumed to be similar for all treatments. Also, based on the 

data obtained for the root contents (Table S6-1), the root growth in the soil columns was 

not affected by either biochar addition or soil inversion. 

6.2.4 Soil carbon and nitrogen calculation 

The calculation for C and N stocks were made based on studies done by Ellert & Bettany 

(1995) and Ellert et al. (2007). Briefly, C and N concentration, soil bulk density, and the 

thickness of each section sampled were used to calculate the C and N stocks for each 

depth interval (0-3, 3-6, 6-10, 10-13, 13-16, 16-20 cm) (Eqn. 1) followed by the sums of 

all these sections to get the total C and N stocks to a fixed depth of every 10 cm for both 

topsoil and subsoil layers. Soil C and N data were then recalculated further for equivalent 

soil mass for both topsoil and subsoil layers, a slight change from Ellert et al. (2007) 

method in which they calculate the equivalent mass using the soil mass from the deepest 

core segment only, to account for the dissimilarities in soil masses at fixed depth caused 

by small differences in soil bulk density between treatments/columns at the end of the 
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experiment. To achieve this, the average soil mass of topsoil and subsoil layers were used 

to calculate the soil C and N stocks of each respective layer for each soil column (Eqn 2.1 

and 2.2) and then the soil C and N stocks of the full profile (0-20 cm depth) were obtained 

based on the sums of the C and N stocks of both topsoil and subsoil layers. For the 

comparison between measured and predicted soil C stocks, the calculation was repeated 

using NIR/PLSR predicted soil carbon concentration. 

Soil C content at a fixed depth (Cfd, Mg C ha-1) is calculated as: 

𝐶௙ௗ = 𝐶 × 𝐵𝐷 × 𝑇 × 0.1    (1) 

where C is the soil carbon concentration (g kg-1), BD is bulk density (g cm-3), T is the 

thickness of soil layer (cm), and 0.1 is a unit conversion factor. 

Soil C content at equivalent mass (Cem, Mg C ha-1) is calculated using the following 

equations: 

𝐶௘௠ = 𝐶௙ௗ −𝑀௫ × 𝐶ௗ௡/1000  (2.1) 

𝑀௫ = 𝑀௙ௗ −𝑀௔௩௘௥௔௚௘  (2.2) 

where Cfd is the soil C content at a fixed depth (Mg C ha-1) and Cdn is soil C concentration 

at the deepest layer (g kg-1), while, Mx is the soil mass to be used to attain the equivalent 

soil mass (Mg ha-1), Mfd is the mass of soil at the selected fixed depth (Mg ha-1), and 

Maverage is the average soil mass at the selected fixed depth of all soil columns (Mg ha-1). 

We had used two different values for Maverage, depending on whether it was the original 

topsoil or subsoil: 948 and 1107 Mg ha-1, respectively. Maverage = 948 Mg ha-1 was used in 

the calculation for the un-inverted and inverted topsoil (the inverted topsoil was the new 
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subsoil), while Maverage = 1107 Mg ha-1 was used in the calculation for the un-inverted and 

inverted subsoil (the inverted subsoil was the new topsoil).  

6.2.5 NIR data treatments and pre-processing 

Indico Pro (Ver. 6.0) was used to correct the splice in the spectrum and all the data 

collected were saved in an ASCII text file. A chemometric analysis software-ParLeS 

(Viscarra Rossel, 2008) was used to pre-process the spectral data as follows: data were 

transformed from reflectance (R) to log (1/R) and were pre-processed using standard 

normal variate (SNV) with wavelet detrending (0.2 and 5, trend and decomposition level, 

respectively). A Savitzky–Golay filter with a second-order polynomial algorithm and a 

window size of 11 nm was used to reduce the noise. The smoothed data were thereafter 

processed into the first derivative, and then finally treated using mean centering (Savitzky 

and Golay, 1964). Rather than using the full recorded bands of 350-2500 nm, only 780-

2450 nm bands located in the near-infrared region were used. This region corresponds to 

the most significant wavelength range for soil C content estimation (Chen et al., 2011; 

Peng et al., 2014). This step also excludes noise at shorter wavelengths and reduce the 

complexity of the model. 

6.2.6 NIR data analysis 

6.2.6.1 Principal component analysis (PCA) 

Principal component analysis (PCA) was run prior to any other multivariate technique 

using the pre-processed NIRS data to check for outliers or any discernable pattern from 

sample distribution shown in the scores plot (Esbensen et al., 2002). 

6.2.6.2 Partial least square regression (PLSR) 
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Following the PCA analysis, partial least square regression (PLSR) was carried out to 

build the calibration models using the 144 soil samples by correlating the pre-processed 

NIR spectral data at selected wavelength ranges of 780-2450 nm with the reference data 

i.e. total C (%). The optimum number of factors that produce low root mean square error 

(RMSE) and low Akaike Information Criterion (Viscarra Rossel et al., 2006) were used 

in the calibration model. The model was validated using leave-one-out cross-validation 

(LOO-CV) due to the limited number of samples. The accuracy of the established model 

was determined based on the root mean square error of LOO-CV (RMSECV), the 

coefficient determination (R2) and RPD (ratio of prediction to deviation); RPD is the 

standard deviation of the reference data divided by the root mean square error (SD/RMSE) 

(Kusumo et al., 2011). Due to differences in treatments i.e. the addition of biochar with 

different particle sizes and soil inversion in this trial, attempts were also made to see 

whether the prediction ability of the calibration model can be improved by (i) separately 

using samples from treatments with either small or large particle size biochar from both 

inverted and un-inverted soils (Calibration model 2; n=96 and model 3; n=96, 

respectively), and (ii) separately using samples from either un-inverted (Calibration 

model 4; n=72) or inverted treatments (Calibration model 5; n=72), regardless of 

differences in biochar particle sizes. This attempts yielded the other four calibration 

models validated using cross-validation for soil C prediction.  

6.2.7 Data harmonization 

Originally, 480 NIR spectra were collected from 24 soil cores at 1-cm intervals between 

0 and 20 cm. However, the laboratory measurement of total C was done according to 

sliced soil layers at 3, 3, and 4 cm for each 0-10 and 10- 20 cm soil depth. Therefore, prior 
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to any data treatments or analysis, spectra recorded at every centimeter were averaged to 

match the depth intervals at which soil samples were collected for laboratory analysis. 

The final number of aggregated spectra was 144. 

6.2.8 Statistical analysis 

The effect of each treatment: (i) biochar application (control vs small particle size biochar 

vs large particle size biochar), and (ii) soil inversion (un-inverted vs inverted) were 

assessed separately using one-way ANOVA for total soil C and N concentrations, non-

oxidizable C fraction, soil bulk density, and total soil C and N stocks according to assigned 

soil depths. This was followed by LSD post-hoc test when significant difference were 

detected at P < 0.10. Means and standard error of the mean (SEM) were also calculated. 

Mean 0–20-cm SOC stocks calculated using measured or NIR/PLSR predicted soil carbon 

contents were compared using paired t-test (α= 0.05). All statistical analyses, other than 

NIR data treatments and PLSR, were conducted using Minitab 16 (Minitab Inc., State 

College, Pennsylvania). 

6.3 Results 

6.3.1 Changes in soil C and N concentrations (including soil non-oxidizable C) 

and soil bulk density by the end of the trial. 

As expected, biochar addition to the un-inverted topsoil (at 0-10 cm depth) (Figure 6-1a; 

Tables S6-2 to S6-4) increased the average soil C concentrations up to 13 and 16 g kg-1 

soil (and that of non-oxidizable C for up to 10 and 13 g kg-1 soil) for the UL and US 

treatments, respectively, compared with the corresponding control treatment (P < 0.01). 

No significant differences in soil C concentrations between the two biochar particle size 

treatments were found, except at 3-6 cm depth, where the average non-oxidizable soil C 
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fraction in UL was significantly lower than the corresponding US layer (P < 0.001) 

(Figure 6-1a and Table S6-4). In this un-inverted topsoil (0-10 cm), there was a trend 

towards decreasing total soil C at depth for all treatments, with soil C concentration values 

being highest in the top 0-3 cm yet differences were not significant. Biochar addition has 

no significant effect on soil C concentrations of the un-inverted subsoils (at 10-20 cm 

depth) (Figure 6-1a). 

For the inverted topsoil (at 10-20 cm depth) (Figure 6-1b), the average soil C 

concentration increase were 11 and 17 g kg-1 soil (and those of non-oxidizable C for up 

to 10 and 16 g kg-1 soil) for the IL and IS treatments, respectively (P < 0.01) compared to 

the corresponding control treatment (Table S6-2). No significant differences in soil C 

concentrations between the two biochar treatments were found, except at 13-16 and 16-

20 cm depth, where means of both total C concentration and the non-oxidizable C fraction 

in IL were significantly lower than the corresponding IS layers (P < 0.001) (Figure 6-1b 

and Table S6-4). Only soil layers with large biochar particles (IL treatment) showed a  

decreasing trend in soil C concentration at depth although this was not significant, while 

there was no consistent trend in the other two treatments (IC and IS) (Figure 6-1b). 

Biochar addition has no significant effect on soil C concentrations of the inverted subsoils 

(at 0-10 cm depth) (Figure 6-1b). 
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Figure 6-1. Soil C and non-oxidizable C concentration of topsoil and inverted topsoil 
with depth at the end of the trial for (a) un-inverted soil and (b) inverted soil. Different 
letters indicate significant differences between treatments for each soil depth (p < 0.10). 
Error bars indicate the standard error of the mean (SEM) (n = 4). 
 

The effect of soil inversion on the average soil C concentration of the topsoil was only 

significant for treatments with large biochar particles, with inverted topsoil amended with 

large biochar (IL) having significantly lower soil C concentration than the un-inverted 

topsoil with similar biochar treatment (UL) (P< 0.05) (Table S6-2). This is opposed to the 

pattern observed in the average soil C concentration of the original subsoil layers of 

controls (UC, IC) and small-particle size treatments (US, IS), as this was higher (P< 0.05) 

when the layers were inverted (i.e., they became topsoil, as in IC and IS treatments) (Table 

S6-2). Also, for the N concentration and bulk density of the soil, there were no significant 
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differences detected regardless of soil inversion or the addition of biochar with different 

particle sizes (Figure S6-2 and Table S6-5). However, the fact that for a specific soil layer, 

e.g., un-inverted and inverted top soil, bulk density ranged between 0.84 to 1.00 g cm-3, 

justified the need to calculate the C and N stocks on equivalent soil mass basis. 

6.3.2 Changes in soil C and N stocks calculated at an equivalent soil mass by the 

end of the trial 

The changes over time in soil C stocks (0-20 cm) calculated at an equivalent soil mass 

were shown in Figure 6-2. Prior to plant growth (T0), the soil C stock of the control 

treatments (UC and IC) was 61.7 Mg C ha-1, with 59 and 41% of it being distributed in 

the 0–10 and 10–20 cm depth, respectively. At the end of the experiment, the non-

amended treatments (UC and IC) lost 3.8 and 3.4 Mg C ha-1 (6.1 and 5.5% of the initial 

C stocks), respectively (significant at P < 0.10).  

At T0, soil C stocks of biochar-amended soils increased from 61.7 to 77.3 Mg C ha-1. By 

the end of the experiment, the US and UL treatments lost 2.90 (3.8%) and 5.10 (6.6%) 

Mg C ha-1 (significant at P < 0.10 for UL), respectively, and the IS and IL treatments lost 

1.91 (2.5 %) and 9.20 (11.9%) Mg C ha-1 (significant P < 0.05 for IL), respectively.  

The effect of biochar addition on the soil C stocks calculated at an equivalent soil mass of 

the overall 0-20 cm soil depth was, as expected, significant (P< 0.001) for all treatments 

when compared with the corresponding un-amended controls. However, the effect of 

biochar particle size on soil C stocks was only significant (P < 0.05) for the inverted soils, 

these being lower in the IL treatment than in the IS treatment. The effect of soil inversion 

when comparing between un-inverted soil and inverted soil amended, was also only 
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significant between treatments that received biochar with large particle size (UL vs IL) (P 

< 0.10) (Figure 6-2 and Table S6-6). 

 

Figure 6-2. Soil C stocks calculated at an equivalent soil mass for the overall depth of 0 
to 20 cm. Error bars indicate the standard error of the mean (SEM). The asterisk indicates 
significant differences between soil C stock measured at 0-20 cm by the end of the trial 
and their corresponding measurement at T0 (p < 0.10). Within a specific soil inversion, 
different small letters indicate differences in soil C stock between treatments (n = 4 and p 
< 0.10) while, within specific biochar treatment, different uppercase letters indicate 
differences between un-inverted and inverted treatments (n = 4 and p < 0.10).  

 

The results on soil C stocks at an equivalent soil mass obtained separately according to 

layers (the topsoil or subsoil) are also provided (Table 6-3). The soil C stocks of both un-

inverted and inverted topsoils amended with biochar were significantly higher (P < 0.001) 

than their respective controls. By inverting the topsoil, significantly lower soil C stocks 

(P<0.10) were measured for control (IC) and treatment with large biochar (IL) (P<0.05) 

than the un-inverted topsoil. The un-inverted subsoil from the treatment with large biochar 

(UL) was found to have significantly higher soil C stocks than the corresponding control 

(UC) (P<0.10), despite not having received any organic C amendment. The inverted 

subsoil from control (IC) and treatment with small biochar (IS) has significantly higher 

soil C stocks (P<0.05) than the un-inverted subsoil from the respective treatments (Table 
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6-3). For both un-inverted and inverted soils, no significant differences in total soil N 

stocks were found between treatments when calculated on an equivalent soil mass basis 

(Figure S6-3). This was expected given the low N content of the biochar. 

Table 6-3. Soil C stock (Mg ha-1) calculated at equivalent soil mass measured at 0-10 and 
10-20 cm depth by the end of the experiment, with treatment or soil inversion as the factor. 

 Treatments 
 Control Small-particle size 

biochar 
Large-particle size 

biochar 
Soil Inversion (depth in the soil 
column) 

   

    
Un-inverted topsoil (at 0-10 cm 
depth) 

34.0cA 49.5aA 46.7bA 

Inverted topsoil (at 10-20 cm 
depth) 

32.2cB 49.2aA 42.3bB 

    
Un-inverted subsoil (at 10-20 
cm depth) 

23.9bB 24.9abB 25.5aA 

Inverted subsoil (at 0-10 cm 
depth) 

26.1aA 26.2aA 25.8aA 

      
Different small letters within a row indicate differences between biochar treatments (n = 4) and p < 0.10), 
and (ii) different uppercase letters within a column indicate differences between un-inverted and inverted 
treatments (n = 4 and p < 0.10). In the un-inverted soil, biochar was at 0-10 cm depth while in the inverted 
soil biochar was at 10-20 cm depth. 

 

6.3.3 NIR data  

6.3.3.1 NIR spectra and PCA 

Figure S6-4 (a) showed the averaged pre-processed NIR reflectance of un-inverted and 

inverted topsoil layers (at 0-10 cm depth for un-inverted treatments or 10-20 cm depth for 

inverted treatments). The un-inverted topsoil had overall lower spectral reflectance 

compared to the inverted topsoil, with soil layers amended with biochar having always a 

lower spectral reflectance than their respective controls, regardless of biochar particle 

size. The shape of the spectra was generally similar for all samples, with strong absorption 

bands around 1400 nm and 1900 nm, while weak yet noticeable bands around 1800 and 
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2200 nm (Figure S6-4a). Bands around 1400 nm can be attributed to overtones of O-H 

stretching bond, while around 1900 nm is the combination of H-O-H bend with O-H 

stretching (Clark, 1999). Both of these bands are associated with free water, as well as 

water contained in the lattice of various clay minerals or adsorbed to soil particle surfaces, 

either organic or inorganic (Clark et al., 1990). Small absorption peaks around 1800 and 

2200 nm may be due to O-H bonds in clay minerals and organic compounds (Ben-Dor 

and Banin, 1995; Dalal and Henry, 1986). 

A principal component analysis (PCA) of the pre-processed spectra was carried out 

(Figure S6-4b) and the first two principal components (PC1 and PC2) obtained accounted 

for around 89 and 5% of the total variance, respectively. Only samples amended with 

small-particle size biochar showed a clear different trend plotting in the upper right side 

of Quadrant I away from the rest of the samples, with clusters of samples from inverted 

soils plotting towards the lower right of Quadrant I. The separation between samples with 

the large particle size of biochar and controls was less distinct regardless of soil inversion, 

all plotting in the lower left side of the plot. 

6.3.3.2 PLSR analysis for soil C concentration 

Figure S6-4 (a) presents a summary of the statistics of soil organic C concentration for all 

soil layers from all treatments (n=144). The content of soil organic C ranges from a 

minimum of 1.68% to a maximum of 6.14% with a mean value of 3.39% and the median 

value of 2.75%. The soil C dataset was characterized by a positively skewed distribution 

(0.55). The calibration model obtained using the pre-processed NIR spectral data of all 

144 samples (Calibration model 1; n=144) at wavelengths ranging between 780 to 2450 

nm rendered a relatively good ability to predict the soil C concentration (%) with the 
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RMSE values of cross-validation being 0.56 % and the RPD values of 2.25 (Table 6-5). 

Models with RPD values > 2 are considered to be sufficient for quantitative prediction 

depending on the intended application of the model (Chang et al., 2001; Dunn et al., 2002; 

Viscarra Rossel et al., 2006). All other calibration models also have RPD values higher 

than 2, except for the model built using samples from treatments with large particle sizes 

biochar of both un-inverted and inverted soils (Calibration model 3; n=96; RPD=1.95; 

RMSEcv=0.55%). The calibration model 2 (n=96) built using samples from only small 

biochar of both un-inverted and inverted soil had the highest RPD (2.47) and the RMSEcv 

values (0.49%). This was followed by a model based on samples from inverted soils only 

(calibration model 5; n=72; RPD=2.42; RMSEcv=0.48%) and from un-inverted soils only 

(Calibration model 4; n=72; RPD=2.16; RMSEcv=0.62%). 

Table 6-4. Statistical summary of the soil organic C concentration for all soil layers from 
all treatments. 

Statistic Data  

Count 144 

Minimum (%) 1.68 

Maximum (%) 6.14 

Mean (%) 3.39 

Median (%) 2.75 

Standard Deviation (%) 1.25 

Skewness 0.55 

Kurtosis -1.25 
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Table 6-5. Partial least square regression (PLSR) calibration models for the prediction of 
soil C concentration (%). 
Calibration 

model 
Cores No. of 

samples 
(samples 

with 
biochar) 

No. of 
Factors for 

PLSR 
model 

 

Leave-one-out-cross-validation 
(LOO-CV) 

    R2 RMSECV 
(%) 

RPD 

1 All 144 (48) 6 0.803 0.556 2.25 

2 Small biochar, 
both un-

inverted and 
inverted soil 

96 (24) 3 0.835 0.499 2.47 

3 Large biochar, 
both  un-

inverted and 
inverted soil 

96 (24) 3 0.736 0.549 1.95 

4 Un-inverted 72 (24) 3 0.783 0.617 2.16 

5 Inverted 72 (24) 4 0.827 0.485 2.42 

*R2: the coefficient of determination; RMSECV: root mean square error of LOO-CV; RPD: the ratio of 
prediction to deviation. 

 

6.3.4 Comparison between measured and NIR/PLSR predicted soil C stock 

The significant relationship between measured and NIR/PLSR predicted soil C stocks at 

equivalent soil mass of both topsoil and subsoil layers for each soil column (n=48) was 

shown using linear regression (R2= 0.84; P= 0.013) (Figure 6-3a). Measured soil C stock 

values of each topsoil and subsoil layers were calculated using laboratory-measured soil 

C concentration, while the NIR/PLSR predicted soil C stock values were calculated using 

predicted C concentration obtained from Calibration Model 1. The sums of soil C stocks 

for both topsoil and subsoil layers for each soil column were used to calculate the overall 
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soil C stock at 0 to 20 cm depth. Both measured and NIR/PLSR predicted means of soil 

C stock (0-20 cm) for each treatment were shown in Figure 6-3b (and Table S6-7). None 

of the treatments showed significant differences between measured and predicted means, 

except for treatments of un-inverted soils amended with large particle size biochar (UL). 

The NIR/PLSR predicted mean for UL was significantly lower than the mean calculated 

using soil C data from laboratory analysis (ULmeasured = 72.2 Mg C ha-1; ULpredicted = 66.2 

Mg C ha-1; P=0.008). Prediction of soil C stock means for treatments amended with large-

particle biochar were significantly lower compared to treatments with small particle 

biochar for both un-inverted and inverted soils (UL vs US; IL vs IS) (Figure 6-3b and 

Table S6-8). These results were slightly different from those obtained for soil C stocks 

calculated using laboratory-measured data, which showed that the effect of biochar 

particle size was only significant for treatments with inverted soils (Figure 6-2). Also, 

based on these predicted soil C stock values, the application of soil inversion had no 

significant effect across all treatments (Table S6-8). 
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Figure 6-3. a) Relationship between measured and NIRS/PLSR predicted C stock 
calculated at equivalent soil mass for both topsoil and subsoil layers for each column 
(n=48); b) Comparison between measured and NIR/PLSR predicted means soil C stock 
(0-20 cm) for each treatment (n = 4 and p < 0.05). Error bars indicate the standard error 
of the mean (SEM). 

 

6.4 Discussion 

6.4.1 On changes in soil C (including soil non-oxidizable C) and soil N 

The organic C lost by the end of the experiment observed in all treatments except for 

treatments with small-particle biochar (US & IS) (Figure 6-2) could be attributed to the 
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disturbance of the soil upon preparation of the columns (Franzluebbers, 1999; Kainiemi 

et al., 2016). The fact that there were greater losses in the treatment that received biochar 

of large particle size could be related to the fact that this is a heavy soil and the addition 

of a bulking agent increased aeration and accelerated the decomposition of available C 

(Dong et al., 2018; Mukherjee and Lal, 2013). The high soil organic C loss that occurred 

in the treatment with large biochar may also be caused by the constrained formation of 

soil aggregates due to the lower surface area of large particle biochar for soil-biochar 

interaction (Brodowski et al., 2006; Herath et al., 2013).  

None of the treatments with small-particle biochar, either with or without inverted soil (IS 

and US, respectively) had a significant C loss over time, even when being compared with 

other treatments. The use of small-particle biochar could have affected soil aeration to a 

smaller extent, and thus the soil C decomposition in these treatments would have been 

lower than in the treatments that received large-particle biochar. Small-particle biochar 

might also have offered more sites for sorption of organic ligands due to its larger surface 

area compared to the large-particle biochar, which may have enhanced organic matter 

preservation in soil (Joseph et al., 2010; Liang et al., 2016; Singh and Cowie, 2014; 

Zimmerman et al., 2011). The use of large-particle biochar may have produced the 

opposite situation, which might explain the significant C loss observed from the treatment 

with inverted soil and amended with large particle biochar (IL) as compared with its 

corresponding treatment with small biochar (IS). The increased aeration from the addition 

of large biochar may lead to a higher C decomposition rate in biochar amended layers of 

IL at 13-16 and 16-20 cm depth. However,  At the 10-13 cm layer, we suggest that there 

was a “boundary effect” causing the biochar layer located at the boundary with the non-
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biochar soil to have higher water retention due to the changes in the water hydraulic 

conductivity of the soil column from the presence of biochar at depth (from soil inversion) 

(Mahmud et al., 2018; Yan et al., 2018). As a result, organic C decomposition in this 10-

13 cm layer was possibly restricted due to the existence of anoxic conditions. Although 

in the previous finding of Mahmud et al. (2018), the accumulation of water at the contact 

zone was also found to be significant for the boundary layer of the US treatment (6-10 

cm), the fact that no significant differences in soil C concentration were observed between 

biochar treatments at this particular layer (Figure 6-1a) suggests that the boundary effect 

from the addition of small-particle biochar was less pronounced. Therefore, despite the 

increase in water retention at the boundary layer, it had less impact on the existing soil C 

decomposition rate.  

Interestingly, not only total soil organic C but also the non-oxidizable organic C 

concentrations of biochar layers at 13-16 and 16-20 cm depth in IL were significantly 

lower than their corresponding layers in IS. The non-oxidizable C concentration is the C 

fraction that is not oxidized by potassium dichromate (K2Cr2O7) and commonly attributed 

to the recalcitrant fractions of biochar-C, although a fraction of native soil C can also be 

non-oxidizable with potassium dichromate, as it is the case of the soil under study here. 

The oxidizable C is associated with labile organic matter, including labile C in biochar 

(Leng et al., 2019). While it is possible that part of the non-oxidizable C of native organic 

matter decomposed over time, a non-oxidizable fraction of C in biochar might also have 

been lost – overall, this might explain the lower non-oxidizable C concentrations in the 

inverted soil layer with large-particle biochar compared with the corresponding treatment 

with small-particle biochar. Although it has been well accepted that biochar produced at 
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higher temperature has greater stability due to its highly condensed aromatic molecular 

structure, knowledge on its resistance toward chemical and biological degradation as a 

function of varying environment exposures, including biochar particle size, needs further 

study (Lehmann and Joseph, 2015). Other than the increased formation of oxygen-

containing surface functional groups such as carboxyl and carbonyl groups over time as 

biochar weathers (Mia et al., 2017), the degradation of condensed aromatic C in biochar 

due to the environmental exposure has been observed and attributed to the increased rate 

of oxidation from higher oxygen availability (Ascough et al., 2018; Bird et al., 2017; 

Zimmermann et al., 2012). It is also worth mentioning that the biochar used in this study 

has been kept in a steel barrel for three years and moved to several locations after its 

production. Thus, it was expected that this biochar has been somewhat oxidized from the 

exposure to moisture from its varying surrounding areas prior to its application which 

possibly contributed further to its reduced resistance toward dichromate oxidation once 

exposed to the soil environment. 

The C loss in IL treatment was also significantly higher than its corresponding un-inverted 

treatment (UL) (Figure 6-2).  The fact that soil inversion had, in general, no effect when 

looking at the overall C stock (Figure 6-2) but when looking at the different layers (Table 

6-3), the data shows that the new topsoil was gaining steady C input from growing plants 

while the new subsoil was losing probably the easily decomposable unprotected C 

(Mitchell et al., 2018; Six et al., 2002) which was in a steady condition when being in the 

topsoil from continuous new plant input but was disturbed once buried. This event was 

more pronounced when a bulking agent was added and further increase the C 

decomposition from greater soil aeration as suggested from the significantly greater C 
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loss in IL treatment. It was also possible that in biochar treatments with un-inverted soils 

(US and UL), the interactions between the new C inputs (from plant materials) with 

biochar particle promotes stabilization of the new C (Herath et al., 2014) whereas, this 

interaction was hindered in treatments with inverted soils (IS and IL). 

Although we observed a trend of reduced bulk density with biochar application, the 

differences between biochar-amended and un-amended treatments were not significant. 

Therefore, we suggest that the significant C loss observed in the inverted soil amended 

with large biochar in this study was not solely due to greater soil aeration, as hypothesized 

earlier, but also to other factors such as the limited protective soil-biochar interactions 

associated with the lower surface area of large particle biochar and the interrupted C 

supply from new plant inputs due to soil inversion. 

6.4.2 On NIR and further comparison between measured and NIR/PLSR 

predicted soil C stock 

The lower reflectance (higher absorbance) of the un-inverted topsoil layers (from UC, US, 

and UL) compared with the inverted topsoil layers (from IC, IS, and IL) (Figure S6-4a) 

was attributed to the higher soil C content of the topsoil that kept receiving C input from 

plants and had high root density (Kusumo et al., 2011; Rodionov et al., 2016) as opposed 

to the inverted topsoil. In addition to the higher soil C content from direct plant input, 

biochar application further contributed to the reduced reflectance of the spectra (Kusumo 

et al., 2014). The distinct behavior of the small particle size treatments with regards to the 

NIR reflectance spectra compared with the rest of the treatments could be attributed to 

several factors. On one hand, the small-particle biochar allowed a good mixing with soil 

particles and thus other signals in the spectra of this soil layer were masked by the 
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presence of this biochar. This might explain the relatively flat spectra in the wavelength 

range of 780-1400 nm. Yet differences between US and IS treatments were also detected 

in the PCA plot (Figure S6-4b) and could reflect differences in fresh organic detritus, as 

the US treatment continued receiving plant C input (Viscarra Rossel and Webster, 2011).  

Overall, the prediction accuracy obtained in this study were comparable with those 

reported in the literature on the prediction of soil C concentration using cross-validated 

NIR/PLSR model from fresh soil samples but done without biochar application (Kusumo 

et al., 2011; Ladoni et al., 2010; Roudier et al., 2015). We did not find published literature 

on the use of NIR spectroscopy on soil amended with biochar except by (i) Reeves et al. 

(2010) showed that the addition of biochar to soil may affect the NIR spectral signature 

of the original soil C, (ii) Allen & Laird (2013) and (iii) Uchimiya et al. (2019) who 

showed that NIRS combined with PLSR can be used to predict the total C of soils 

amended with biochar. In both studies done by Allen and Laird (2013) and Uchimiya et 

al. (2019), soil samples were air-dried and sieved prior to NIRS scanning and the range 

of NIR wavelength used was between 1100 to 2500 nm. Based on their cross-validated 

models, the RPD obtained in the study done by Allen and Laird (2013) for the prediction 

of organic C for soils collected from the field and the incubated soil columns without 

plants were 2.4 (RMSECV=0.23%) and 5.6 (RMSECV=0.10%), respectively, while in 

Uchimiya et al. (2019), the RMSECV was 0.14% and no RPD was given. Our results 

(Table 6-5) suggest that reliable predictions of C concentration for soils amended with 

biochar can be achieved even though the NIR spectra were recorded from fresh soil cores. 

However, the prediction accuracy may be negatively affected by an increasing biochar 

particle size. The larger the size the less evenly the biochar can be distributed in the soil 
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compared to the small particle size biochar, and this was not accurately "captured" by 

NIR. The prediction obtained from un-inverted soil samples (Calibration model 4), was 

also found to be lower than treatments with inverted soils. This may be caused by the 

higher presence of plant residues and roots in the un-inverted topsoil layers affected the 

spectral signal acquisition and increases the prediction uncertainty (Bellon-Maurel and 

McBratney, 2011). It was also possible that due to the similarity of some functional groups 

found in biochar C and in the soil organic matter (Reeves et al., 2008), the biochar C was 

being under-detected when it was present in the un-inverted soil with higher C content. 

The above-mentioned reasons for decreased prediction accuracy may also explain the 

differences observed in soil C stocks estimates between the methods used (laboratory 

measurement vs. NIR/PLSR prediction).  Particularly, the underestimation of C stocks in 

the UL treatment, where there was the co-existence of high plant residues, roots, and large 

particle size biochar (> 4 mm) Therefore, even if the organic C concentration of a given 

soil may be predicted using NIR with good accuracy, the need for this technique to be 

tested prior to an eventual determination of soil C stock is warranted. To our knowledge, 

only a few studies have used the NIR predicted soil C concentration to calculate the soil 

C stocks at a given depth. While none of these studies involves biochar-amended soil, our 

results are still comparable. A study by Roudier et al. (2015) – in which fresh soil cores 

were also extracted and scanned directly along the vertical side of the core – reported the 

feasibility of using NIR for in-situ measurement of soil C and the subsequent prediction 

of soil C stocks, yet they noted that the good performance of their model was due to the 

limited variability of their samples. Two recent studies by Guo et al. (2019) and Segnini 
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et al. (2019) also obtained good results, however, they both used dried, finely-ground, and 

sieved soil samples.  

6.5 Conclusion 

This study shows that biochar particle size and place of application can affect the 

decomposition rate of soil organic matter and therefore adequate information is needed 

prior to the use of this amendment. In this study, we observed that the combined effect of 

relatively large particle size (>4 mm) biochar and depth application via soil inversion 

accelerated the decomposition of native organic matter of a Pallic soil, which is 

characterized by having poor drainage. On the contrary, the surface application of the 

same biochar but with smaller particle size (<2 mm) did not prime the decomposition of 

native organic matter. Soil inversion per se did not seem to increase the rate of soil C loss 

in this study. 

This study also showed the potential of using NIR spectroscopy technique to accurately 

predict the organic C concentration of a soil amended with biochar from intact soil cores, 

which would be both time- and cost-effective.  We also explored the outcomes of using 

NIR predicted soil C concentration values to estimate soil C stocks. We found that 

although a good prediction accuracy for soil C concentration was achieved (Calibration 

model 1; n=144; RPD= 2.25; R2 =0.803; RMSECV=0.56%), the errors introduced from 

the variations in treatment may propagate into the subsequent determination of soil C 

stocks resulting in slightly different conclusions than when laboratory-measured values 

were used. Further research especially in the field setting is needed to validate our 

findings.  
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7 CHAPTER 7. OVERALL SUMMARY AND 

RECOMMENDATIONS FOR FUTURE RESEARCH 
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7.1 Summary 

Extensive research has been done to evaluate the use of biochar for C sequestration-

climate mitigation and soil improvement. Yet, the outcomes are mixed and understanding 

of its mechanisms and factors is still lacking. The variability in the impact of biochar 

addition does not only depend on biochar properties (which is influenced by both 

feedstock and production conditions), but also on soil properties, presence of plants, 

application rate, land-use, including interactions between various factors and mechanisms 

(Woolf et al., 2018b). While several biochar-related properties (e.g. feedstock type, 

production temperature, application rate) and their interactions with other external factors 

(e.g. experiment setting, soil properties, plant inputs) have been given more attention in 

research, others possibly important parameters were often overlooked and insufficiently 

addressed (Cayuela et al., 2014; Lehmann and Joseph, 2015). 

The increasingly widespread use of biochar also calls for better tools either to characterize 

biochar for standardization purposes or to measure the impact of its application to the 

soils. Near-infrared (NIR) spectroscopy is known as a rapid, cost-effective, non-

destructive technique and can be used in both laboratory and on-site (Nocita et al., 2015a). 

Since NIR spectroscopy works well for soil and organic matter analysis, it would also be 

suitable for biochar-related studies. 

This thesis highlights the importance of biochar particle size and application depth 

pertaining to the impact of biochar application to soil (i.e on N2O soil emission and SOC 

stocks), including the use of NIR spectroscopy for predicting the maximum pyrolysis 

temperature of biochar and for SOC stock assessment. 
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7.1.1 The use of NIR model for predicting the maximum pyrolysis temperature of 

biochar (Chapter 3) 

The hypothesis of this initial experiment was that the NIR spectroscopy can be used to 

predict the highest heating temperature achieved during biochar production. Eighty-two 

biochars have been used to build the NIR calibration model for predicting the highest 

heating temperature (HHT) during biochar production. These biochars were produced 

from animal manures, crop residues, nutshells, mixed waste, woody materials, and yard 

waste, at pyrolysis temperatures ranging between 220 to 800 °C. Sixty-eight biochars 

were produced using the slow pyrolysis technique, while the rest of them (n=14) were 

produced using other production techniques (ablative updraft pyrolysis, fast pyrolysis, 

intermediate pyrolysis, fixed bed gasification, torrefaction, and updraft pyrolysis). The 

partial least square regression (PLSR) analysis was carried out to build the calibration 

model by correlating the pre-processed NIR spectral data of 82 biochar with their reported 

HHT. A separate prediction set was prepared from twenty biochars produced from pine 

wood at HHT ranged from 325 to 723 °C using the slow pyrolysis technique in a small 

laboratory kiln, and were pyrolyzed in three different feedstock sizes.  Both validations of 

calibration model using leave-one-out cross-validation (LOO-CV) and the prediction set 

yielded good accuracy (LOO-CV: r2=0.80 and RMSECV:48.8 °C; prediction: r2=0.82 and 

RMSEP: 57.7 °C; RMSE is the root mean square error). In this chapter, the ability of the 

NIR model to give good prediction despite the possible existence of temperature gradients 

attributed to the use of feedstock with different particle sizes was highlighted. These 

results indicate that NIR spectroscopy has the potential to be used as a monitoring and 

quality control tool for biochar production and thus confirmed the hypothesis that NIR 
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spectroscopy can be used to predict the highest heating temperature achieved during 

biochar production. 

 

7.1.2 The effect of feedstock types and pyrolysis conditions on the predictive 

ability of NIR models (Chapter 4) 

Three calibration models were developed in this chapter using three sample sets (A, B, 

and C) for predicting the highest heating temperature (HHT) during biochar production. 

We hypothesized that the varying feedstock types and pyrolysis conditions used for 

biochar production may decrease the performance of NIR prediction model due to the 

presence of data variability. Therefore, the performance of these calibration models was 

evaluated and compared to examine how feedstock types and pyrolysis conditions affect 

the efficiency of the NIR model.  

Samples in set A includes the same 82 biochar samples described in Chapter 3. A subset 

of these 82 samples was selected as Set B (n=68) – these were all produced by slow 

pyrolysis and using the same pyrolyzer unit – in order to determine whether the prediction 

ability could be improved by reducing the variability of production conditions. Set C 

(n=48) is a subset of set B and was compiled by eliminating those biochar produced from 

“processed feedstocks” i.e. the type of feedstock that has been chemically or biologically 

treated thus the original composition of feedstock were changed such as food, paper, and 

the digested manure. This was done in order to determine whether the prediction ability 

could be improved by reducing the variability of production conditions. A separate sample 

set (n=18) was used as the prediction set. They were produced from animal manure 

(including mixtures of eucalyptus wood chips with either biosolids or cattle manure), crop 
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residue (corn stover), and woody materials (pine, poplar, and willow woodchips). The 

pyrolysis temperatures used ranged from 250 to 550 °C. 

All three calibration models rendered a relatively good prediction ability with the overall 

RMSE values of cross-validation (RMSECV) being below 50 °C, whereas, when tested 

using the prediction set, calibration model based on set C gave the best prediction (R2: 

0.941; RMSEP: 27.3 °C), followed by the model based on set A (R2: 0.896; RMSEP: 35.6 

°C), and set B (R2: 0.928; RMSEP: 37.3 °C). Based on the result, feedstock types have a 

substantial effect on the performance of the NIR model while the effect of pyrolysis 

conditions was less pronounced, and thus the hypothesis was confirmed. 

7.1.3 The effect of soil inversion and the application of biochar with different 

particle sizes on soil N2O emission 

A paper from this study (Chapter 5) has been published: Mahmud, A. F., Camps-

Arbestain, M., & Hedley, M. (2018). Investigating the Influence of Biochar Particle Size 

and Depth of Placement on Nitrous Oxide (N2O) Emissions from Simulated Urine 

Patches. Agriculture, 8(11), 175. 

In this glasshouse study, we investigate the effect of biochar particle size and the impact 

of soil inversion (through simulated mouldboard ploughing) on N2O emissions from soils 

to which cattle urine was applied. We hypothesized that (i) the application of biochar may 

affect N2O emissions through changes in soil physical properties, specifically soil aeration 

and water retention; and (ii) the effects of biochar addition on these properties may differ 

depending on their particle size (e.g., a larger particle size may increase soil aeration 

whereas a smaller particle size may clog pores), and their placement in soil (e.g., the 

incorporation of a large particle size-biochar at depth may promote aeration, drainage, 

and increase the depth of the plant rooting zone). 
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Pine wood biochar produced at HHT of 550 °C, crushed and sieved into two different 

particle sizes (<2 mm and >4 mm), were mixed into the 0-10 cm topsoil of Tokomaru silt 

loam (2% w/w or ~20 t ha–1) and repacked into the soil column either at the original 0–10 

cm depth (simulating incorporation by shallow tillage) or inverting the topsoil (simulating 

incorporation by mouldboard ploughing) and placing it at 10–20 cm depth. Overall, there 

were six treatments (2 control treatments) with four replicates for each treatment in this 

study. Annual ryegrass (Lolium multiflorum L.) was grown and was cut repeatedly to 

simulate cattle grazing and cattle urine was applied at the beginning of each trial (summer 

and autumn). Nitrous oxide emissions were monitored for every two to three days, up to 

seven weeks during the summer trial and measurements were repeated during the autumn 

trial. Based on the results, biochar addition did not cause significant differences in plant 

growth, N uptake, and soil bulk density, regardless of particle size or soil inversion. Also, 

no significant effect on N2O emissions was observed in summer trial, whereas, the use of 

large particle size biochar in the inverted soil had a significant impact on increasing the 

cumulative N2O emissions in the autumn trial, possibly through changes in the water 

hydraulic conductivity of the soil column and increased water retention at the boundary 

between soil layers. For the first part of the hypothesis, it was confirmed that the 

application of biochar affected the N2O emissions through changes in soil physical 

properties i.e., soil aeration and water retention, however, the use of large particle biochar 

at depth provided opposite findings which were in contrast with the second part of the 

hypothesis. 
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In this study the importance of the role of biochar particle size and the method of biochar 

placement on soil physical properties and the implications of these on N2O emissions was 

highlighted. 

7.1.4 The effect of biochar particle size and placement on the decomposition rate 

of soil organic matter and the use of the NIR spectroscopy technique for soil 

C assessment. 

In this study, we investigate the effect of biochar particle size and method of incorporation 

on SOC stocks. This study was done on the same experiment setup used in Chapter 5. We 

hypothesized that (i) the large-particle size biochar may affect soil aeration and accelerate 

soil C decomposition rate with increased oxygen availability, and this effect is greater 

when biochar is incorporated at depth; (ii) the NIR spectroscopy can be used to predict 

SOC concentration and SOC stocks in biochar-amended soil. 

SOC stocks were estimated using two methodologies: direct SOC measurements using an 

elemental analyzer and NIR spectroscopy coupled with partial least-squares regression 

analysis (NIR/PLSR). The NIR spectra of soil were acquired by scanning intact soil cores 

using the NIR spectrometer. By the end of the experiment, significant C loss was observed 

in the treatment with inverted soil and amended with large-particle biochar (>4 mm), 

whereas none of the treatments with small-particle biochar (<2 mm), either with or 

without inverted soil had a significant C loss over time. We suggest that the combination 

of (i) greater soil aeration, (ii) the limited protective soil-biochar interactions associated 

with the lower surface area of large particle biochar, and (iii) the interrupted C supply 

from new plant inputs due to soil inversion, were the factors contributed to the significant 

C loss observed in the inverted soil amended with large biochar in this study. Soil 
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inversion per se did not seem to increase the rate of soil C loss in this study. Also, as 

expected, no significant differences in soil N were found between treatments given the 

low N content of the biochar. 

Based on the result on the use of NIR-measured SOC concentration for estimating SOC 

stocks in the samples from the column experiment, reliable predictions of C concentration 

for soils amended with biochar can be achieved even though the NIR spectra were 

recorded from fresh soil cores (R2 =0.803; RMSECV=0.56%). However, the prediction 

accuracy may be negatively affected by an increasing biochar particle size and soil 

inversion and thus may affect the subsequent SOC estimates. This study showed the 

potential of using NIR spectroscopy technique to accurately predict the SOC 

concentration of a soil amended with biochar from intact soil cores, which would be both 

time- and cost-effective.  

The findings in this study support both hypotheses, however, further research especially 

in the field setting is needed to validate our findings. 

 

The highlights of the thesis: 

1) A calibration model was developed using NIR spectroscopy and PLSR to predict 

the maximum pyrolysis temperature of biochar (Chapter 3). 

2) Feedstock types and pyrolysis conditions were shown to affect the predictive 

ability of NIR models for predicting the maximum pyrolysis temperature of biochar 

(Chapter 4). 
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3) A combination of large biochar and soil inversion was found to increase the 

cumulative N2O emission from soils to which cattle urine was applied (Chapter 5). 

4) The combined effect of using relatively large particle size (>4 mm) biochar and 

depth application via soil inversion accelerated the decomposition of native organic 

matter of Tokomaru soil (Chapter 6). 

5) NIR spectroscopy technique can be used to predict SOC concentration of biochar- 

amended soil and has the potential to be used to estimate SOC stock (Chapter 6). 

 
7.2 Recommendations for future research 

1) The uncertainties associated with the use of diverse feedstocks types and 

production processes for biochar production may contribute to the conflicting 

impacts of biochar application to soil. Thus, there is a need for a feasible tool to 

control the quality and identify the suitability of biochar produced. The near-

infrared (NIR) spectroscopy method proposed here has the potential to be 

integrated into biochar-related studies as it is a flexible yet reliable and rapid 

technique for biochar analysis, thus its uses should be further explored. 

2) Information on every biochar parameter present in the study should be made 

available, so a comparison between studies can be made and the inconsistent 

effects of biochar can be addressed. 

3) Many studies on the effect of biochar on N2O emissions are done in the laboratory 

and in artificial conditions that do not consider the impact of biochar on soil 

drainage – as observed in this study. Future studies would need to take into account 

these changes and prioritise field measurements over laboratory incubations. 
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4) The manipulation of biochar properties post-production such as the crushing of 

biochar to produce the desired particle size prior to application and varying mixing 

depth into the soil are common and yet, its effect is rarely examined and thus 

should be given more attention.  
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Appendix I. Supporting information for Chapter 3 (S3) 

Table S3-1. Samples in calibration set (n=82) 

Biochar 

Maximum 
Pyrolysis 

Temperature 
(°C) H/Corg ratio 

Production condition Source/Reference 
 

Brush-yard waste 500 0.45 Slow pyrolysis Enders et al. 
(2012) Bull Manure 300 1.03 Slow pyrolysis 

Bull Manure 350 0.72 Slow pyrolysis 
Bull Manure 400 0.61 Slow pyrolysis 
Bull Manure 450 0.55 Slow pyrolysis 
Bull Manure 500 0.42 Slow pyrolysis 
Bull Manure 550 0.37 Slow pyrolysis 
Bull Manure 600 0.28 Slow pyrolysis 

Carbonized pine 750 0.17 Updraft pyrolysis 
Composted Dairy 

Manure 500 
0.45* Slow pyrolysis 

Composted Dairy 
Manure + Wood 500 

0.24* Slow pyrolysis 

Corn 300 0.90 Slow pyrolysis 
Corn 350 0.70 Slow pyrolysis 
Corn 400 0.72 Slow pyrolysis 
Corn 450 0.47 Slow pyrolysis 
Corn 500 0.32 Slow pyrolysis 
Corn 550 0.38 Slow pyrolysis 
Corn 600 0.39 Slow pyrolysis 

Corn 3 500 0.58 
Ablative-updraft 

pyrolysis 
Dairy Manure 300 0.88 Slow pyrolysis 
Dairy Manure 350 0.77 Slow pyrolysis 
Dairy Manure 400 0.59 Slow pyrolysis 
Dairy Manure 450 0.60 Slow pyrolysis 
Dairy Manure 500 0.43 Slow pyrolysis 
Dairy Manure 550 0.38 Slow pyrolysis 
Dairy Manure 600 0.32 Slow pyrolysis 
Digested Dairy 

Manure 350 
0.97* Slow pyrolysis 

Digested Dairy 
Manure 400 

0.70* Slow pyrolysis 

Digested Dairy 
Manure 450 

0.63* Slow pyrolysis 

Digested Dairy 
Manure 550 

0.61* Slow pyrolysis 

Digested Dairy 
Manure 600 

0.47* Slow pyrolysis 

Food 300 1.02 Slow pyrolysis 
Food 400 0.95 Slow pyrolysis 
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Food 500 0.88 Slow pyrolysis 
Food 600 0.50 Slow pyrolysis 

Grass Clippings-
yard waste 500 

0.78* Slow pyrolysis 

Hazelnut 300 0.67 Slow pyrolysis 
Hazelnut 350 0.61 Slow pyrolysis 
Hazelnut 400 0.51 Slow pyrolysis 
Hazelnut 450 0.44 Slow pyrolysis 
Hazelnut 500 0.50 Slow pyrolysis 
Hazelnut 550 0.38 Slow pyrolysis 
Hazelnut 600 0.31 Slow pyrolysis 

Leaves-yard waste 500 0.51 Slow pyrolysis 
Mixed Hardwood 500 0.60 Fast pyrolysis 
Mixed Softwood 500 0.54 Fast pyrolysis 

Mixed Vegetation 500 0.49* Fast pyrolysis 
Mixed Woodchips 500 0.40 Slow pyrolysis 

Mixture 220 1.43* Torrefaction 
Mixture 240 1.03* Torrefaction 

Oak 300 0.90 Slow pyrolysis 
Oak 350 0.54 Slow pyrolysis 
Oak 450 0.42 Slow pyrolysis 
Oak 500 0.37 Slow pyrolysis 
Oak 550 0.33 Slow pyrolysis 
Oak 600 0.42 Slow pyrolysis 

Paper 300 0.57 Slow pyrolysis 
Paper 400 0.54 Slow pyrolysis 
Paper 500 0.32 Slow pyrolysis 
Paper 600 0.25 Slow pyrolysis 

Peanut 480 0.62 
Ablative-updraft 

pyrolysis 
Pine 300 0.88 Slow pyrolysis 
Pine 350 0.74 Slow pyrolysis 
Pine 400 0.58 Slow pyrolysis 
Pine 450 0.46 Slow pyrolysis 
Pine 500 0.42 Slow pyrolysis 
Pine 550 0.43 Slow pyrolysis 
Pine 600 0.30 Slow pyrolysis 

Pine 2 500 
0.83* Fast/intermediate 

pyrolysis 
Poultry Manure 300 0.83 Slow pyrolysis 
Poultry Manure 350 0.55 Slow pyrolysis 
Poultry Manure 400 0.26 Slow pyrolysis 
Poultry Manure 450 0.17 Slow pyrolysis 
Poultry Manure 500 0.22 Slow pyrolysis 
Poultry Manure 550 0.13 Slow pyrolysis 
Poultry Manure 600 0.17 Slow pyrolysis 

Poultry 2 600 1.53* Fixed-bed gasification 
Raw Dairy 

Manure 500 
0.43* Slow pyrolysis 
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Rice husk 800 0.47* Gasification 
Soybean 500 0.71* Fast pyrolysis 

Switchgrass 2 500 
0.41 Fast/intermediate 

pyrolysis 
Switchgrass 500 0.60* Fast pyrolysis 

-Samples which only H/C ratios were available are denoted by symbol (*). 
 

 
 

Table S3-2. Samples used as prediction set (n=20) 

Biochar Maximum 
Pyrolysis 

Temperature 
(°C) 

Feedstock 
size 

H/Corg 
ratio 

Production 
condition 

Source/Reference 

 
 
 
 
 
 
 
 
 
 
 

Pine 

325 Medium 0.59  
 
 
 
 
 
 
 
 
 
 
       Slow pyrolysis 
 

Ripberger et al., 
(2015) 350 Large 0.58 

356 Small 0.78 
383 Medium 0.52 
402 Large 0.64 
411 Large 0.59 
414 Large 0.62 
416 Medium 0.56 
523 Medium 0.48 
541 Large 0.36 
552 Small 0.43 
554 Medium 0.54 
556 Large 0.37 
579 Large 0.33 

606 Large 0.31 

709 Medium 0.27 

710 Large 0.26 

713 Medium 0.30 

714 Large 0.31 

723 Large 0.26 
*Small (15 mm x 15 mm x 17.5 mm; n=2); medium (32 mm x 32 mm x 17.5 mm; n=7) and large (67 mm 
x 67 mm x 17.5 mm; n=11). 
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Appendix II. Supporting information for Chapter 4 (S4) 

 

Table S4-1. Samples used as prediction set (n=18)  

Biochar 

Maximum 
Pyrolysis 

Temperature 
(°C) 

H/Corg 
ratio 

Production condition Source/Reference 
 

Pine  400 0.72 Slow pyrolysis Calvelo Pereira 
et al. (2011) Poplar  400 0.67 Slow pyrolysis 

Willow  400 0.63 Slow pyrolysis 
Poplar  550 0.57 Slow pyrolysis 
Willow  550 0.53 Slow pyrolysis 
Biosolid  250 1.27 Slow pyrolysis Wang et al. 

(2012) Biosolid  350 0.91 Slow pyrolysis 
Biosolid  450 0.68 Slow pyrolysis 
Biosolid 550 0.55 Slow pyrolysis 
Manure  250 1.30 Slow pyrolysis 
Manure  350 0.82 Slow pyrolysis 
Manure 450 0.60 Slow pyrolysis 
Corn stover 350 0.64 Slow pyrolysis Herath et al. 

(2013) Corn stover 550 0.45 Slow pyrolysis 
Willow 

550 0.44 
Slow pyrolysis Gregory et al. 

(2014) 

Pine 290 1.03 Slow pyrolysis Shen et al. 
(2016) 

Pine 550 0.37 Slow pyrolysis 

Willow 550 0.38 Slow pyrolysis 
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Appendix III. Supporting information for Chapter 5 (S5) 

 

 

Figure S5-1. <2 mm pine biochar (left) and >4 mm pine biochar (right) 

 
 



   

VI 
 

 
Figure S5-2. The soil in cores was packed as follows: a) Un-inverted soil; UC-control un-inverted; US – Un-inverted 0-10 cm with <2 
mm biochar; UL – Un-inverted 0-10 cm with >4 mm biochar; b) Inverted soil; IC- Control inverted; IS- Inverted 0-10 cm with <2 mm 

biochar; IL - Inverted 0-10 cm with >4 mm biochar. 
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Figure S5-3. End-of-trial sampling; i) A soil core (subsample) was taken out from each core using a corer (diameter of 45 mm) from 0-
38 cm depth; ii) Each core was scanned with NIRS; iii) soil was sliced according to designated depth; iv) each sliced soil was cut into 

half and separated for analysis. 
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Table S5-1. Time scale of the experiment. 

Date Week  Event 

26/9/2014 1  Finish setting up all cores and first irrigation to reach 50% WFPS- topsoil (0-10 cm) has been 

mixed with basic fertilizer to stimulate seedlings (NPK; 60 kg N  ha-1 ; 50 kg K ha-1 and 60 kg 

P ha-1) N from urea, K from KCl and P from SSP. 

10/10/2014 3  Sowing ryegrass seeds 

4/11/2014 7  Thinning to 20 seedlings 

13/11/2014 8  First harvest, cut to 5 cm length 

24/11/2014 Week 10 & 

onward 

 Subsequent harvests 

15/12/2014 13  Gas measurement to measure N2O emission prior to urine application: sampling (day 0)- 

summer trial 

16/12/2014 13  First application of cow urine equal to 354 kg N ha-1, 3.5 mm of urine applied using syringe 

onto 1/3 of total area of soil core. 

17/12/2014 until 

3/2/2015 

Weeks 13-20  Gas measurement day 1 to day 49 

 Weeks 21-28  Gap 

9 and 10/4/2015 29  Leaching before 2nd cow urine application 

27/4/2015 32  Gas measurement to measure N2O emission prior to urine application: sampling (day 0)-

autumn trial 

28/4/2015 32  Second application of cow urine equal to 563 kg N ha-1 

29-4-2015 until 16-6-

2015 

Weeks 32-39  Gas measurement day 1 to day 49 
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16-9-2015 52  Experiment setup dismantled. Soil cores were kept in the chiller room for further analysis. 

 
 
 
 
Table S5-2. Soil pH of each layer measured at the end of the experiment. 

 
Soil depth (cm) 

Treatments 
Un-inverted soil  Inverted soil 

UC US UL p-value  IC IS IL p-value 

Layer A (0-3 cm) 5.74a 5.72a 5.68a 0.906  5.68a 5.67a 5.62a 0.411 
Layer B (3-6 cm) 5.65a 5.34a 5.43a 0.068  5.43a 5.39a 5.38a 0.875 

Layer C (6-10 cm) 5.52a 5.43a 5.34a 0.481  5.29a 5.38a 5.37a 0.728 
Layer D (10-13 cm) 5.59a 5.30a 5.34a 0.105  5.30a 5.42a 5.38a 0.745 
Layer E (13-16 cm) 5.54a 5.25b 5.34b 0.034  5.29a 5.42a 5.37a 0.387 
Layer F (16-20 cm) 5.53a 5.25a 5.38a 0.203  5.40a 5.43a 5.36a 0.647 

UC-control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – Un-inverted 0-10 cm with >4 mm biochar; IC- Control inverted; IS- Inverted 0-10 
cm with <2 mm biochar; IL - Inverted 0-10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments (n = 4) for each 
layer. In the un-inverted soil biochar was at 0-10 cm depth; in the inverted soil biochar was at 10-20 cm depth. 
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Table S5-3. N2O emission fluxes measured during summer and autumn trial (data showed for selected days only). 

Summer Trial 
   Treatments 
   Control Small-particle size biochar Large-particle size biochar 

Day  Soil Inversion    
      
      
Day prior to urine application  Un-inverted 0.12bB 1.51aA 0.50bA 
  Inverted 2.08aA 1.63aA 0.19aA 
      
Day after urine application with   Un-inverted 30.5aA 60.7aA 54.2aA 
maximum N2O peak  Inverted 13.9aA 25.4aA 29.1aA 
      
Day 10 after urine application  Un-inverted 3.11aA 3.18aA 4.41aA 
  Inverted 2.70aA 15.9aA 7.90aA 

Autumn Trial 
   Treatments 
   Control Small-particle size biochar Large-particle size biochar 

Day  Soil Inversion    
      
      
Day prior to urine application  Un-inverted 0.76bB 4.61aA 3.24aB 
  Inverted 21.8aA 4.36bA 24.8aA 
      
Day after urine application with   Un-inverted 40.9aA 85.7aA 69.7aA 
maximum N2O peak  Inverted 66.9aA 59.7aA 93.8aA 
      
Day 10 after urine application  Un-inverted 14.6aA 28.6aA 14.1aA 
  Inverted 9.43aA 23.4aA 22.7aA 
      

Within a specific season, (i) different small letters within a row indicate differences between biochar treatments (n = 4) and p < 0.10), and (ii) different uppercase 
letters within a column indicate differences between un-inverted and inverted treatments (n = 4 and p < 0.10). 

 



   

XI 
 

Table S5-4. Treatment effects on the amount of NO3-N measured for every leaching event. 

Leaching event NO3-N leachate (NO3
-N g m-2 / % of added N leached as NO3

-N) 
 

UC US UL p-value  IC IS IL p-value 

1st 

 
0.073/0.21a 0.036/0.10a 0.066/0.19a 0.680  0.030/0.08a 0.035/0.10a 0.036/0.10a 0.933 

2nd 

 
0.015/0.04a 0.026/0.07a 0.018/0.05a 0.683  0.013/0.04a 0.060/0.17a 0.021/0.06a 0.132 

3rd 

 
0.015/0.03a 0.022/0.04a 0.015/0.03a 0.634  0.020/0.03a 0.025/0.04a 0.036/0.06a 0.426 

UC - control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – un-inverted 0-10 cm with >4 mm biochar; IC - control inverted; IS - inverted 0-10 
cm with <2 mm biochar; IL - inverted 0-10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments at each leaching 
event (n = 4). 
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Table S5-5. Soil bulk density (g/cm-3) at each depth measured at the end of the experiment. 

 
Soil depth (cm) 

Treatments 
Un-inverted soil  Inverted soil 

UC US UL p-value  IC IS IL p-value 
Layer A (0-3 cm) 0.92a 0.93a 0.84a 0.115  1.16a 1.06a 1.12a 0.271 
Layer B (3-6 cm) 1.04a 0.99a 0.94a 0.106  1.14a 1.19a 1.18a 0.792 

Layer C (6-10 cm) 0.97a 1.06a 0.99a 0.101  1.05a 1.17a 1.08a 0.186 
Layer D (10-13 cm) 1.18a 1.18a 1.12a 0.741  0.92a 0.95a 1.00a 0.327 
Layer E (13-16 cm) 1.17a 1.10a 1.11a 0.599  1.00a 0.94a 0.92a 0.417 
Layer F (16-20 cm) 1.18a 1.10a 1.08a 0.183  1.00a 0.91a 0.93a 0.267 

UC - control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – un-inverted 0-10 cm with >4 mm biochar; IC - control inverted; IS - inverted 0-10 
cm with <2 mm biochar; IL - inverted 0-10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments (n = 4) for each 
layer. In the un-inverted soil biochar was at 0-10 cm depth; in the inverted soil biochar was at 10-20 cm depth. 
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Table S5-6. Volumetric soil moisture contents (%) at different matric potentials including the available water content (AWC) measured 
after the end of the experiment. 

 
 

Matric 
potential 

 
 

Soil 
depth 
(cm) 

Treatments 

Un-inverted soil  Inverted soil 

UC 
 

US UL p-
value 

 IC IS IL p-
value 

-15bar 0-3 14.79±0.60 14.35±0.94 14.12±0.91 ns  14.79±0.85 14.02±0.12 14.61±0.86 ns 
3-6 19.78±0.67 19.36±0.78 18.58±0.77 ns  17.25±0.15 20.34±2.16 19.27±2.61 ns 

6-10 17.45b±0.01 19.37a±0.62 19.11a±0.03 0.058  18.51±6.70 18.25±0.60 17.25±2.09 ns 
10-13 18.85±1.06 19.98±0.10 16.46±1.91 ns  14.73b±0.90 16.22b±0.50 19.68a±0.35 0.024 
13-16 20.45±0.45 21.38±0.15 19.32±3.11 ns  20.28±0.21 16.21±0.82 18.52±1.08 ns 
16-20 20.79±0.62 20.81±0.12 19.49±1.75 ns  20.73±0.75 17.32±0.91 18.64±1.94 ns 

 
-1bar 0-3 21.62±0.85 21.40±1.82 19.82±1.28 ns  19.98±1.34 19.22±0.17 19.96±0.98 ns 

3-6 26.17±0.27 24.89±2.21 23.45±1.02 ns  22.72±2.07 24.67±2.50 23.15±2.81 ns 
6-10 22.81b±0.14 27.81a±0.88 24.01b±0.37 0.016  15.43±1.02 22.15±1.01 20.74±2.52 ns 

10-13 26.16±1.93 26.96±0.88 22.37±2.60 ns  20.43b±0.95 21.66b±0.81 24.77a±0.28 0.053 
13-16 24.20±0.22 25.72±0.12 22.79±3.63 ns  24.00±1.04 20.99±1.53 22.86±1.18 ns 
16-20 24.05±1.46 21.13±2.53 21.92±2.31 ns  24.71±0.61 20.76±0.92 23.13±1.70 ns 

 
-0.3 bar 0-3 27.31±1.08 26.99±2.18 24.58±1.67 ns  26.36±1.99 24.92±0.01 26.15±1.01 ns 

3-6 34.22±0.49 32.06±1.72 30.68±0.01 ns  27.66±0.25 32.72±2.87 30.71±3.15 ns 
6-10 28.76b±0.41 34.04a±1.24 30.06b±0.02 0.032  19.57±1.43 28.07±1.01 26.49±3.00 ns 

10-13 32.16±5.09 29.68±1.03 25.44±3.24 ns  23.52b±1.25 25.24b±0.72 28.99a±1.13 0.074 
13-16 29.07±0.27 29.23±0.08 26.85±4.42 ns  29.45±0.40 25.15±1.99 26.74±1.42 ns 
16-20 30.51±0.98 28.32±0.51 27.51±2.83 ns  28.89±0.50 26.61±1.01 27.57±2.37 ns 

 
AWC 0-3 12.52±0.48 12.64±1.24 10.46±0.76 ns  11.58±1.14 10.90±0.12 11.55±0.16 ns 

3-6 14.45±0.19 12.69±0.94 12.10±0.76 ns  10.42±0.10 12.39±0.72 11.44±0.54 ns 
6-10 11.31±0.40 14.68±1.86 10.94±0.05 ns  4.38±1.94 9.82±0.41 9.24±0.91 ns 

10-13 13.31±4.04 9.70±0.93 8.98±1.32 ns  8.79±0.35 9.02±0.22 9.31±0.78 ns 
13-16 8.63±0.19 7.85±0.23 7.53±1.32 ns  9.17±0.20 8.94±1.17 8.21±0.35 ns 
16-20 9.73±0.36 7.51±0.39 8.02±1.08 ns  8.17±0.25 9.30±0.10 8.93±0.44 ns 
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UC-control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – Un-inverted 0-10 cm with >4 mm biochar; IC- Control inverted; IS- Inverted 0-10 
cm with <2mm biochar; IL - Inverted 0-10 cm with >4 mm biochar. SEM (n = 4) and significant differences were detected at p < 0.10. Different letters denote 
significant differences between treatments for each layer. In the un-inverted soil biochar was at 0-10 cm depth; in the inverted soil biochar was at 10-20 cm depth. 
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Table S5-7. Soil total C (%) of each layer measured at the end of the experiment. 

 
Soil depth (cm) 

Treatments 
Un-inverted soil  Inverted soil 

UC US UL p-value  IC IS IL p-value 
Layer A (0-3 cm) 3.85 b 5.64 a 5.23 a 0.000  2.49a 2.47a 2.33a 0.187 
Layer B (3-6 cm) 3.76 b 5.18 a 4.91 a 0.000  2.27a 2.34a 2.35a 0.176 

Layer C (6-10 cm) 3.23 b  4.93 a 4.77 a 0.001  2.32a 2.30a 2.32a 0.900 
Layer D (10-13 cm) 2.30a 2.30a 2.31a 0.971  3.42 b  5.04 a  4.79 a 0.003 
Layer E (13-16 cm) 2.24a 2.29a 2.29a 0.299  3.61 c 5.20 a 4.58 b 0.000 
Layer F (16-20 cm) 1.96a 2.17a 2.30a 0.100  3.24 c 5.22 a  4.09 b 0.000 

UC - control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – un-inverted 0-10 cm with >4 mm biochar; IC - control inverted; IS - inverted 0-10 
cm with <2 mm biochar; IL - inverted 0-10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments (n = 4) for each 
layer. In the un-inverted soil, biochar was at 0-10 cm depth; in the inverted soil biochar was at 10-20 cm depth. 
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Table S5-8. Dry root (mg cm-3) in each soil layer measured at the end of the experiment. 

 
Soil depth (cm) 

Treatments 
Un-inverted soil  Inverted soil 

UC US UL p-value  IC IS IL p-value 

Layer A (0-3 cm) 5.61a 10.99a 5.61a 0.522  5.83a 9.87a 7.63a 0.415 
Layer B (3-6 cm) 4.04a 1.35a 3.59a 0.318  1.57a 0.90a 1.79a 0.539 

Layer C (6-10 cm) 0.68a 0.85a 0.85a 0.908  0.34 a 1.88 b 1.54 b 0.078 
Layer D (10-13 cm) 0.45a 0.67a 0.90a 0.192  2.69 a 1.12 b 0.67 b 0.009 
Layer E (13-16 cm) 0.45a 0.43a 0.44a 1.000  0.67a 0.90a 0.89a 0.898 
Layer F (16-20 cm) 0.34a 0.33a 0.51a 0.829  0.34a 0.51a 0.85a 0.563 

UC - control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – un-inverted 0-10 cm with >4 mm biochar; IC - control inverted; IS - inverted 0-10 
cm with <2 mm biochar; IL - inverted 0-10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments (n = 4) for each 
layer. In the un-inverted soil, biochar was at 0-10 cm depth; in the inverted soil biochar was at 10-20 cm depth
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Appendix IV. Supporting information on Chapter 6 (S6) 

 

 

Figure S6-1. Each soil core was then scanned using a modified contact probe of 
ASD FieldSpec 3 Vis-NIR Spectrometer (Kusumo et al., 2009) to collect the UV-

Visible NIR spectral reflectance at 1-cm intervals between 0 and 20 cm 
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Table S6-1. Total dry root (mg cm-3) content in each treatment measured at overall 0-20 cm depth by the end of the experiment, with 
treatment or soil inversion as the factor 

 Treatments 
 Control Small-particle size biochar Large-particle size biochar 

Soil Inversion     
    
    
Un-inverted 11.6aA 14.7aA 11.9aA 
Inverted  11.4aA 15.2aA 13.4aA 
    
      

Different small letters within a row indicate differences between biochar treatments (n = 4) and p < 0.10), and (ii) different uppercase letters within a column 
indicate differences between un-inverted and inverted treatments (n = 4 and p < 0.10). 

 

Table S6-2. Average C concentration (g kg-1) at 0-10 and 10-20 cm depth measured at the end of the experiment, with treatment or soil 
inversion as the factor. 

 Treatments 
 Control Small-particle size biochar Large-particle size biochar 

Soil Inversion (depth in the soil 
column) 

   

    
    
Un-inverted topsoil (at 0-10 cm 
depth) 

36.1bA 52.5aA 49.7aA 

Inverted topsoil (at 10-20 cm depth) 34.2cA 51.8aA 44.8bB 
    
Un-inverted subsoil (at 10-20 cm 
depth) 

21.7aB 22.6aB 23.0aA 

Inverted subsoil (at 0-10 cm depth) 23.6aA 23.7aA 23.3aA 
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Different small letters within a row indicate differences between biochar treatments (n = 4) and p < 0.10), and (ii) different uppercase letters within a column 
indicate differences between un-inverted and inverted treatments (n = 4 and p < 0.10). In the un-inverted soil, biochar was at 0-10 cm depth while in the inverted 
soil biochar was at 10-20 cm depth. 
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Table S6-3. Soil total C (g kg-1) of each layer measured at the end of the experiment. 

 
Soil depth (cm) 

Treatments 
Un-inverted soil  Inverted soil 

UC US UL p-value  IC IS IL p-value 
Layer A (0-3 cm) 38.5b 56.4a 52.3a 0.000  24.9a 24.7a 23.3a 0.187 
Layer B (3-6 cm) 37.6b 51.8a 49.1a 0.000  22.7a 23.4a 23.5a 0.176 

Layer C (6-10 cm) 32.3b  49.3a 47.7a 0.001  23.2a 23.0a 23.2a 0.900 
Layer D (10-13 cm) 23.0a 23.0a 23.1a 0.971  34.2b  50.4a  47.9a 0.003 
Layer E (13-16 cm) 22.4a 22.9a 22.9a 0.299  36.1c 52.0a 45.8b 0.000 
Layer F (16-20 cm) 19.6a 21.7a 23.0a 0.100  32.4c 52.2a  40.9b 0.000 

UC - control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – un-inverted 0-10 cm with >4 mm biochar; IC - control inverted; IS - inverted 0-10 
cm with <2 mm biochar; IL - inverted 0-10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments (n = 4) for each 
layer. In the un-inverted soil, biochar was at 0-10 cm depth; in the inverted soil biochar was at 10-20 cm depth. 

 

Table S6-4. Non-oxidisable C (g kg-1) at each depth measured at the end of the experiment. 

 
Soil depth (cm) 

Treatments 
Un-inverted soil  Inverted soil 

UC US UL p-value  IC IS IL p-value 
Layer A (0-3 cm) 3.73b  18.18a 17.81a 0.017  0.92a 1.33a 2.74a 0.569 
Layer B (3-6 cm)  5.06c  17.69a 11.68b 0.000  3.47a 2.48a 0.99a 0.170 

Layer C (6-10 cm)  5.22b   17.63a 15.57a 0.004  3.21a 2.35a 1.45a 0.588 
Layer D (10-13 cm) 3.64a 3.24a 2.44a 0.461  3.87b   18.16a   16.98a 0.009 
Layer E (13-16 cm) 3.44a 2.78a 1.87a 0.493   4.58c 19.79a  12.95b 0.000 
Layer F (16-20 cm) 2.70a 2.58a 3.45a 0.760  2.03c  20.07a  9.08b 0.001 

UC - control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – un-inverted 0-10 cm with >4 mm biochar; IC - control inverted; IS - inverted 0-10 
cm with <2 mm biochar; IL - inverted 0-10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments (n = 4) for each 
layer. In the un-inverted soil, biochar was at 0-10 cm depth; in the inverted soil biochar was at 10-20 cm depth. 
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Table S6-5. Soil bulk density (g/cm-3) at each depth measured at the end of the experiment. 

 
Soil depth (cm) 

Treatments 
Un-inverted soil  Inverted soil 

UC US UL p-value  IC IS IL p-value 
Layer A (0-3 cm) 0.92a 0.93a 0.84a 0.115  1.16a 1.06a 1.12a 0.271 
Layer B (3-6 cm) 1.04a 0.99a 0.94a 0.106  1.14a 1.19a 1.18a 0.792 

Layer C (6-10 cm) 0.97a 1.06a 0.99a 0.101  1.05a 1.17a 1.08a 0.186 
Layer D (10-13 cm) 1.18a 1.18a 1.12a 0.741  0.92a 0.95a 1.00a 0.327 
Layer E (13-16 cm) 1.17a 1.10a 1.11a 0.599  1.00a 0.94a 0.92a 0.417 
Layer F (16-20 cm) 1.18a 1.10a 1.08a 0.183  1.00a 0.91a 0.93a 0.267 

UC - control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – un-inverted 0-10 cm with >4 mm biochar; IC - control inverted; IS - inverted 0-10 
cm with <2 mm biochar; IL - inverted 0-10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments (n = 4) for each 
layer. In the un-inverted soil biochar was at 0-10 cm depth; in the inverted soil biochar was at 10-20 cm depth. 

 

Table S6-6. Soil C stock (Mg ha-1) calculated at equivalent soil mass measured at overall 0-20 cm depth by the end of the experiment, 
with treatment or soil inversion as the factor. 

 Treatments 
 Control Small-particle size biochar Large-particle size biochar 

Soil Inversion     
    
    
Un-inverted 57.9bA 74.4aA 72.2aA 
Inverted  58.3cA 75.4aA 68.1bB 
    
      

Different small letters within a row indicate differences between biochar treatments (n = 4) and p < 0.10), and (ii) different uppercase letters within a column 
indicate differences between un-inverted and inverted treatments (n = 4 and p < 0.10). In the un-inverted soil, biochar was at 0-10 cm depth while in the inverted 
soil biochar was at 10-20 cm depth. 
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Table S6-7. Comparison between measured and NIR/PLSR predicted mean Soil C stock (Mg ha-1) calculated at equivalent soil mass 
measured at overall 0-20 cm depth 

  
Soil depth (cm) Un-inverted soil  Inverted soil 

 UC US UL  IC IS IL 
Measured 57.9a 74.4a 72.2a  58.3a 75.4a 68.0a 
Predicted 58.0a 76.6a 66.2b  58.7a 79.5a 67.8a 
p-value 0.913 0.640 0.008  0.902 0.071 0.903 

UC - control un-inverted; US – Un-inverted 0-10 cm with <2 mm biochar; UL – un-inverted 0-10 cm with >4 mm biochar; IC - control inverted; IS - inverted 0-10 
cm with <2 mm biochar; IL - inverted 0-10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.05, analysed using paired t-test 
(α=0.05; n = 4). 

 

Table S6-8. Predicted soil C stock (Mg ha-1) calculated at equivalent soil mass measured at overall 0-20 cm depth by the end of the 
experiment, with treatment or soil inversion as the factor. 

 Treatments 
 Control Small-particle size biochar Large-particle size biochar 

Soil Inversion     
    
    
Un-inverted 58.0cA 76.6aA 66.2bA 
Inverted  58.7cA 79.5aA 67.8bA 
    
      

Different small letters within a row indicate differences between biochar treatments (n = 4) and p < 0.05), and (ii) different uppercase letters within a column 
indicate differences between un-inverted and inverted treatments (n = 4 and p < 0.05). In the un-inverted soil, biochar was at 0-10 cm depth while in the inverted 
soil biochar was at 10-20 cm depth. 

 

 



   

XXIII 
 

 

Figure S6-2. Soil N concentration distribution with depth at the end of the trial. Error bars 
indicate the standard error of the mean (SEM). Within a specific soil inversion; (a) un-
inverted soil and (b) inverted soil, different small letters would indicate differences in soil 
N between treatments for each soil depth (n = 4 and p < 0.10), however, no significant 
difference was detected. 
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Figure S6-3. Soil N stocks calculated at an equivalent soil mass for overall depth of 0 to 
20 cm. Error bars indicate the standard error of the mean (SEM). Within a specific soil 
inversion, different small letters would indicate differences in soil N stock between 
treatments (n = 4 and p < 0.10) while, within specific biochar treatment, different 
uppercase letters indicate differences between un-inverted and inverted treatments (n = 4 
and p < 0.10), however, no significant difference was detected. 
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Figure S6-4. a) The average NIR reflectance spectra of the soils layers intended for 
biochar application (0-10 cm of un-inverted soil or 10-20 cm of inverted soil) according 
to each treatment; b) Score plots for the first two principal components in a principal 
component analysis (PCA) of the pre-processed NIR spectra from 144 soil samples. 
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