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Abstract 

Agricultural production of smallholder farmers in Myanmar is facing soil fertility degradation 

and in consequence, crop yields decline due to the imbalances of nutrient supply. In most 

cases, all above ground biomass is removed from the fields after harvesting the crops and 

during land preparation for the next crop. Higher temperatures also stimulate the higher 

mineralisation rates and released mineral nutrients are lost from fallow lands before sowing 

the next crops. Regarding the addition of mineral fertilizers, except for cash crops, farmers are 

reluctant to apply fertilizers for the crops that are sown for household’s self-sufficiency. In the 

Dry Zone, irrigated agriculture is available in recent years and farmers could overcome water 

scarcity through irrigation. With the availability of irrigation water, farmers could prolong the 

cropping period, nevertheless crop yields are decreasing year by year.  

In recent decades, research findings are indicating the benefits of biochar application for soil 

fertility improvement and food security. Smallholder farmers can produce biochar from 

agricultural by-products such as pigeon pea stems, cotton stems and rice husks by using 

biochar stoves. Large-scale production is possible by producing both biochar and thermal 

energy simultaneously, such as getting rice husk biochar and producing thermal energy by 

burning rice husks. By those means, environmental pollution due to the smokes from stubble 

burnings and the health hazards from smokes arise from kitchens can also be reduced. 

Present research was conducted to test the effects of the application of biochars produced 

from different crop residues together with NPK fertilizers on crop yields and soil properties in 

the rice-chickpea-cotton cropping system of the Central Dry Zone area of Myanmar during 

2012 and 2013 cropping seasons at Shwe Daung Farm, Mandalay Division, Myanmar. Effects 

of biochar applications in combination with NPK fertilizers were compared with NPK 

fertilizer (without biochar) application and the control (without biochar and NPK fertilizers). 

Biochars used in the experiments were produced from three kinds of locally available raw 

materials (rice husk, rice straw and, pigeon pea stem) at temperature above 550°C by using a 

kiln made from a 200-Liter diesel barrel. Field experiments were conducted on sandy loam 

soil in the Central Dry Zone of Myanmar. After harvesting rice in 2012, chickpea was sown 

without application of both organic and inorganic fertilizers. After harvesting chickpea in 

2013, cotton was sown on the same experimental plots.  

Treatments were rice husk biochar (Rh) 20 Mg ha-1 + NPK fertilizers; rice straw biochar (Rs) 

20 Mg ha-1 + NPK fertilizers; pigeon pea stem biochar (Ps) 20 Mg ha-1 + NPK fertilizers; rice 

husk biochar and farmyard manure mixture (Rh biochar + FYM) 10 Mg ha-1 + NPK 
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fertilizers; NPK fertilizers (without biochar); and the control (without  fertilizer and biochar). 

Biochar weights represented fresh biochar weights. Equal rate of NPK fertilizers were applied 

in all treatments. However, fertilizer rates were different with respect to the crops. In rice 

experiment, 100:50:50 kg ha-1 rate of Urea (N): Triple Super Phosphate (P): Muriate of potash 

(K) was applied. In cotton experiment, 100:30:117 kg ha-1 rate of Urea (N): Triple Super 

Phosphate (P): Muriate of potash (K) was applied. 

Crop growth data, yield component data and yield data of each treatment were recorded. Soil 

samples from topsoil (0-0.2 m) were taken before starting the experiments, after harvesting 

rice and cotton, respectively, and analysed. 

A biogeochemical model, denitrification decomposition (DNDC) model, was used to estimate 

soil organic carbon storage and greenhouse gas emissions during crop growing seasons and to 

quantify the long-term impact of biochar applications on rice, chickpea and cotton yields. 

The results from soil analyses indicated that although initial soil pH was at 8.0 and pH values 

of biochars ranged between 8.0 and 10.0 soil pH after two years of biochar application did not 

increase. pH values were below 8.0. That value was lower than initial soil pH. That could be 

due to the effect of the change of cropping system from upland to lowland rice cultivation and 

the effects of biochar additions to the alkaline sandy loamy soil of the experimental site. 

Although total exchangeable cation value was not significantly different among the 

treatments, compositions of major cations were significantly different among the treatments. 

Exchangeable potassium increased in Rs biochar + NPK applied soils. Exchangeable sodium 

increased in control, and conventional NPK fertilizer applied soils. Reduction of soil bulk 

density from 1.8 g cm-3 to 1.6-1.7 g cm-3 occurred in biochar treatments compared to control 

and conventional NPK fertilizer application treatments. Positive changes of total carbon and 

total nitrogen of soils were found in biochar treatments compared to control and conventional 

NPK fertilizer application. 

Application of pigeon pea stem biochar + NPK fertilizers showed the highest crop growth and 

the highest yield in rice. The highest chickpea yield was obtained from the plot that applied 

rice husk biochar + NPK fertilizers. Cotton crop growth and yield was the highest in rice husk 

biochar and farmyard manure mixture + NPK fertilizer application. The lowest crop growth 

and yield was obtained from the control in cotton.  

The results of this study suggested that biochars from different biomass materials had 

different effects on soil properties and crop yields under different growing conditions and 

cultivated crops. Although the applied biochars had a high pH, soil pH did not increase after 

biochar applications. The growth and yield of tested crops were higher than that of the control 
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and conventional NPK fertilizer application. Rice husk biochar and farmyard manure mixture 

+ NPK fertilizer application can be assumed as a suitable soil amendment application under 

upland crop cultivation. Pigeon pea stems biochar + NPK fertilizers should be applied in rice 

cultivation. Rice husk biochar + NPK fertilizers and rice husk biochar-farmyard manure 

mixture + NPK fertilizers showed as the appropriate biochar soil amendments for the study 

area compared to rice straw biochar + NPK fertilizers and pigeon pea stem biochar + NPK 

fertilizers. Application of these biochars increased total exchangeable cations, reduced bulk 

density, increased organic carbon, regulated soil pH and, can easily be accessed by 

smallholder farmers by promising crop yields for sustainable agricultural production. Rice 

straw biochar + NPK fertilizers and pigeon pea stem biochar + NPK fertilizers also showed 

positive influences on soil fertility and crop growth. However, extensive application of those 

biochars might require large-scale productions and distributions. To obtain the detail 

information regarding the impact of biochar application on the agro-ecosystem and 

surrounding atmosphere, further research activities may need to carry out under different 

agricultural production conditions. 

When model fitness was tested, it was found that DNDC model was fit for the simulation of 

crop yields and soil organic carbon under the conditions of the experimental site. Simulation 

of soil organic carbon dynamics and crop yields for 30 years and 50 years after the addition of 

biochars in combination with NPK fertilizers showed that such applications could maintain 

the crop yields at the same level up to 50 years. That could maintain soil organic carbon at a 

level higher than conventional NPK fertilizer application. Regarding the simulation of GHGs 

emissions, the model simulated nitrous oxide emission close to actual emissions of 

agricultural soils of Myanmar. Simulated CH4 emissions from control and conventional NPK 

fertilizer application variant were consistent with the well-known emissions of Myanmar rice 

fields. To confirm the accuracy of simulated CH4 emissions from biochar applied soils, it may 

need field investigations and validations of model results. 

Simulated effects of rice husk-, rice straw- and pigeon pea stem fresh biomass applications 

and that of rice husk-, rice straw- and pigeon pea stem biochar applications on rice, chickpea, 

cotton yields and soil organic carbon (SOC) were compared. Objective of this simulation was 

to compare the effects of fresh biomass-applications and the application of biochars produced 

from the same biomass on crop yields and SOC by using DNDC model.  The results showed 

that simulated rice yields of rice husk biochar and rice straw biochar applications were 33% 

and 31%, respectively, higher than that of pigeon pea green manure applications. However, 

simulated rice yield from pigeon pea stem biochar application was 4% higher than that of 
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pigeon pea stem green manure application. Simulated chickpea yield from pigeon pea green 

manure treatment was the highest among all of biochar and biomass applications. Simulated 

cotton yields obtained from fresh biomass applications were lower than that of biochar 

applications. In estimating the future yields, all crop yields from rice husk and rice straw 

biomass applications were lower than that of rice husk and rice straw biochar applications in 

the initial year of simulation. However, in the following years, the yields remained at the 

same level up to the end of simulated years. In pigeon pea stem green manure application, 

crop yields were higher than the other treatments since the initial year up to the end of 

simulated years. Simulated SOC was lower in fresh biomass applications compared to biochar 

applications.  
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Zusammenfassung 

Die landwirtschaftliche Produktion der Kleinbauern in Myanmar leidet unter einer 

kontinuierlichen Verminderung der Bodenfruchtbarkeit die ihrerseits Ernterückgänge nach 

sich zieht. Üblicherweise wird  die gesamte oberirdische Biomasse nach der Ernte von Feld 

entfernt um das Land für die nächste Feldfrucht vorzubereiten. Zusätzlich bedingen hohe 

Temperaturen hohe Mineralisationsraten der verbliebenen unteririschen organischen Substanz 

und die daraus freigesetzten Nährstoffe gehen bereits vor der Einsaat der nächsten Frucht auf 

brach liegenden Feldern verloren. Bezüglich des Einsatzes von Mineraldüngern sind die 

selbstversorgenden Landwirte – außer bei Cash Crops – sehr zurückhaltend.  

In den Trockengebieten ist Bewässerungslandwirtschaft in den letzten Jahren möglich 

geworden und Landwirte können dem Wassermangel durch Bewässerung entgegenwirken. 

Obwohl durch die Verfügbarkeit von Bewässerungswasser die Ernteperiode verlängert 

werden konnte, sinken die Ernteerträge jedes Jahr weiter ab. 

In den letzten Jahrzehnten haben wissenschaftliche Untersuchungen den nutzbringenden 

Einsatz von Pflanzenkohle auf die Bodenfruchtbarkeit und die Ernährungssicherheit gezeigt. 

Pflanzenkohle kann von Kleinbauern aus landwirtschaftlichen Reststoffen, wie Reisspelzen 

selbst hergestellt werden. Auch groß-skalige Produktionen sind möglich, bei denen 

Pflanzenkohle und Wärme produziert werden. Auf diesem Wege könnten auch Umwelt-

verschmutzungen durch Rauchgase beim Abbrennen der Erntereste und Gesundheitsrisiken 

durch Rauchentstehung in Haushalten reduziert werden. 

Die hier vorgestellten Untersuchungen wurden durchgeführt, um den Effekt von Pflanzen-

kohle auf Ernteerträge und Bodeneigenschaften in einem Reis-Kichererbsen-Baumwoll-

Anbausystem in der zentralen Trockenzone von Myanmar während der Anbausaison 2012 und 

2013 auf der Shwe Daung Farm, Mandalay Division, Myanmar zu testen. 

Die Pflanzenkohle für diese Untersuchungen  wurde aus den drei in der Region vorhandenen 

Rohstoffen gewonnen: Reisspelzen, Reisstroh und Straucherbsenstängel. Die Biomasse wurde 

in einem Ofen aus einem 200 L Diesel Fass bei Temperaturen von über 550°C pyrolysiert. 

Die Feldexperimente wurden auf einem sandigen Lehmboden  durchgeführt. Nach der 

Reisernte 2012 wurden auf den gleichen Untersuchungsflächen Kichererbsen ohne Zufuhr 

von Zusatzstoffen angebaut. Nach der Kichererbsenernte 2013 wurde Baumwolle ausgesät. Es 

wurde die Wirkung von Pflanzenkohleapplikationen- aus Reisspelzen mit NPK Dünge, aus 

Reisstroh mit NPK Dünger, und aus Straucherbsenstängeln mit NPK Dünge, sowie 

Gemischen aus Reisspelzen-Pflanzenkohle und Gülle zusammen mit NPK Dünge und auf die 

Erträge von Reis, Kichererbsen und Baumwolle untersucht und mit den Varianten Kontrolle 
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(ohne Zuschlag von Pflanzenkohle und mineralischerm NPK Dünger) und NPK Dünger 

Applikation (Ohne Zuschlag von Pflanzenkohle) verglichen.  

Die Varianten waren Reisspelzen-Pflanzenkohle (Rh) 20 Mg ha-1 + NPK Dünger, Reisstroh-

Pflanzenkohle (Rs) 20 Mg ha-1 + NPK Dünger, Straucherbsenstängeln-Pflanzenkohle (Ps) 20 

Mg ha-1 + NPK Dünger, die Mischung aus Reisspelzen-Pflanzenkohle und Gülle (Rh biochar 

+ FYM) 10 Mg ha-1 + NPK Dünger, NPK Dünger (Ohne Pflanzenkohle), und Kontrolle (ohne 

Zuschlag von Pflanzenkohle und mineralischer NPK Dünger). Die gleiche Menge von NPK 

Dünger wurden in allen Varianten addiert. Die Menge der NPK Dünger waren unterschiedlich 

bei den Kulturpflanzen; 100:50:50 kg ha-1 von Urea (N): Triple Super Phosphate (P): Muriate 

of potash (K) für Reis und 100:30:117 kg ha-1 von Urea (N): Triple Super Phosphate (P): 

Muriate of potash (K) für Baumwolle. 

Das Wachstum und die Ernteerträge jeder Variante wurden aufgenommen. Proben des 

Oberbodens (0-0.2 m) wurden vor Versuchsbeginn sowie nach der Reis- bzw. Baumwoll-

ernte entnommen und analysiert. 

Da Feldmessungen der Treibhausgasemmissionen, des Bodenkohlenstoffs und -Stickstoffs 

von dem Einfluss der unterschiedlichen Pflanzenkohle-Applikationen abhängen und 

veränderbar sind, konnten sie experimentell nur stichprobenartig erfasst werden. Ein 

biogeochemisches Model (DNDC = Denitrifikation Dekomposition Model) wurde genutzt um 

folgende Parameter abzuschätzen: Kohlenstoffvorrat im Boden, Treibhausgasemissionen 

während der Wachstumsperiode und Langzeiteffekte der Applikation von Pflanzenkohle auf 

Baumwolle, Kichererbsen und Reiserträge. 

Die Ergebnisse der Bodenanalysen deuten darauf hin, dass obwohl der initiale Boden pH-

Wert höher als 7 war und der pH-Wert der Pflanzenkohlen zwischen 8 und 10 lag, der Boden 

pH-Wert nach 2 Jahren Pflanzenkohleapplikation nicht erhöht war. Die pH-Werte lagen unter 

8 und damit unter dem initialen pH Wert. Die Kationenaustauschkapazität (KAK) wurde im 

Vergleich zu den Ausgangswerten erhöht. Obwohl es keine signifikanten Unterschiede der 

KAK-Werte zwischen den Behandlungen gab, unterschied sich die Basen-Sättigung 

signifikant zwischen den Behandlungen. Außerdem kam es zu einer Verminderung der 

Lagerungsdichte von 1,8 zu 1,6-1,7 g cm-3 nach Pflanzenkohle + NPK Dünger Applikation  

im Vergleich zur Kontrolle oder der konventionellen NPK-Düngergabe (Ohne Pflanzenkohle) 

Variante. Positive Veränderungen wurden hinsichtlich des Gesamtskohlenstoff- und -

Stickstoffgehaltes des Bodens nach Pflanzenkohle Applikation im Vergleich zur Kontrolle und 

konventionellen NPK Düngung festgestellt. 

Die Ergebnisse dieser Studie legen nahe, dass Pflanzenkohle aus verschiedenen Ausgangs-
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materialien unterschiedliche Effekte auf Bodeneigenschaften und Ernteerträge unter 

unterschiedlichen Anbaubedingungen und kultivierten Feldfrüchten hat. Obwohl 

Pflanzenkohle einen hohen pH-Wert aufweist, wurde der pH des Bodens durch 

Pflanzenkohle-Applikation nicht verändert. Das Wachstum und die Erträge der untersuchten 

Feldfrüchte waren in den mit Pflanzenkohle + NPK Dünger behandelten Parzellen großer als 

in der Kontrolle oder der Applikation chemischer Düngemittel. Es kann angenommen werden, 

dass das Reisspelzen-Pflanzenkohle-Gemisch mit Gülle + NPK Dünger der am besten geeig-

netste Bodenverbesserer für Hochland-Kulturen ist. Straucherbsen-Pflanzenkohle + NPK 

Dünger sollte als Bodenverbesserer im Reisanbau verwendet werden. In Anbetracht der 

Verbesserung der Bodenqualität, wie der KAK, reduzierter Lagerungsdichte, erhöhtem 

Bodenstickstoff, stabiler Boden pH-Werte und einfacher Verfügbarkeit für Kleinbauern sowie 

viel versprechender Erträge für eine nachhaltige landwirtschaftliche Produktion, sind 

Reisspelzen-Pflanzenkohle und die Mischung von Reisspelzen-Pflanzenkohle mit Gülle+NPK 

Dünger besser geeignet als NPK Dünger + Pflanzenkohlen aus Reisstroh und Straucherbsen-

stängeln. Reisstroh- und Straucherbsenstängel-Pflanzenkohle wiesen auch einen günstigen 

Einfluss auf Bodenfruchtbarkeit und Feldfruchtwachstum auf. Jedoch ist die Verfügbarkeit für 

eine großflächige Anwendung nur bei einer Produktionsanlage im größeren Maßstab für 

Kleinbauern finanziell tragbar. In Anbetracht des Einflusses von Pflanzenkohle auf die 

Umweltqualität, sind weitere Untersuchungen unter den landwirtschaftlichen Produktions-

bedingungen Myanmars notwendig. 

Das DNDC Model war geeignet die Ernteerträge, den organischen Bodenkohlenstoff  und 

Lachgasemissionen der Untersuchungsflächen abzuschätzen. Die Simulation der organischen 

Kohlenstoff-Dynamik im Boden und der Erträge für 30 und 50 Jahre nach den Pflanzen-

kohleapplikationen- mit NPK Dünger ergab,  dass diese dazu führt, das die Ernteerträge und 

der Gehalt an organischem Kohlenstoff auch langfristig auf einem Level gehalten werden 

können, der über dem liegt, was konventionelle Düngung erzielen würde. In Bezug auf die 

Treibhausgasemissionen simulierte das Model Lachgasemissionen, die sehr nah an den 

aktuellen Emissionshöhen von landwirtschaftlich genutzten Böden Myanmars liegen. 

Simulierte CH4 Emissionen der Kontrolle und der konventionellen NPK-Variante stimmten 

überein mit den Emissionen auf Reisfeldern in Myanmar. Um die Genauigkeit der simulierten 

CH4 Emissionen von Pflanzenkohle beaufschlagten Reisböden zu bestätigen, sind noch mehr 

Felduntersuchungen und Validierungen der Modellergebnisse notwendig.  

Die Auswirkungen der Biokohle aus Reisspelzen, Reisstroh und Straucherbsenstängel sowie 

der unverkohlten frischen Biomasseauf Reis-, Kichererbsen- und Baumwollerträge, und 
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Bodenkohlenstoff (SOC) wurden simuliert und mit den gemessenen Auswirkungen der 

Reisspelzen, Reisstroh und Straucherbsenstängel Pflanzenkohle Applikationen auf die 

Kulturen, und SOC zu vergleichen. Die Ergebnisse zeigten, dass die simulierten Reiserträge 

von Reisspelzen Pflanzenkohle und Reisstroh Pflanzenkohle Applikationen  33% und 31%, 

höher waren als die der Straucherbsenstängel Gründüngungs anwendungen. Jedoch simuliert 

Reisertrag aus Straucherbsenstängel Pflanzenkohle Anwendung war 4% höher als die der 

Straucherbsenstängel Gründünger-Applikation. Simulierte Kichererbsen Erträge von 

Straucherbsenstängel Gründünger Variante war am höchsten unter allen von Pflanzenkohle 

und Biomasse-Applikationen. Simulierte Baumwolle Erträge von frischer Biomasse-

Applikationen waren niedriger als die von Pflanzenkohle-Applikationen. Bei der Schätzung 

der zukünftigen Erträge waren alle Ernteerträge aus Reisspelzen und Reisstroh frische 

Biomasse-Applikationen niedriger als ihre Pflanzenkohle Applikationen im ersten Jahr der 

Simulation. In den folgenden Jahren, jedoch blieben die Erträge in gleicher Höhe bis zum 

Ende der Simulationen. In Straucherbsenstängel Gründüngung Applikation, waren die Erträge 

höher als alle anderen Varianten, da das erste Jahr bis zum Ende der Simulation. Simulierten 

organischen Kohlenstoff war niedriger in frischer Biomasse-Applikationen im Vergleich zu 

Pflanzenkohle-Applikationen.  
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Chapter 1: Introduction and Literature Review 

1.1 Soil Quality and Crop Yields 

Soil is “the unconsolidated mineral or organic material on the immediate surface of the earth 

that serves as a natural medium for the growth of land plants”, and soil quality is “the capacity 

of a soil to function within ecosystem boundaries to sustain biological productivity, maintain 

environmental quality, and promote plant and animal health” (Soil science glossary term 

committee, 2008). Soil quality can be assessed commonly by chemical variables: organic 

carbon and nitrogen, extractable bases, pH, sodium adsorption ratio and particulate organic 

matter; physical variables: water infiltration, electrical conductivity, cation exchange capacity, 

rooting depth, penetration resistance, aggregate stability, water holding capacity and bulk 

density; and biological variables: potentially mineralisable nitrogen, microbial biomass, basal 

respiration, and earthworms (Lewandowski et al., 1999).  

Starting from the germination to the harvest of cultivated crops, soil physical properties are 

important for nutrient supply and root penetration of those crops. For satisfactory crop 

growth, soil should be in a suitable condition for root development. Therefore, crop roots can 

exploit the soil to support necessary water and nutrients sufficiently. Soil physical properties, 

which itself are influencing the biologically important soil structure, are strongly depending 

on soil texture. Therefore, it is essential to maintain soil structure under favourable condition 

for the improvement of soil physical properties in crop production (Gardner et al., 1999).  

Chemical properties influence crop growth through the supply of essential plant nutrients such 

as nitrogen, phosphorus, potassium, calcium, magnesium, sulphur and the major nutrients as 

iron, zinc, manganese, boron, silicon, molybdenum. Nutrient requirement can vary with the 

crops. Availability of these nutrients for cultivated crops will vary with the nutrient 

composition of respective soil. If fewer amounts of required nutrients are available, nutrient 

deficiency may occur. If available amount of nutrient exceeds the crop requirement, toxicity 

may occur. Micronutrients are equally important for the crops as macronutrients. Micro- 

nutrient deficiency or toxicity can affect crop growth and yield as macronutrient deficiency or 

toxicity does (Havlin et al., 2014). 

Soil organic matter plays an important role in maintaining physical, chemical and biological 

properties of soil, and therefore crop productivity and the yield (Micheni et al., 2004). Crop 

residues are one of the sources of soil organic matter. During its life cycle, crops absorb 

nutrients from the soil. When the crops died or harvested, their residues should be returned to 
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the soil as organic matter. It is needed to replenish soil nutrients that were used up by the 

crops during their development stages. Therefore incorporating crop residues into the soil is 

an important factor to maintain soil fertility and for obtaining higher harvest as well. There 

are also many other management practices that affect soil fertility influencing directly or 

indirectly soil physical, biological and chemical properties, such as tillage operations, 

irrigation and drainage practices, cropping systems, and type of cultivated crops. Management 

practices that reduce harmful effects to soil properties and enhance proper soil functions by 

preserving soil organic matter can help improve soil productivity resulting higher crop yields.  

Gallup and Sachs (2000) studied the constraints of the development of agriculture and 

technology in the tropic regions. They revealed that agricultural yields for all major crop 

categories are lower in the tropics due to soils, rainfall variability, limited irrigation potential, 

pest and disease loads and the rate of photosynthesis. Typical humid tropical arable soils are 

low in nutrients due to the faster rate of organic matter breakdown and susceptible to erosion 

and acidification. Although humid tropical forests are biologically productive (Huston, 1994), 

when the land is cleared for agricultural purposes it quickly loses the productivity. The next 

factor that affects crop yields in tropical agriculture is the level of technology. Tropical 

agriculture faces major limitations on transferring agricultural technology and development of 

high yielding crop varieties (Gallup and Sachs, 2000). Gallup and Sachs (2000) also pointed 

out that tropical and dry climatic zones are lacking almost any measure of agricultural 

research. To promote the crop production, improvement of soil quality is important. To 

improve soil quality, agricultural technology development and dissemination of these 

technologies to farm level should also carry out as a priority. 

1.2 Biochar as a Measure to Modify Soil Quality 

Biochar is a pyrolysed biomass produced under limited oxygen or oxygen absent conditions. 

The specific intention of biochar application to soil is to improve its agronomic and bio-

chemical quality (Asai et al., 2009; Atkinson et al., 2010; Brown, 2009; Chan et al., 2007, 

2008; Glaser et al., 2002; Laird et al., 2010; Liu et al., 2012; Major et al., 2010; Singh et al., 

2010; Steiner et al., 2007; Schulz and Glaser, 2012; Sun and Lu, 2014), and to enhance carbon 

sequestration (Lehmann et al., 2006). The use of biochar can be an effective tool for 

sustainable agriculture in the long term, increasing soil carbon sequestration (C abatement 

strategy), fertility and productivity (soil quality) and reducing greenhouse gas emissions 

(Jeffery et al., 2014). It can increase soil aeration (Laird, 2008) and reduce soil emissions of 

N2O, a greenhouse gas (Spokas et al., 2009, Singh et al., 2010). In current years, biochar has 
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shown as one promising mean of reducing the atmospheric CO2 concentration because 

biochar slows the rate at which photosynthetically fixed carbon (C) is returned to atmosphere 

(Lehmann, 2007; Sohi et al., 2010; and Krishnakumar et al., 2014). 

Biochar amendment to soils replenishes most of the nutrients, which are removed by the 

cultivated crops, through its nutrient and moisture retaining properties.  Because of its high 

surface area and high surface charge density (Liang et al., 2006), biochar increases the ability 

of soils to retain nutrients and moisture and reduces the leaching of nutrients and agricultural 

chemicals (Laird et al., 2010; Rogovska et al., 2010; Krishnakumar et al., 2014). Biochar 

moisture holding capacity and its capacity to promote soil microbial activities can also help 

the replenishment of depleted soil organic matter and reduce the moisture losses problems of 

semi-arid areas (Saito and Muramoto, 2002; Warnock et al., 2007; and Thies and Rillig, 

2009). Resource poor farmers can reclaim their degraded lands by using an affordable soil 

amendment and increase agricultural productivity (Woolf et al., 2010). Improvement of rural 

livelihoods can be enhanced by increasing the quality and variety of cultivated crops, as well 

(Lehmann et al., 2006).  

Biochar production cannot be properly discussed without first distinguishing it from char and 

charcoal. Char is defined as any carbonaceous residue obtained from pyrolysis, including 

natural fires. Charcoal is char produced from pyrolysis of animal or vegetable matter in kilns 

for use in cooking or heating. Biochars produced from crop residues are more stable than crop 

residues itself because a part of carbon from biomass changed to more stable forms of carbon 

in biochar particles after combustion under oxygen-restricted condition (Åslund, 2012).  

When biochar is used as a soil amendment, impact of biochar is first on soil quality increasing 

its fertilizer use efficiency, and in consequence, increases crop yields. The impact of biochars 

on soil properties and nutrient supply for the crops depends upon the nature of feedstock and 

the operating conditions of pyrolysis (Chan and Xu, 2009).   

Novak et al. (2012) tested the hypothesis that biochar addition to soils can improve soil-water 

storage capability by conducting pot experiments using nine biochars from five feedstocks at 

two temperatures in an Ultisol and two Andisol soils. They found that biochar amendments 

enhanced the moisture storage capacity. The effects varied with feedstock selection and 

pyrolysis temperature. Yu et al. (2013) tested the impact of woody biochar amendment on 

water holding capacity of a loamy sand soil. They found that by using 9% mixture of biochar 

with soil (equivalent to 195 Mg biochar per hectare) doubled water-holding capacity. They 

assumed that use of biochar has the potential to mitigate drought and increase crop yields in 

loamy sand soil.  
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Biochar also directly adds some macronutrients (P, K, Na, Ca, and Mg) and micronutrients 

(Cu, Zn, Fe, and Mn) which are needed for sustainable agriculture to the soil (Glaser et al., 

2002). Biochar application enhanced the amount of total C, organic C, total N, available P, 

and exchangeable cations like Ca, Mg, Na and K, and reduction of Al in soil (Chan et al., 

2007, 2008; Major et al., 2010; Van Zweiten et al., 2010). Major et al. (2010) reported that 

nutrient uptake by plants increased in biochar amended soil, with increased plant yield and 

greater availability of Ca and Mg in soil (Krishnakumar et al., 2014). Immediate beneficial 

effects of biochar additions on nutrient availability are largely due to higher potassium, 

phosphorus, and zinc availability, and to a lesser extent, calcium and copper (Lehmann et al., 

2003). Zhang et al. (2012) studied the effect of wheat straw biochar on paddy rice yield. They 

found that rice productivity, soil pH, soil organic carbon and, total nitrogen increased and 

bulk density decreased consistently in two consecutive rice growing cycles after biochar was 

amended to the soil having moderate soil fertility.  

Alling et al. (2014) investigated the effect of biochar amendments on the retention and 

availability of plant nutrients and aluminum in seven acidic tropical soils of Zambia and 

Indonesia. Biochar was produced by using earth-mound kiln from feedstocks obtained from 

different species of leguminous trees. The results showed that biochar has the ability to 

release essential plant growth nutrients as well as alleviate Al toxicity in the tested soils. 

Biochar application improved soil biological properties by providing space for soil biota and 

enhancing their activities. Incorporation of biochar into soils led to initial degradation of 

biochar by chemical oxidation and microbial processes (Bruun et al., 2008; Nguyen et al., 

2008; Smith et al., 2010). Pore geometry and size distribution definitely promote the growth 

and activity of certain microorganisms (Lehmann et al., 2006). 

Crop yields increased due to biochar application through various mechanisms including 

stimulation of beneficial soil microbes such as mycorrhizal fungi (Warnock et al., 2007). 

Increased availability of major plant nutrients after biochar application occurred due to the 

presence of small amount of nutrients in biochar that would be available to soil biota (Yamato 

et al., 2006). Biochar enhance mycorrhizal infection, as it is able to serve as a habitat for extra 

radical hyphae that sporulated in its micropores due to lower competition from saprophytes 

(Saito, 2002). Steinbiss et al. (2009) studied the effect of biochars on soil carbon balance and 

they found that certain biochar types influenced the microbial community. Interactions of 

biochar with soil microorganisms were complex. On the one hand, soil microbial diversity 

and population size, as well as population composition and activity, might be affected by the 

amount and type of biochar present or added to soil. On the other hand, microorganisms were 
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able to change the amount and properties of biochar in soil. Both effects could have 

significant influences on nutrient cycles and nutrient availability to plants. 

Already 7.9 Mg C ha-1 of biochar in a highly weathered soil in the tropics significantly 

enhanced microbial growth rates when nutrients were supplied by fertilizer (Steiner et al., 

2004). This biochar rate can be assumed a small amount compared to Rousk et al. (2013). 

They observed the effect of biochar addition to soil on microbial growth in two case studies in 

the laboratory. In the first case study, 0, 25 and 50 Mg ha-1 of biochar were added to UK 

pasture soils and in the second case study, 4 Mg ha-1 of biochar were applied to Mediterranean 

Australian agricultural soil. Soils for the observations were collected from the field 

experiments conducted in UK and Australia. They found a slight increase in fungal-to-

bacterial ratio as the immediate effect of biochar application in the Australian soil. In UK 

soils, fresh biochar addition doubled the fungal-to-bacterial ratio in 25 Mg ha-1 biochar 

application and nearly tripled in 50 Mg ha-1 biochar application, respectively. Root infection 

by Arbuscular mycorrhizae significantly increased by adding 1 kg m-2 rate of biochar to the 

alfalfa crop sown in a volcanic ash soil. The effect of increased microbial growth was directly 

relating to 40 to 80% higher growth of alfalfa after biochar application compared to the 

growth before biochar application (Nishio and Okano, 1991; Nishio, 1996). Similarly, 

mycorrhizal infection increased when biochar (7 g kg-1 soil) was added to the soil that was 

inoculated with spores of Glomus etunicatum, improving the yields of onion (Matsubara et al., 

1995). A more rapid cycling of nutrients in soil organic matter and microbial biomass as well 

as better colonisation of roots by arbuscular mycorrhizal fungi will improve the nutrient 

availability and crop yields. That occurs because of (1) nutrient retention against the leaching 

in highly weathered soils of the humid tropics that have little cation exchange capacity, and 

(2) a better access of the plants to fixed phosphorus due to inoculation by mycorrhizae (Mori 

and Marjenah, 1994).  

According to Wiedner and Glaser (2013), charcoal addition to soil increased the resistance of 

plants against pathogens and biochar has the potential to reduce the outbreak of fungal plant 

diseases. Charcoal can cure potato disease (Allen, 1846). Soil-borne phytopathogenic diseases 

decreased after charcoal addition to soil (Retan, 1915). Disease resistance of asparagus plants 

inoculated with mycorrhizal fungi increased after biochar addition to soil (Matsubara et al., 

2002; Elmer and Pignatello, 2011). Biochar addition to sandy soils can significantly reduce 

the powdery mildew (Leveillula taurica) infestation (Elad et al., 2010). According to these 

research findings, biochar has the potentials to reduce fungal infestation to cultivated crops in 

addition to the multiplication of soil microorganisms. 
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1.3 Effects of Biochars on Crop Yields 

Olmo et al. (2014) studied the effect of slow pyrolysis biochar (450°C pyrolysis temperature) 

produced from olive tree pruning on wheat yield. The experiment was conducted on a clay 

soil with a pH of 8.2 and biochar application rate was 40 Mg ha-1. They found that the use of 

biochar as soil amendment in agricultural soils can improve crop yield related soil properties 

by increasing significantly electrical conductivity, organic carbon, total N, available P, K, Mg, 

Cu and Zn and the significant increase in above ground biomass of wheat crops. 

Martinsen et al. (2014) studied the effect of biochar made from maize cobs in combination 

with conservation farming on maize (Zea mays) and groundnut yields (Arachis hypogaea) in 

three different regions of Zambia. They found that there was a consistent positive response of 

crop yields in all three sites. It was suggested that addition of biochar in combination with 

conservation farming might have a positive impact on crop growth and that positive effect 

might mainly be due to increases in plant-available water and decreased available aluminum. 

Jia et al. (2012) tested the effect of maize straw biochar on the growth of vegetables: Brassica 

rapa L. ssp. chinensis and Amaranthus mangostanus L., in China. They found that 30 Mg ha-1 

rate of biochar application together with chemical fertilizers and manure was the most 

effective combination compared to control, chemical fertilizer sole application and chemical 

fertilizer and manure combination. Higher nutrient availability for plants is the result of both 

the direct nutrient additions by biochar and greater nutrient retention (Lehmann et al., 2003; 

Lehmann et al., 2006). Paddy rice yield was increased by 9-12 % in the first rice crop cycle 

and 9-28% in the second rice crop cycle compared to control and chemical fertilizer 

application by applying 10 Mg ha-1 and 40 Mg ha-1 rates of biochar (Zhang A. et al., 2012). 

However, increased amount of rice yields were not depending on biochar application rates.  

 1.4 Soil Quality and Yield Variability in the Central Dry Zone of Myanmar 

1.4.1 Location, climate and distribution of soils in the Central Dry Zone 

Myanmar is located in Southeast Asia. Although it is known as a country of wet tropics, some 

of its regions are characterized by a dry climate with low rainfall. Central area of Myanmar is 

included in the world’s semi-arid tropical regions (Fig.1.1). Because of the country’s different 

topographic situations, climatic conditions also differ from one region to another inside the 

country. Center of the country is flatter and drier than the other parts (Fig. 1.2). Dry Zone of 

Myanmar is located in that area surrounded by Shan, Rakhine, Chin Plateau and Chin 

mountain ranges (Matsuda, 2013). Central Dry Zone covers about 13% of the country’s total 
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area including large parts of Magway, Mandalay and lower Sagaing Divisions with a 

population of roughly 14.5 million (Poe, 2011). 

There are three seasons in Myanmar: summer, winter and the rainy season. Each season lasts 

for four months. In the Dry Zone, rainy season lasts from mid-May to October and receives 

500 – 1000 mm rainfall per year. Monthly rainfall pattern of the study area is bimodal as there 

are two maximum rainfall events per year (Fig. 1.3). Winter season is from October to mid-

February and a dry hot season from mid-February to mid-May. Average monthly temperature 

is 30°C in summer, 29°C in rainy season, and 20°C in winter (Hadden 2008).  

There are three main soil groups recognized as agriculturally important in Myanmar: alluvial, 

black and red laterite soils. The alluvial soil makes up 50% of the total areas sown and is 

located in river basins and deltas. Black soils that are occurred in about 30% of the area are 

generally distributed in the Dry Zone. Red laterite soil accounts for 20% of the area and is 

found in lower Myanmar. According to soil classification of Land Use Division, Myanmar 

Agriculture Service, based on FAO soil classification system (FAO, 1998), 24 soil types are 

found in Myanmar whereat soil types distributed in the Central Dry Zone can be classified as 

follows: 

Luvisol: The soils are sandy and usually well drained. Soil pH ranges from 7.0 to 8.0 and it 

contains a certain amount of lime and is rich in calcium and magnesium. The soils are low in 

other nutrients except potassium. These soils are the most important land resources of the Dry 

Zone.  

Vertisols: This type of soil is located in the lowland areas near the rivers of the Sagaing, 

Mandalay and Magway Divisions. These soils represent the second most important soil type 

in the Dry Zone after Luvisols. They have high clay content and pH ranges from 7.0 to 9.0 

and they are calcareous. The soils contain a considerable amount of calcium, magnesium and 

potassium, but are deficient in nitrogen and phosphorus. These soils can be used for rice 

cultivation by irrigation and upland crop cultivation under rain-fed conditions. 

Nitisol: These soils are distributed in the planes closed to Shan plateau. They are sandy and 

fertile receiving the nutrients from the surface run-off of nearby mountains. Upland crops like 

vegetables and pulses are mainly sown on those soils. 

Iritic Cambisol: These soils are found in low upland plains of the Dry Zone area. Since the 

lands are dry and sandy, they are used for upland crop cultivation and for forestry. 

Calcaric Gleysol: These soils have neutral and alkaline reaction. Although they are deficient 

in plant nutrients, they can be used for pulses and vegetables. 
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Tin Aung Shein, U. (2008), soil scientist, recorded soil properties of some townships in the 

Mandalay division. He studied soil properties of a top soil (0-0.15 m) layer and found that the 

soil has a pH of 8.3 to 10.13, the amount of sand lies between 39.2% - 47.29%, of silt between 

11.48% - 27.32%, and of clay between 20.00% - 47.44%. Organic matter ranges from 0.35% - 

2.12%. N ranges between 0.105% - 0.192%, Ca between 4.08-13.12 mg/100g, Mg between 

0.61-2.08 mg/100g, Na between 1.63-14.19 mg/100g, P2O5 between 8.10-23.98 mg/100g and, 

K between 12.24-29.5 mg/100g, respectively. It was assumed that the reasons for the lower 

crop yields were soil texture and high pH hindering the availability of phosphate and 

potassium for the crops. In some areas, high soil salinity causes yield reductions under 

drought conditions.  

Based on the above-mentioned soil properties, soils in the Dry Zone of Myanmar are neither 

completely degraded nor infertile. Farmers can maintain profitable crop yields from farming if 

necessary land management and nutritional practices are applied.  

 
 
 

  

Figure 1.1: Distribution of semi-arid tropical regions in the world 

http://www.fao.org/sd/EIdirect/climate/EIsp0002.htm, retrieved on 22.8.24. 
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Figure 1.2: Map of Myanmar showing the location of Wun Dwin Township and the Central 
Dry Zone of Myanmar.  

Source:http://seasiadivensail.com/wpcontent/uploads/2013/08/myanmar-map.jpg; 
http://themimu.info/states_regions/mandalay 

 

Figure 1.3: Monthly rainfall pattern of the study area (average monthly precipitation over 30 
years at Shwe Daung farm from 1984 to 2013) 
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1.4.2 Typical cropping systems of Central Dry Zone 

Johnston et al. (undated) defined Agroecosystem of the dry zone as follows: 

A: intensively farmed croplands with access to irrigation in all seasons 

B: croplands with access to supplementary irrigation (includes lowland and lands that 

grow pulses and vegetables) 

C: rainfed areas – mixed cropping and grazing 

C-1 – rainfed lowland cropping  

C-2 – rainfed uplands (mixed grazing and cropping)  

In rainfed areas, farmers grow one to two crops per year. Winter crops such as pulses and 

pasture, usually follow rainy season crops such as pigeon pea, groundnut, sesame, or some 

farmers grow one crop per year such as traditional pigeon pea or traditional short staple cotton 

or intercropping these two crops on one plot of land. Pigeon pea and traditional short staple 

cotton are sown in rainy season (May-June) and harvest in February. Although high-yielding 

varieties of cotton and sesame, along with chemical fertilizers were introduced in the study 

area by the development agencies as well as the government agricultural extension service, 

their cultivation was not expanded as expected. Even though farmers preferred the high yields 

of cotton and sesame, they were reluctant to convert their existing systems into one dependent 

upon a single particular crop (Matsuda, 2013). Productivity of those farms is lower and their 

income is lower, compared to the farmers with access to irrigation water. 

In irrigated areas, farmers grow three crops per year like pre-monsoon rice-monsoon rice- 

chickpea, or other pulses or sesame or groundnut. Sesame is sown in two different seasons, 

during summer season with irrigation water and during rainy season with rainwater. When 

sesame is sown as summer crop, rainy season rice follows sesame. Rice is sown in monsoon 

season with rainwater. After harvesting rice, chickpea or other pulses are sown as winter 

season crops (Izumi et al., 2010).  

Most cultivated winter crops in Dry Zone are wheat, chickpea, and different kinds of peas and 

beans. Pulses are important cash crops for the country and provide a large share of income 

(Asian development Bank, 2013). After separating seeds from pods, dry shells and some 

leaves of pulses are kept for feeding cattle. Therefore, pulses play an important role in Dry 

Zone agriculture not only as cash crop but also as household food and animal fodder.  

Cotton is an important crop for farmers especially in Central Dry Zone because of irregular 

rainfall. Cotton is resistant to drought due to its indeterminate growth type and can create cash 

and job for farm households (Myanma cotton and sericulture enterprise, 2006). Households 
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use textile made of cotton for the family. If there is extra product after family’s sufficiency, 

cotton was sold to local market either as seed cotton or as finished goods (cotton clothes such 

as towel and rugs). Median staple cotton (Gossypium hirsutum) is an introduced variety to 

Myanmar from India, Thailand and China (Matsuda, 2013). Farmers grow this variety either 

as sole crop or as intercropping with pigeon pea.  

1.4.3 Soil quality related yield variability in Central Dry Zone of Myanmar 

Inadequate plant nutrition combined with continual mining of soil nutrients and unscientific 

use of fertilizers is limiting the productivity in many Asia-Pacific developing countries (FAO, 

2011).  

According to its nature, the Dry Zone has low fertility and fragile structures to water and wind 

erosion. The region is characterized by low rainfall. Naturally low fertile soils led to severe 

environmental degradation. With declining inputs, both in terms of organic and inorganic 

materials, agricultural productivity is decreasing annually (Johnston, et al., undated).  

As an example of fertilizer use in Dry Zone, in Nay Pyi Taw, Mandalay Division, farmers’ 

fertilizer use varies in accordance with individual farm size (Hnin Yu Lwin, 2013). Farmers 

who manage the farm size less than 2 ha apply on average 119, 13.5, 9.2 and 71.3 kg ha-1 rate 

of Urea, triple super phosphate (T-super), potash (muriate of potash) and compound fertilizer 

respectively (55:3:5 NPK kg ha-1). Farmers with farm size 2-4 ha apply on average 120, 16.4, 

12.3 and 65.1 kg ha-1 rate of Urea, T-super , potash and compound fertilizer respectively 

(55:3:6 NPK kg ha-1). Farmers with 4-6 ha farm size apply 154.3, 12.8, 15.9 and 70.3 kg ha-1 

rate of urea, T-super, muriate of potash and compound fertilizer respectively (71:3:8 NPK kg 

ha-1). The LIFT Fund (Livelihood and Food Security Trust Fund) baseline survey reported 

that, 63% of rice farmers in the delta/coastal zone and 76% of farmers in the Dry Zone used to 

apply inorganic fertilizers to the monsoon season crops. 

In some areas, households use cow dung, as fuel (Ministry of Forestry, Myanmar, 2005). 

During land preparation, some farmers add farmyard manure to the fields as organic fertilizer. 

Some poor farmers do not apply farmyard manure because they sell out the manures for extra 

income. Therefore, for economic reasons, farmers do not fully utilize farmyard manure. 

Some farmers who can afford for hiring or buying the tractors practice mechanized farming. 

Most farmers cultivate their lands with bullocks. Farmers practice tillage operation and inter-

cultivation to protect weed infestation, to kill insect pests before growing the crops, and to 

control the weeds during the cropping season. Farmers believe that by turning soils, high soil 
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temperature can be reduced and enhance crop growth especially after irrigation or rainfall. 

Practicing reduced- or no-tillage is still inconvenient for Myanmar farmers.  

Most upland fields with sandy soil types, organic matter content is low because of stubble 

removal and limited supply of organic materials. After harvesting the first crops, all stubbles 

and weeds are removed from the fields. The fields are harrowed and left fallow while waiting 

for the rain to grow the next crop for one or two months. Sometimes that period takes more 

than two months in rain-fed areas because of irregular rainfall events. In irrigated areas, 

farmers grow pulses after rice. When they harvest the pulses, lower part of the stems and roots 

remained in the fields. During the time of land preparation for the next crop, those remaining 

roots and stems are incorporated into the soils. The lands, which originally have higher clay 

content, maintain sustainable crop production by receiving chemical fertilizer applications. 

Inefficient irrigation and fertilizer application methods also contribute to the causes of the 

degradation of cultivated lands in Dry Zone. It has universally accepted that improper 

agricultural activities and changing land use practices have led to the depletion of SOC in 

most agricultural soils with the consequent loss of soil quality (Weil and Magdoff, 2004). In 

some rice growing areas, rice cultivations affect soil properties such as salinity problem in 

ground-water irrigated areas, acidity problems in delta areas and degradation of soil structure 

in both areas due to puddling. Furrow irrigation is practiced in row crop cultivation such as 

cotton, chilli and onion. In practicing furrow irrigation, farmers cannot control both irrigated 

and drainage water systematically due to technical and financial deficiencies. Crops growing 

in structurally degraded soils are often constrained by waterlogging and poor aeration when 

the soil is wet. Occurrence of soil crusts on the surface soil affects the germination of 

cultivated crops and seedlings survival.  

Convention to Combat Desertification (CCD) defined soil degradation as physical 

degradation- mainly driven by climate factors such as floods and droughts that cause soil 

erosion (by wind and water), chemical degradation- generally in the form of salinization (in 

irrigated lands), and biological degradation- mainly because of the oxidation of topsoil 

organic matter in dry lands (FAO, 2004). Soils of the Dry Zone of Myanmar are starting to 

face with all of those degradations. Concerning with the factors affecting the sustainability of 

agricultural production in the Dry Zone, given climate situation and soil types cannot be 

changed. Soil fertility in dry land environment can be improved by-  

1) adding nutrients to the soil, a) fallowing, b) stubble grazing, c) inorganic fertilizers, d) crop 

rotation and association, 
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2) Reducing losses of nutrients from the soil, a) woody vegetation, b) erosion control, c) field 

clearing and weeding,  

3) Recycling nutrients such as manure, crop residue management, management of organic 

matter 

4) Maximizing the efficiency of nutrient uptake, a) reduced land tillage, b) precision 

agriculture, c) fire management (FAO 2004).  

Combined effects of above mentioned soil fertility managements can be obtained by applying 

biochar as soil amendment. For long-term carbon sequestration (CS), carbon needs to be 

delivered to large pools with slow turnover (FAO 2004). As biochar contains a predominant 

stable fraction of carbon, soil carbon can be increased by enhancing long term CS in dry land 

soils.  

1.5 Biochar as a Measure to Reduce Soil Quality Degradation that Affects the Yield of 

Crops 

1.5.1 Availability of biochar substrates and technology in the Central Dry Zone of 

Myanmar  

Variety of biomass such as wood wastes, crop residues, switch grass, wastewater sludge can 

be used to produce biochar (Méndez et al., 2012; Paz-Ferreiro et al., 2014; Sohi et al., 2010; 

Cely et al., 2014). Biochar can be produced- (1) in fields by burning crop residues in the 

ditches or digging holes near the fields, (2) in the kitchen by using biochar stoves and (3) by 

commercially producing biochar by constructing biochar production plants. Biochar is 

produced by thermochemical conversion of organic materials in an oxygen-depleted 

atmosphere (pyrolysis) which has physiochemical properties suitable for safe and long-term 

storage of carbon in the environment and potentially soil improvement. During pyrolysis, 

since oxygen is controlled, the amount of smoke from biomass burning can be reduced 

(Brownsort, 2010). Biomass from the fields can be cleared after harvesting the crops by 

converting that biomass to biochar instead of field burning. By that way, greenhouse gas 

emission through residue burning can be avoided.  

Production of biochar from rice husks is a procedure recommended by the Food and Fertilizer 

Technology Center for the Asian and Pacific Region (FFTC, 2001). Such conversions of crop 

residues can be done by using locally available techniques, such as using residue mounds and 

firing (FFTC, 2001), simple firing chambers, or more sophisticated furnaces. Although the 

system is easily accessible by most of smallholder farmers of developing countries, it cannot 

completely control the smoke formation. Smoke emitted from charcoal kiln contains carbon 
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dioxide (CO2), water (H2O), carbon monoxide (CO), methane (CH4), volatile organic 

compounds (VOCs) and particulate matter (PM), which contributes to air pollution. Advanced 

biochar producing technologies such as drum pyrolysers, rotary kilns, the screw pyrolysers, 

the flash carboniser, fast pyrolysis reactors, and wood-gas stoves can reduce pollution; 

improve energy efficiency and biochar yield. They also have feedstock flexibility allowing 

both woody and herbaceous biomass (Brown, 2009). 

Households in many parts of the world are still using charcoal as an important source of 

energy for food preparation (World Energy Council, 2001). An estimated 41 million tons (Mt) 

of charcoal were produced worldwide in 2002 (FAO 2004). Much more charcoal is produced 

in developing countries (40 Mt in 2002) than in developed countries (1.4 Mt). Africa is the 

highest producer (21 Mt), followed by South America (14 Mt) and Asia (4 Mt) (Lehmann et 

al., 2009). Feedstocks can be divided crudely into three categories, wastes (e.g. municipal 

solid waste), residues (e.g. straws) and on purpose grown feedstocks (e.g. energy crops). 

Residues from agricultural crops or biomass obtained from the pruning of plants from the 

forest produce ”clean” biochar, and do not entail land use change (Brownsort, 2010).  

In the Central Dry Zone area of Myanmar, charcoal production is a livelihood for rural 

landless peoples. Because of limited electricity supply, charcoal stoves are still in use for 

cooking and the demand for charcoal is still high. The same products like woodchip biochars 

can be obtained from by-products of charcoal production. These by-products can easily be 

obtained with cheap prices from charcoal making mounds and from the local sellers.  

Although rice straw is used as fodder in Myanmar, there are some extra straws and stems, 

which are being burnt in the fields. During the period 2000-2004, rice production in Myanmar 

was 22.58 million tons per year, 3.8% of global share (FAO 2009). Paddy, on milling, gives 

approximately 20% husk, 50% whole rice, 16% broken rice and 14% bran and meal 

(Purseglove, 1985). Since 20% of rice husk can be obtained from rice production, according 

to 2004 production, 4.51 million Mg of rice husks can be obtained. 

Other biomass available in Myanmar to produce biochar are pigeon pea stem, cotton plant 

stems, sesame stems, and stem from pulses, and wood residues from lumber processing (e.g., 

sawdust).  As households use pigeon pea stems as fuel wood, pigeon pea stem charcoals 

collected from the kitchens can be applied to the fields. Other residues of agricultural products 

such as stems and leaves of sesame and pulses can also be pyrolysed to use as residue biochar. 

After taking the seeds and grains of sesame and pulses, their stems are disposed outside the 

villages instead of making compost or adding to the fields. Those wastes can be used to 

produce biochar as these are agricultural products and they are very clean to be used as soil 
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amendments. Since black ash obtained from rice husk has been already in application in 

preparing rice nursery beds and in horticultural crop plantations, and abundance of raw 

materials, adoption of rice husk biochar by Myanmar farmers has a high potential. 

Contrastingly, farmers’ adoption to use biochar produced from other crop residues would 

require time as this practice is new for them. 

1.5.2 Environmental effects of biochar production 

By applying biochar technology, environmental pollution through field burning of agro 

wastes can be reduced. In agricultural burning, CO2 released is not considered net emission. 

The biomass burned is generally replaced by regrowth over the subsequent year. An 

equivalent amount of carbon is removed from the atmosphere during this regrowth to offset 

total carbon released from combustion. Therefore, long-term net emissions of CO2 are 

considered zero. Agricultural burning releases other gases in addition to CO2, which are by-

products of incomplete combustion, viz., methane, carbon monoxide, nitrous oxide, and 

oxides of nitrogen. These non-CO2 trace gas emissions from biomass burning are net transfers 

from the biosphere to the atmosphere (IPCC, 2006). 

Open-field burning of crop residues is recognised as a major contributor to reduce air quality 

and human respiratory ailments, particularly in China and northwestern India, which 

represents major irrigated rice ecosystems in Asia (Singh et al., 2008). Emission factors (gram 

species per kilogram dry matter) from residue burning are 1,515 kg CO2, 92 kg CO, 3.83 kg 

NO2, 0.4 kg SO2, 2.4 kg CH4, and 15.7 kg non-methane volatile organic compounds (Andreae 

and Merlet, 2001). According to the report of the Ministry of Environmental Conservation 

and Forestry, Union of Myanmar, in the year 2000, total CO2-equivalent greenhouse gas 

emission from field burning of agricultural residues accounts for 1.61 Gg.  

There is also an option for the use of residues to add as raw stubbles directly into the field 

instead of using as biochar. Mousavi et al. (2012) found that addition of rice straw increased 

soil moisture content, decreased bulk density, and delayed crack formation in clay loam and 

sandy loam soils. Liu et al. (2014) found that straw return induced improvement of soil 

nutrient availability and that might favour crop growth, which can in turn increase ecosystem 

C input. Maintenance of a threshold level of organic matter in the soil is crucial for 

maintaining physical, chemical and biological integrity of the soil and for the soil to perform 

its agricultural production and environmental functions (Izaurralde et al., 2001; Srinivasarao 

et al., 2012, 2013). Hence, conversion of organic wastes to biochar through the pyrolysis 
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process is one viable option that enhances natural rates of carbon sequestration in the soil, 

reduce farm wastes and improve soil quality (Srinivasarao et al., 2012, 2013). 

Shen et al. (2013) conducted a field study and evaluated the effects of straw-based biochar 

and rice straw on greenhouse gas emissions from paddy fields in China. Straw-based biochar 

was applied in two different rates: low rate, 7.5 Mg ha-1 as dry matter and high rate 22.5 Mg 

ha-1 as dry matter, respectively. Rice straw application rates were low rate, 3 Mg ha-1 as dry 

matter and high rate, 6 Mg ha-1 as dry matter, respectively. Greenhouse gas fluxes were 

measured in field by closed chamber method. The results showed that CH4 emissions from the 

fields of straw incorporation treatments were 2.6-6.4 times higher than that of biochar 

treatments and the global warming potentials and yield scaled global warming potentials were 

lower in straw incorporation treatments.  They assumed that conversion of straw to straw-

based biochar can be an effective mean of carbon sequestration in rice production and can 

even increase grain yields to some degree. Furthermore, impact of paddy cultivation to 

climate change through methane emissions, extensive and intensive use of water, contributing 

to alkalinity of soils in semi-arid areas, usage of heavy fertilizers, etc. can be reduced by 

biochar application.  

1.5.3 Potential effects of biochar application on soil quality and crop yields in the 

Central Dry Zone of Myanmar 

In Myanmar, biochar application and understanding of the benefit of biochar to crop yields 

and soil properties has not yet known. Research to study the biochar type that is suitable for 

respective conditions and the respective crops is still a need. In Dry Zone, among the causes 

of land degradation and crop yield reduction as mentioned above, natural climate condition 

and parent materials cannot be changed. Other factors affecting the sustainability of Dry Zone 

farming systems can be changed or improved through land management practices. Irrigated 

agriculture is available in recent years and farmers can overcome water scarcity problems 

through irrigation.  

Although most biochars are suitable to apply to acid soils since they have the properties of 

increasing soil pH, there are also potentials of applying biochar under various agro-ecological 

conditions (Lehmann et al., 2006) and research findings showed that biochar could apply to 

high pH soils. Liu and Zhang (2012) studied the effect of biochar application to alkaline soils 

through an incubation experiment. They found decreases in soil pH occurred at 0.10- 0.20 m 

soil layer. Since soils of the Dry Zone area have mostly high pH values, it is important not to 

increase soil pH furthermore by using soil amendments. 
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Olmo et al. (2014) studied the effects of the addition of slow pyrolysis biochar (produced 

from olive-tree pruning) to a Vertisol soil in wheat field experiments. Their finding was that 

biochar addition did not significantly affect soil parameters such as pH, dissolved organic C 

and N, ammonium, nitrate or microbial biomass N. However, biochar addition decreased soil 

compaction and increased soil water-retention capacity and nutrient content (total N and the 

available contents of P, K, Mg, Cu and Zn). If woodchip biochar can reduce soil compaction 

in Vertisols, this method is suitable to apply to both ground water and surface water irrigated 

fields of Myanmar Dry Zone since Vertisols from irrigated areas have the problem of soil 

compaction and difficult seedling emergence of the dry season crops (Soil types and 

distribution, Myanmar, www.apipm.org). 

High clay content of Vertisol soils results high potential for shrinking-swelling and stickiness. 

Since the soils have high swelling pressure, deep cracks appear when the soil is dry after 

wetting periods and have a sticky nature under wet conditions (Favre et al., 1997; Wilding and 

Puentes, 1988; Sun and Lu, 2014). Results from incubation experiment of Sun and Lu (2014) 

indicated that straw biochar, woodchip biochar and wastewater-sludge biochar had the 

potential to improve the physical quality and pore-space status of clayey Vertisols. They 

suggested that biochar might be considered as a soil amendment to improve poor physical 

characteristics of clayey soils. 

When upland crops were sown on such soils as rotation after rice, such as cotton, green 

grams, black grams, etc., difficulties occur due to this swelling and shrinking behaviour of 

Vertisols, first for germination and later in the growing season for crop growth. Farmers can 

apply biochar and soil mixture or biochar and other organic manure mixture to mulch the 

seedbeds to loosen the surface soil during the time of seeding. These organic materials will 

also provide moisture and nutrients for the seedlings during its early growth stage. For cotton, 

the crop needed only to overcome the germination problem and so that, in later growth stages, 

the crop could survive well on these soils. Cotton has been known to perform well on 

Vertisols (black cotton soil) allegedly because it has a vertical root system that is not severely 

damaged by cracking of the soil (ISRIC.org). 

1.5.4 Research objectives 

Considering the current soil fertility degradation and yield reduction problems in irrigated 

cropping systems in the Central Dry Zone of Myanmar, the aim of the study is to test the 

biochar technology as a mean of managing soil quality by restoring soil organic carbon, 
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increasing crop yields, and proper disposal of agricultural wastes for better environmental 

quality. 

Objectives of the research are:  

1) To test the effects of biochar amendments, that are available in Myanmar, on soil properties 

and the yield of rice (Oryza sativa), chickpea (Cicer arietinum), and cotton (Gossypium 

hirsutum) crops by conducting field experiments; and  

2) to estimate the impact of biochar applications on soil carbon storage and greenhouse gas 

emissions from both lowland rice fields and upland crop fields in irrigated areas of Myanmar 

Dry Zone by model simulation (DNDC model) (Version 9.5) (DNDC, 2012).  

Hypotheses of the research are: 

1. Crop yields will increase when inorganic fertilizers are applied together with biochars 

produced by low technology compared to conventional inorganic fertilizer application.  

2. Biochar produced from crop residues have the ability to reduce soil bulk density, 

increase soil organic carbon, and soil water holding capacity, regulate pH of alkaline 

soils at a level that most crops can grow well. 

3. Long-term effects of biochar applications on soil carbon sequestration, greenhouse gas 

emissions and crop yields can be estimated by using the process based biogeochemical 

models. 

In conducting the research to observe the effects of biochar applications together with 

chemical fertilizers on a rice-based irrigated cropping system in Dry Zone area of Myanmar, 

the following research methods were applied: 

1. Conducting a field experiment to test the impacts of biochar additions together with 

chemical fertilizers on rice plant growth and yield compared to inorganic NPK 

fertilizer application and non-fertilizer input treatments. 

2. Conducting a field experiment to test the impacts of biochar additions together with 

chemical fertilizers on cotton plant growth and yield compared to inorganic NPK 

fertilizer application and non-fertilizer input treatments. 

3. Observing the impacts of each treatment on soil physical and chemical properties 

through the laboratory testing of soil samples collected from each treated plot before 

and after the field experiments. 

4. Applying denitrification decomposition model (DNDC) to observe the long-term 

impact of biochar applications on crop yields and soil organic carbon storage in the 

sandy loam soil of Dry Zone area. 
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Chapter 2: Materials and Methods 

2.1 Description of the Study Site 

Study site is located in Wun Dwin Township, Mandalay Division, 21° 5′ N and 96° 2′ E. This 

area is one of the areas of the Central Dry Zone of Myanmar.  

2.1.1 Climate  

The distribution of precipitation is very irregular, distinguishing humid season from May to 

September and a dry season from October to April. Mean annual rainfall (calculated based on 

30 years) was 813 mm (Fig. 2.1). 

In summer and rainy seasons, average maximum daytime temperature is 43.15°C and average 

temperature is 31°C. In winter (from October to February), average temperature is 21°C and 

average minimum temperature is 18°C (Fig. 2.2).  

 

 

Figure 2.1: Average annual rainfall (1984-2013) of the experimental site, Shwe Daung farm, 
Central Dry Zone of Myanmar 
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Figure 2.2: Monthly mean minimum temperature, monthly mean maximum temperature, 
average monthly wind speed, and monthly mean evaporation of Meikhtilar, Central Dry Zone 
of Myanmar. Values are averages of 30 years from 1984 to 2013. 

2.1.2 Soil characteristics 

According to the classification of Land Use Department, Myanma Agriculture Service, 

dominant soils in the study area are Alfisols, Luvisols and Vertisols and saline and alkaline 

soils are occurred in some places. 

Soil of the experimental site was hard to differentiate as a specific soil type because of its 

physical features, mineral content and regional climate conditions. Although it receives mean 

annual rainfall between 500 mm and 800 mm (Fig. 2.1), the region has less effective rainfall 

because of having longer dry period. Effective rainfall in the tropics is always much less than 

the total rainfall because of high evaporation (Fig. 2.2) (Buringh, 1979). Study area has daily 

maximum temperature between 35°C and 45°C (Fig. 2.3 and 2.4). Organic matter content was 

less than 1% in the upper 0.40 m (measurement of present research).  

Soil horizons were difficult to differentiate visually since both horizons had the same colour 

(Fig. 2.5). Because of low level of organic matter supply to the soils and removal of crop 

residues, only some stubbles and leaves of cultivated crops remain on the soil surface. Since 

the water from Kinder dam was distributing to the neighbouring areas through the canals that 
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flow across the farm, ground water level of the whole farm was shallow. When the soil was 

dug to study the profile layers, groundwater was found at 1.0-2.0 m depth. pHwater was greater 

than 8.7 at 0-0.30 m and less than 8.7 at 0.30-0.45 m. 0-0.20 m depth is forming whitish grey 

colour eluvia zone. Carbonate content (CaCo3 percentage) was less than 15% from 0-0.45 m. 

Soluble salt content was decreased when the soil gets deeper. Bluish grey colour patches were 

found starting from 0.30 m depth and continue to the deeper layers. Exchangeable Na was the 

highest in upper 0-0.20 m (2.01 me/100 g soil) and decreased in the lower layers (less than 1 

me/100 g soil). According to the above properties, soil horizon from zero to 0.45 m depth of 

soil at the study site has ultrabasic character (non-calcic) and it must have carbonate of 

sodium and magnesium (FAO, 2006).  

Due to shallow ground water, soil had hydromorphic properties in the horizon depth lower 

than 0.30 m. Reddish brown and bluish grey colour mottling can be seen in this horizon. 

These mottling were showing the result of alternating oxidation and reduction of iron and 

manganese minerals. When the soil is wet for long time, reduction processes predominate and 

iron and manganese become soluble to some degree. A process of reddening resulted from the 

dehydration of iron compounds in the dry season (Buringh, 1979).  Surface 0-0.20 m was 

directly affected by climate conditions such as heat and rainfall. Salts from the lower horizon 

might have dissolved and rise to the surface layer by capillary action. That salts may remain 

on the surface after evaporation because of high temperature. As a result, salts may deposit on 

the soil of 0-0.20 m layer and that has exchangeable sodium percent greater than 15. It shows 

the characteristics of Solonetz. Properties of the soil of study site were presented in detail in 

Chapter (3). 
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Figure 2.3: Daily precipitation, maximum and minimum temperature during 2012 cropping 
season  

 

Figure 2.4: Daily precipitation, maximum and minimum temperature during 2013 cropping 
season 
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Figure 2.5: Soil profile of the experimental site measuring ground water table depth and 
observing the soil horizon properties for the taxonomic classification of the soil of study site 
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2.2 Biochar Production  

2.2.1 Feedstocks collection 

To use as soil amendments in field experiments, rice husk, rice straw and pigeon pea stems 

were selected as biochar feedstocks. These raw materials were available in the farm where 

field experiment was conducted. Pigeon pea stems were used as fuel wood in some areas. 

However, they are not woody and cannot store for long time. Therefore, households did not 

use pigeon pea stems as the main fuel wood and were disposed outside the villages or were 

burned in the fields. Rice was sown by most of farm households for the family self-

sufficiency and, therefore, rice husk and rice straws are abundant in the region and in the 

study area as well. Although rice straw is used as fodder, there are still some wastes of rice 

straw to use as biochar. Rice husks can be obtained from nearby rice mills. 

2.2.2 Feedstocks burning 

The kiln for producing biochar was made from 200-Liter diesel barrel (Fig. 2.6, right). The 

idea of the structure of biochar kiln was based on the structure of the top loaded up draft 

garden kiln and the stripped top loaded up lift charcoal kiln by Günther (2012) (Fig. 2.6 left). 

There were larger holes at the bottom of a tin plate that was placed under the biomass 

container. Smaller holes were made directly at the bottom of biomass container. Air entered 

the biomass container first passes through the larger holes and then through the smaller 

ventilation holes upwards through the biomass. Biomass was burnt from the top of the 

container. Oxygen was under partially controlled condition. Limited amount of primary 

combustion air allowed the partial combustion of biomass, time required for burning the crop 

residues and yield of charcoal differed depending on the type of biochar raw material. 

Pyrolysis temperature was around 550-700°C.  

The yield of the biochar was determined according to equation (1). 

Yield % = (Wb/Wf)×100  Equation (1) 

 

Where, Wb and Wf are the weights of the biochar samples and that of dry feedstock, 

respectively. 

For producing rice straw biochar, it took 35 minutes burning time and the yield was 3 kg rice 

straw char per 10 kg of dry rice straw. To produce pigeon pea stem biochar, it took 45 
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minutes to burn one barrel containing 12 kg dry pigeon pea stem. The yield was 3.5 kg 

charcoal from 12 kg dry biomass. It took 8 hours to burn 27 kg of rice husk in a barrel and 

that yielded 14.5 kg of rice husk biochar. It took altogether 25 days to complete biochar 

production. Rice husk biochar and farmyard manure mixture was prepared by mixing 4:1 ratio 

of cow dung and rice husk biochar and leaving it for four weeks before applying to the 

experimental plots.  

 

Figure 2.6: Illustrated functions of biochar kiln (left), and biochar kiln used for producing 
biochar to apply in present research (right) 

Source: Small and intermediate charring devices (Fölker Günther, 2012, Research Institute for Small-
Scale Charring, Hörby, Sweden. https://www.slf.dep.no/no/miljo-og-okologisk/klima.../ 

2.3 Rice Field Experiment 

Land preparation was started on 11 May 2012. Harrowing and ploughing the land, 

constructing mud bunds for storing water and setting-up of experimental plots for the field 

experiment were carried out during land preparation time. Land preparation lasted for one 

month. Experimental design was Randomized Complete Block (RCB) design and contained 

18 subplots (6 treatments and 3 replications) (Fig. 2.7 and 2.8). Experimental plots were 

separated by double mud bunds to minimize the lateral movement of plant nutrients. Rice 

seedlings were planted at a spacing of 0.02 m between rows and 0.015 m between hills. The 
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size of each experimental plot was 25 m2. The space between sub-plots was 1.27 m. The size 

of the whole experiment was 0.10 ha. 

Urea, triple super phosphate and potassium fertilizers were applied as N: P: K ratio of (100: 

50: 50) together with biochars during land preparation and incorporated into 0.02 m plough 

depth. Urea fertilizer was applied two times, 75 kg N ha-1 of urea at land preparation and 25 

kg N ha-1 urea at the time of panicle initiation, respectively. 

2.3.1 Land preparation and biochar application 

Biochars were applied to the experimental plots after land preparation before transplanting 

rice. Biochar rates were 50 kg per plot (20 Mg ha-1) each of rice husk biochar, rice straw 

biochar and pigeon pea stem biochar and 25 kg per plot (10 Mg ha-1) of rice husk biochar + 

farmyard manure mixture. Biochar application rate with respect to total carbon (C) content of 

biochars were 8.28 Mg carbon ha-1 of rice husk biochar, 14 Mg C ha-1 of rice straw biochar, 

9.24 Mg Cha-1 of pigeon pea stem biochar and 2.17 Mg C ha-1 of rice husk biochar + 

farmyard manure mixture, respectively. Together with biochars, chemical fertilizers were 

added with the rate of 100:50:50 kg ha-1 N: P: K.  

Treatments are 

Rh = Application of Rice husk biochar   

(20 Mg ha-1 biochar (8.28 Mg C ha-1) + 100:50:50 kg ha-1 N: P: K)  

Rs = Application of Rice straw biochar  

(20 Mg ha-1 biochar (14 Mg C ha-1) + 100:50:50 kg ha-1 N: P: K)  

Ps = Application of Pigeon pea stem biochar  

(20 Mg ha-1 biochar (9.24 Mg C ha-1) + 100:50:50 kg ha-1 N: P: K)  

NPK = NPK fertilizer application (100:50:50 kg ha-1 N: P: K) 

Mix = Application of rice husk biochar and farmyard manure mixture  (10 Mg ha-1 

Rh biochar + FYM mixture (2.17 Mg C ha-1)  + 100:50:50 kg ha-1 N: P: K) 

Control = Without NPK and biochar  

 

 

  



27 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Layout of experimental plots for growing rice, chickpea and cotton experiments 

 

   

 

Figure 2.8: Experimental plots of rice (left), chickpea (middle) and cotton (right) 

2.3.2 Rice cultivation 

Variety of rice used for the experiment was Longping 8 variety, one hybrid rice variety 

originated from China and multiplied at Shwe Daung Farm, Myanmar to distribute inside the 

country. Rice was sown by transplanting method.  Before sowing paddy seeds, seedbed was 

prepared with the area of 30.5 m length, 12.7 m width and 0.8 m height. Seedlings started to 

emerge 3 to 5 days after sowing. Nursery bed was drained every morning and was irrigated 

every evening for better root penetration of the seedlings. To protect the seedlings from fungal 

and bacterial diseases and insect pests, especially stem borer Scirpophaga incertulas (Walker) 

infestations one time each of insecticide and fungicide were sprayed. Young plants were 

transplanted from the nursery bed to the experimental plots at 21 days after sowing with the 

spacing 0.15 m between plants and 0.20 m between rows. 
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Weeding and pest control measures were carried out according to the requirement of the crop. 

The field was left under flooded condition for ten days after transplanting. Irrigation and 

drainage were carried out every three-day intervals to reduce soil temperature. N: P: K 

fertilizers were applied 75:50:25 kg ha-1 rate together with biochars before transplanting and 

25:25 kg ha-1 rate of N: P: K fertilizers were applied at the time of panicle initiation. The field 

was completely drained two weeks before harvesting. 

2.3.3 Data collection 

Experimental plots were harvested on 8 October 2012. Crop samples were taken from each 

experimental plot to analyse the paddy yield. In rice cultivation, the word “hill” represents a 

group of rice plants containing multiple numbers of tillers (Fig. 2.9). Calculation of rice yield 

and yield component factors were based on the calculations by Boumann et al. (2001). At the 

time of harvesting, eight hills were selected from each plot to count the total number of tillers 

per hill and to measure straw dry matter yield. All of the spikelet was removed from the 

plants. Fresh weight of rice plants without spikelet were weighed and recorded. To measure 

straw dry weight, 250 gram of fresh  plants were selected as sub samples from total fresh 

samples and let them dry to reduce moisture content and dry weight was recorded. Plants 

from one square meter area of the center of each plot were cut to measure the number of hills 

per square meter. Eight plant samples were selected from the harvested plants of one square 

meter area to measure plant height, panicle length, number of panicle per plant, number of 

spikelet per panicle, and thousand grain weights. Rice grain yield per hectare was calculated 

by equation (2). Straw dry matter per hill was calculated by the equation (3). Grain to straw 

ratio was calculated to compute straw yield per hectare (equation 4). Straw dry matter yield 

was calculated as equation (5). Grain harvest index was calculated by equation (6). 

Rice grain yield (kg ha-1) = (total number of filled grain per panicle* 

total number of panicle per hill *1000 

grain wt.(g)*number of hill sqm-1) * 

10000 /1000*1000   

 Equation (2) 

 

Straw dry wt. hill-1 = (Sample straw dry wt. /Sample straw fresh 

wt.)* Straw fresh wt. hill-1 

 

 Equation (3) 
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Grain: Straw ratio = fertile spikelet dry wt. / straw dry wt.  Equation (4) 

 

Straw yield (kg ha-1) = (Grain Yield kg ha-1/Grain: Straw ratio)  Equation (5) 

 

Grain harvest Index= (Grain Yield) / (Grain + Straw 

Yield) 

 Equation (6) 

 

 

 

Figure 2.9: Rice hills, tillers and spikelet of rice plants at panicle initiation stage in pigeon pea 
stem biochar + NPK fertilizer treated plot (Photo source: by author) 

2.4 Chickpea Field experiment 

Chickpea (Cicer arietinum) was sown in November 2012 after harvesting rice experiments on 

the same experimental plots. It was harvested in the first week of March 2013 before sowing 

cotton (Gossypium hirsutum) field experiment.  

2.4.1 Land preparation and chickpea cultivation 

Chickpea was sown after harvesting rice and before cotton cultivation on the experimental 

plots only with the given moisture and nutrients that remained in the soil. Experimental design 

was the same as rice experiment with the spacing 0.1524 m between plants and 0.2032 m 
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between rows. Experimental plots were named according to the treatments of the previous 

rice experiment. Neither biochar nor NPK fertilizer was applied to chickpea experiment.  

2.4.2 Data Collection 

At the time of harvesting, chickpea yield components, such as population per plot, number of 

pods per plant, number of seeds per pod, and thousand-grain weight in kilograms, were 

recorded and chickpea yields were estimated. Chickpea yield estimation was done by the 

method of Sapkota et al. (CGIAR, 2015). Chickpea yield was calculated by using the 

following equation: 

Yield Mg ha-1 = ((grain pod-1*pod m-2) / 100)* 

(1000-grain wt./1000) 

 Equation (7) 

2.5 Cotton Field Experiment 

2.5.1 Land preparation and Biochar application 

Land preparation for cotton experiment was done during first week of March 2013 at Shwe 

Daung Farm. Experiment layout was the same as that of rice experiment. Rice husk biochar, 

rice straw biochar, pigeon pea stem biochar, mixture of rice husk biochar and farmyard 

manure were applied to each subplot before land preparation. After cultivating the land, 

seedbeds were prepared to sow cotton.   

Experimental design was Randomized Complete Block (RCB) design and contained 18 

subplots (6 treatments and 3 replications). Size of subplots were 5 m long and 5 m width, the 

same size as rice experiment as cotton was sown identically on the rice experimental plots. 

Treatments are 

Rh = Application of Rice husk biochar  

(20 Mg ha-1 biochar (8.28 Mg C ha-1) + 100:30:117 kg ha-1 N: P: K) 

Rs = Application of Rice straw biochar  

(20 Mg ha-1 biochar (14 Mg Cha-1) + 100:30:117kg ha-1 N: P: K) 

Ps = Application of Pigeon pea stem biochar 

 (20 Mg ha-1 biochar (9.24 Mg C ha-1) + 100:30:117 kg ha-1 N: P: K) 

NPK = NPK fertilizer application (100:30:117 kg ha-1 N: P: K) 

Mix = Application of rice husk char and farmyard manure mixture (10 Mg ha-1 Rh 

biochar + FYM mixture (2.17 Mg C ha-1) + 100:30:117 kg ha-1 N: P: K) 

Control = Without NPK and biochar 
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2.5.2 Cotton cultivation 

Cotton variety used for the experiment was traditional medium staple cotton Ngwe Chi 6. The 

crop has moderate resistant to boll warm attack.  

Basal application of biochars and NPK fertilizer was done during land preparation and inputs 

were incorporated into 0.20 m plough layer by disc plough. Before cotton cultivation, 

biochars were broadcasted on the surface of experimental plots and then the land was 

cultivated first with disc plough and after that soil crusts were crushed with rotary plough. 

Fertilizer rate was N: P: K 100:30:117. Half of nitrogen and potassium fertilizers and all of 

phosphate fertilizers were applied as basal application during land preparation together with 

biochars (Fig 2.10). Another half of nitrogen and potassium fertilizers was applied at peak 

flowering time. Land preparation was done by tractors. Seedbeds were made by bullock 

drawn traditional inter-cultivator. Biochars applied on the surface were thoroughly mixed 

with the soil before sowing cotton. Therefore, cotton roots would have got the equal chance to 

have contact with the applied biochars in all treatments, not only on the shallow surface soil 

but also to the deeper plough depth. 

Except biochar and fertilizers, other management practices were given equally for all 

treatments. Sucking pest control was done by spraying insecticides according to the severity 

of pest infestation. Due to the favourable rainfalls during cotton growing season, only three 

times of supplementary irrigation was needed. After every rainfall event and irrigation, inter-

cultivation by bullock drawn traditional inter-cultivator was done to control weeds between 

the rows and for better aeration of the soil. Hand weeding was done to control weeds between 

the plants since the time of 2-3 true leaves formation up to boll setting (Fig. 2.11 (a)).   

 
 

 (a) 

 
 

 (b) 

 
 

(c) 

Figure 2.10: (a) Applying biochar before cotton cultivation (b) Land preparation for cotton 
cultivation (c) Irrigating cotton fields after sowing cotton  
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2.5.3 Data collection 

Leaf samples were collected by removing 20 leaves from the uppermost fully expanded main 

stem leaves from each plot. Five plants from each subplot were selected as the sample plants 

to measure plant growth and yield components. Plant height, number of sympodial and 

monopodial branches, height to node ratio, and number of square, flower, small bolls and 

mature bolls were counted every two weeks starting from squaring time (Fig 2.11 (b)). 

Number of cotton plants per plot were counted and recorded for the calculation of population 

per hectare. Based on this growth assessment, necessary measures for regulating crop growth 

could be carried out. If there was excessive vegetative growth, plant growth regulators such as 

pix can be sprayed or mechanical topping of cotton crops can be carried out. If poor growth 

condition occurred, organic or inorganic fertilizer application or foliar fertilizer applications 

can be carried out to promote crop growth. In the data analysis for comparing the differences 

among treatments, data collected at 21 days after sowing (DAS), 45 DAS and 60 DAS, 

respectively were used. 

Cotton was picked three times manually starting from the time of 50% boll opening. Cotton 

bolls, flowers and buds can be seen in figure 2.11 (c). The first picking was done in the first 

week of July 2013, the second picking was done in the third week of July 2013 and the third 

picking was done in the first week of August 2013. Seed cottons from the middle four rows 

were collected separately and weighed and average seed-cotton weight per boll (grams) was 

recorded as representative boll weight to compute per hectare yield.  

Seed cotton yield kg ha-1= boll wt. * number of open bolls per plant* 

total number of plant ha-1 / 1000 

 Equation (8) 
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(a) 

 
(b) 

 
(c) 

Figure 2.11:(a) Cotton seedlings, two weeks after germination (b) Cotton plant at the time of 
squaring (c) Cotton plant with squares, bolls, and flowers at the time of boll setting (Photo 
source: by Author) 

2.6 Soil Sampling 

To test the initial soil properties of experimental site, soil samples were taken from 0.15 m, 

0.30 m and 0.45 m depths of soil profile before starting rice experiment. Four Steel cylinders 

were driven into each 0.15 m soil depth horizontally by using a hammer and then carefully 

dug out from the soil, covered with the plastic caps and stored less than 10°C. Steel rings have 

the inner volume of 100 cm3 with an internal diameter 57 mm and height 40.5 mm. 

After harvesting rice and cotton, soil samples for measuring water retention and bulk density 

were collected from two random places of experimental plots from 0-0.1 m depth by using the 

steel cylinders and stored less than 10°C.  

Soil samples for measuring other physical, chemical and biological properties were taken 

randomly from 10 places at 0-0.2 m depth of each experimental plot. After air-dried, soil 

samples were thoroughly mixed and 1 kilogram composite sample per plot was taken and put 

into the plastic bags and stored in the cool dry place. All soil samples were brought to the 

laboratory of the Institute of Ecology, Lüneburg University to measure the properties. 
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2.7 Laboratory Analyses 

2.7.1 Laboratory analysis of soil physical and chemical properties 

Determining grain size distribution with sedimentation and hydrometer measurement 

DIN 18 123 (Elutriation analysis) 

Soil textural analysis was carried out by hydrometer method (Bouyoucos, 1962).This method 

was used when over 10% of the grains are smaller than 0.063 mm (Urban, 2002). Since soil 

samples from the experimental site were fine textured soils, sedimentation method was used 

for the determination of grain size distribution. Texture analysis was replicated 3 times for 

each of 18 experimental plots.  

Air dried soils of three replications for each treatment were weighed and 40 g each of soil 

samples were sieved through 0.063 mm sieve. Soil samples were washed on the sieve with a 

brush to flow down into the container tray underneath the sieve by using 700 ml distilled 

water and 25 ml sodium phosphate solution. Sodium phosphate was used as dispersant. The 

dispersant was prepared by adding 20 g of Na4P2O7.10 H2O into distilled water and the 

solution was filled with distilled water up to 1000 ml.  

Silt and clay portions of the samples were collected in the containers. The rest of the sample 

left on the sieve was collected and dried in oven at 105°C for dry sieving. 

Finer portion of the samples were placed into a 1000 ml glass cylinder and filled with distilled 

water up to 1000 ml. Cylinders together with soil solution were left for one night to measure 

in the next day. 

In the next day, the cylinders were closed with the rubber stoppers and thoroughly shaken. 

Then the stoppers were removed from the cylinders and aerometer spindle was put inside the 

cylinder. The value of the point on the spindle touching with the surface of water in the 

cylinder was read and noted.  

Aerometer reading times were 30 sec. 1 min. 2 min. 5 min. 15 min. 45 min. 2 hr. 6 hr. 24 hr. 

After 5 minute reading, spindle was taken out from the cylinder and temperature was 

measured before the next measurement. After measuring temperature, spindle was placed into 

the cylinder for the next measurement. This procedure was repeated for every measurement. 

After finishing sedimentation measurement, soil solutions from the cylinders were transferred 

to the weighed glass containers and let them dry overnight in oven at 105°C. After drying, dry 

soil samples and glass containers were weighed and the weight of dry soil was recorded. This 

weight was included in grain fraction calculation. 
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After measuring the sand, silt and clay particle distributions, soil samples were assigned to 

textural classes with the help of a textural triangle.  

Bulk density  

Bulk density was calculated based on fresh weight and oven dry weight of soil samples taken 

with the steel rings. Bulk density measurement was replicated two times for each 

experimental plot. Altogether 36 samples were measured for 18 experimental plots. 

The fresh weight of each sample was measured and placed in oven at 105°C for 48 hours. 

Oven dry weight was measured again and gravimetric water content was calculated based on 

oven dry weight. 

Bulk densities were calculated using the following formula: 

Bulk density (g cm-3) = W2-W1 (g)/V (cm-3)  Equation (9) 

Where, W1 and W2 are weights of moist and oven-dry soils respectively, and V is the volume 
of soil core.  

Moisture content and dry weight 

DIN 19 683, page 4  

Moisture content is the quantity of moisture contained in a soil. It is expressed in weight 

percent, based on the soil dried at 105°C (Urban 2002). 

Each 10 g of soil samples were placed in crucibles and weight of empty crucible and weight 

of crucibles together with soils were noted. Sample testing repeated three times. Crucibles 

with soil samples were put in the drying chamber at 105°C for over-night until the sample 

weight reached stable condition. The next day, dry samples were taken out from drying 

chamber and let cool in the desiccator. After cooling, dry samples and crucibles were weighed 

and noted. 

Moisture content % = ((Bmoi –  Cdry ) / ( Cdry – A ))*100  Equation (10) 
 

Dry substance % = (100 / (100 + moisture cont. %))* 100  Equation (11) 
 

Where; 

A = weight of crucible 

Bmoi = weight of moist sample  

Cdry = weight of dry sample 
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Field capacity, permanent wilting point and plant available water 

Undisturbed soil core samples with steel rings were covered with plastic caps at both sides of 

the rings and the samples were kept at temperature less than 10°C.  

Ceramic suction plate was used to measure water content at soil matric suction in the range of 

10 kPa to 80 kPa. For the measurement of soil water in the laboratory, steel rings with the 

soils were placed on the waterbed until they are well saturated and then drained under 

specified suction power in two steps, 10 kPa for field capacity (PF 1.8) and 60 kPa for refill 

point (PF 2.5). 

 Permanent wilting point (PF 4.2) was measured at 1500 kPa suction. For measuring pf 4.2, 

pressure plate method (Richard’s pressure plate apparatus) was applied. Pressure plate 

apparatus has a pressure chamber enclosing a water-saturated porous plate, which allowed 

water but prevented airflow through its pores. The porous plate was open to atmospheric 

pressure at the bottom surface, while the top surface was at the applied pressure of the 

chamber. Sieved soil samples (< 2mm) were placed in the retaining rubber rings in contact 

with the porous plate and left to saturate in water. After saturation was attained, porous plates 

with the saturated soil samples were placed in the chamber and a known gas (air) pressure 

was applied to force water out of the soil. Flow continued until equilibrium between the force 

exerted by air pressure and the force by which soil water was held by the soil (ψm) was 

reached. That process was let to continue for seven days since the soil was fine textured sandy 

loam soil and it held water very strongly within small pores. Following equilibrium between 

soil metric potential and the applied air pressure, soil samples were removed from the 

pressure plate, weighed, and oven dried for gravimetric determination of water content. The 

sample’s bulk density was needed to know to convert θm to θv since the samples used in this 

measurement were disturbed samples. Bulk density value was calculated during the 

measurement of pF 1.8 and 2.5 by using steel rings. Volumetric water content was determined 

by multiplying gravimetric water content with bulk density.  

Total carbon, total nitrogen and C/N ratio (DIN 51732) 

Total carbon and nitrogen was measured by combustion method by using 2400 Series II 

Perkin Elmer CHN/O elemental analyser, U.S.A. 

10 g of air-dried and 2 mm sieved soil samples were weighed in crucibles and placed in a 

drying chamber at 105°C for one night. The next crucibles were taken out from the drying 

chamber and put in the desiccator for cooling. Cooled samples were ground by mixer mill 

(Retsch MM 400, Haan, Germany) to 350 μm. Grounded soil samples were weighed for 20 
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mg in tin capsules using a micro scale. Samples were triplicated for each measurement 

(treatment) and mean values were taken for statistical analysis. 

C/N ratio = total C% / total N%  Equation (12) 

The results obtained were used to assess the soil quality by C/N ratio evaluations in table 2.1. 

Table 2.1: C/N ratio evaluation (C/N ratio from Kunze, Roeschmann, and Schwerdtfeger: 
Pedology, 5th edition) (Urban, 2002)  

Under 10 With a close C/N ratio under 10, the supply of C is quickly exhausted; humus may 
decline 

10 to 20 With C/N ratio between 10 and 20, carbon mineralisation through soil microorganisms 
occurs relatively quickly. The C/N ratio of good arable soil is between 10 and 13. 

Over 20 If the C/N ratio in tilled soil is greater than 20, C decomposition is hindered. 
Microorganisms consume nitrate, meaning there is none for the cultivated plants. There 
is a deficiency of N, and the development of the microorganisms is increasingly 
hindered. When crop residue containing a great C/N ratio is added to soils, the C/N ratio 
is even greater after the decomposition process. 

 

Soil microbial respiration  

Soil respiration was measured with a respirometer BSBdigi O2/ BSBdigi CO2 (SELUTEC 

GmbH, Hechingen, Germany). In this measurement, oxygen consumption was recorded 

continuously before and after glucose addition (Nordgren 1988). Basal respiration rate 

(oxygen consumption mg day-1) before glucose addition (BR) measured total microbial 

activity in soil. Substrate induced respiration (oxygen consumption mg h-1) after glucose 

addition (SIR) measured the active soil microbial biomass. Soil microbial respiration 

measurement was carried out with three replications. 

Before measuring soil samples for respiration, there were some steps to prepare the samples. 

Soil samples were sieved by using 2 mm sieves and were weighed for 150 g, adjusting soil 

moisture at 60% water holding capacity. These moist soils were incubated at 20°C in the 

respirometer chamber for two to three days.  

Measuring soil dry weight and water holding capacity 

To prepare the samples for incubation and subsequent measurements of soil microbial 

respiration 60% water holding capacity was measured. Since soil samples taken from the 

experimental plots were air-dried, it was needed to set the samples at the same moisture level. 

Three replications of 10 g soils were weighed in crucibles and moisture content was 

calculated after drying in drying chamber at 105°C. Calculation was the same as mentioned in 
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moisture content and dry weight calculations. This measured dry weight was used in 

calculating 60% water holding capacity of soil samples.  

Water holding capacity was measured according to German Standard E DIN ISO 14238-2011. 

Three replications of 20 g soils were weighed in plastic cylinders for maximum water holding 

capacity measurement. Cylinders were placed on waterbed for two hours. At the same time, 

sand bed was prepared and moistened by letting water flow inside the sand bed for two hours. 

After that water outlet hole of sand bed was closed with a rubber stopper and cylinders from 

waterbed were transferred onto the sand bed. Bases of the cylinders that were sealed with 

permeable membranes should have well contact with the surface of sand bed so that water 

soaked in the soils in cylinders would diffuse through the semi-permeable membranes. After 

three hours on sand bed, cylinders were gently removed from the sand bed, and any water 

drop remained on cylinder and semi-permeable membrane was wiped out and weighed. 

Weights of empty cylinders, dry soils and cylinders and moist soils and cylinders were 

carefully noted for calculation. 

Mass of dry soil = (mass of soil sample * dry matter %) /100  Equation (13) 

 

Water hold in soil samples (mass of water) = (W2 - W1) - 

(mass of dry soil) /100 

 Equation (14) 

 

Maximum water holding capacity = 100 * (mass of water 

/mass of dry soil) 

 Equation (15) 

 

60% water holding capacity = (60 * maximum water 

holding capacity) / 100 

 Equation (16) 

Where W1 is total weight of soil and cylinder before putting onto waterbed and W2 is total 

weight of soil and cylinder after putting onto waterbed. 

Soil respiration was measured in triplicate in respirometer chamber. Total 150 g of dry soils 

were weighed and required amount of water was added to those dry samples to reach 60% 

water holding capacity. Glass containers with soil samples of 60% moisture content were 

placed in the incubator for 3-5 days. After 3-5 days, 150 g of moist and incubated soil samples 
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were divided into three 50 g samples, and placed in the bottles. Those bottles with the samples 

were put into the respirometer to measure the microbial respiration.  

Measurement of basal respiration (BR) took 7-10 days and the results were recorded.  

Recorded results were basal respiration per 50 g soil. Oxygen consumption per day per 100 g 

soil was calculated by multiplying the average oxygen consumption by 2. 

To convert oxygen consumption, mg h-1/100 g DM to CO2 released in BR, mg CO2 kg-1 dry 

matter (DM), the following equation was used: 

mg total organic carbon (TOC) kg-1DM = O2 consumption  

(mg   day-1/100 g DM) 

*1.375*10 

 

 Equation(17) 

Here, factor 1.375 was used to calculate the amount of total organic carbon from hourly 

oxygen consumption. 

To assess the substrate-induced respiration (SIR), glucose was added to the samples 

subsequently and the samples were left for further 3-5 days in the respirometer chamber. 

Oxygen consumption in mg h-1 per 100 g dry soil was calculated to estimate SIR with the 

same calculation as in BR. 

mg microbial organic carbon 

(Cmic) kg-1 DM  

= O2 consumption (mg 

h-1/100 g DM)*28*10 

 
Equation (18) 

Here, factor 28 was used to calculate the microbial organic carbon from the hourly oxygen 

consumption. 

pH 

VDLUFA (1991) Book of Methods A 5.1.1  

Soil pH was measured in a 0.01 mol l-1 CaCl2 solution at 1:5 mass to volume ratio. Samples 

were air dried and sieved in 2 mm sieve. 10 g of air-dried soil samples were weighed and 

placed in 50 ml beaker glass.  50 ml of 0.01 mol l-1 CaCl2 solution was added to the beaker 

containing the soil and stir with a glass rod. The solution was left for one hour and stirred 

occasionally. pH value was measured by pH-meter (pH730, WTW GmbH, Weilheim, 

Germany). Measuring pH for each sample was repeated three times and average value was 

recorded for statistical analysis. 
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Table 2.2: pH value evaluation: classification of soil reaction (Pedological mapping 
instructions 1994) (Ad-hoc-Arbeitsgruppe-Boden, 2005) 

Classification of soil reaction 

7.0 Neutral   

6.5-7 Very slightly acidic 7-7.5 Very slightly alkaline 

6-6.5 Slightly acidic 7.5-8 Slightly alkaline 

5-6 Somewhat acidic 8-9 Somewhat alkaline 

4-5 Strongly acidic 9-10 Strongly alkaline 

3-4 Very strongly acidic 10-11 Very strongly alkaline 

<3 Extremely acidic >11.0 Extremely alkaline 

 

Soluble salt content (Salinity) 

VDLUFA, Book of Methods 1 (1991) 

Soil samples were sieved by using 2 mm sieves. Soil solution was prepared by adding 100 ml 

distilled water to 10 g soil and shake on the shaker for one hour and electrical conductivity 

was measured by using EC meter. Salt content was calculated by using the following 

equation: 

Salt content in % (calculated as KCl) = EC (mS/cm) *0.528  Equation (19) 

 

Carbonate content 

VDLUFA (German Agricultural Testing and Research Agency), Book of Methods Vol. 1 

(1991). Soil Exploration, Method A 5.3.1 

Carbonate content was measured by using calcimeter (Eijkelkamp, EM Giesbeek, The 

Netherlands). Sample preparation and analysis was carried out according to the instruction 

book provided for the calcimeter.  

2.5 g of 2 mm sieved air-dried soil samples were first treated on a watch glass with 1 ml 

hydrochloric acid. Carbonate content was estimated over the time of bubbling lasts. Based on 

bubbling, carbonate content of the samples were assumed as less than 20 g kg-1and 10 g of 

soil samples was used for carbonate content measurement. Carbonate measurement was done 

by three replications. There were altogether 54 samples measured in the laboratory because 18 
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samples from each experimental plot (from 6×3 RCB experiment) were again replicated 3 

times for laboratory measurements. 

Preparing samples for blank measurement 

Two reaction vessels were filled with 20 ml distilled water to determine the blank value. For 

blank measurements, starting point of water level in the burettes was set at 20 ml and 80 ml 

and the average of these two measurements was used as blank value. Small test tubes were 

filled with 7 ml hydrochloric acid, and were placed in each reaction vessels without letting 

acid to spill onto water by using a pair of tweezers.  

Preparing sample for standard measurement 

To measure standard CaCO3, 0.4 g and 0.2 g of dry calcium carbonate were  placed in 

reaction vessels and 20 ml distilled water was added into it. Small test tubes were filled with 7 

ml hydrochloric acid (4-mol l-1) and placed in each reaction vessel by using a pair of tweezer. 

Average value of the CO2 resulted of these two measurements was used as standard CaCO3. 

Preparing for sample measurement 

Samples were weighed for 10 g, and were put into the reaction vessels. 20 ml of distilled 

water was added to the reaction vessels with soil samples. Small test tubes were filled with 7 

ml hydrochloric acid, and were placed in each reaction vessels without letting the acid to spill 

onto the samples by using a pair of tweezers. Starting point of water levels in the burettes was 

set at 3 ml for measuring standard calcium carbonate and sample measurement.  

After preparing blank, CaCO3 standard and soil samples, reaction vessels were closed with the 

stoppers dampened with distilled water. Reaction vessels were tilted to let the hydrochloric 

acid flow from the test tube over the samples and for the initiation of the reaction. CO2 gas 

produced would lower the level of the fluid in the burette. Reaction vessels were shaken until 

the sinking of the fluid stop at one measuring point. The point where the fluid stopped was 

read and initial value 3 ml was subtracted from the readings. 

The carbonate content was calculated with the formula: 

w (CaCO3) = 1000* (C (V1-V3) / (m1 (V2-V3)) * 

(100+w(H2O)) / 100 

 Equation (20) 

Where: 

w (CaCO3) = the carbonate content (g kg-1) of oven-dried soil 
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m1 = the mass (g) of the test portion (sample) 

m2 = the mean mass (g) of the calcium carbonate standards 

V1 = the volume (ml) of CO2 produced by reaction of the test portion (sample)  

V2 = the mean volume (ml) of CO2 produced by CaCO3 standards 

V3= the volume change (ml) in the blank determinations (this volume can be negative) 

W (H2O) = the water content, expressed as a percentage by mass, of the dried sample, 
determined according to ISO 11565 

Available potassium 

Calcium-Acetate-Lactate (CAL) Method; VDLUFA Book of Methods (1991), Volume 1, Soil 

Exploration, Method A 6.2.1.1 

Plant available potassium was washed out and filtered with the aid of calcium-acetate-lactate 

solution. 5 g air-dry soil was mixed with 100 ml extracting solution in 500 ml plastic bottle. 

Plastic bottles with soil solution were shaken for 90 minutes on the shaker. Then filtered and 

the first filtrate was discarded. Filtered solution was stored in plastic bottle before the 

measurement. 

Extraction solutions  

Stock solution (solution A) was prepared by mixing the dissolved 77.0 g calcium lactate 

(C6H10CaO6+5H2O) in hot dist. H2O, dissolved  39.5 g calcium acetate ((CH3 COO)2 Ca.H2O 

in hot dist. H2O and 89.5 ml pure acetic acid CH3 COOH. Distilled water was added to this 

mixture to reach up to 1 Liter. 

Working solution (solution B) was prepared by adding water to 200 ml stock solution to get 

1L working solution. pH value was 4.1. 

Determining K 

4 ml aliquot was pipetted into measuring vessel and 6 ml water was added into it. K value was 

measured by ICP OES Perkin Elmer optima 3300 RL plasma spectrometer, USA (wavelength 

259.372 nm). Measurement was done with three replications and average values were 

recorded for statistical analysis. 
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Total exchangeable cations  

Exchangeable cations were extracted by the barium chloride-triethanolamine method of 

Mehlich (1938) which is buffered at pH 8.2. Triethanolamine (85%) 100 ml was diluted with 

1,000 ml of water and partially neutralise with HCl to adjust to pH 8.1 to 8.2. The solution 

was mixed with 2 liters water to make a 2-liter solution containing 250 g BaCL2.2H2O. 

Soil samples were air dried and weighed for 5 g and placed in centrifuged tubes. Samples 

were mixed with barium chloride triethanolamine and centrifuged for 5 minutes by 3000-rpm 

min-1. Centrifugation was done by three times and decants were collected in 250 ml plastic 

bottles. In collection of decants, centrifuged solutions were filtered by using the filter papers. 

First filtrate must be thrown away. Barium was again exchanged by using magnesium 

chloride solution (25 gm MgCl2×2H2O). Like the former centrifugation, solutions were 

centrifuged for three times. Centrifuged solutions were filtered and collected in 250 ml plastic 

bottles. 

Before measuring the ion concentration, sample solutions were acidified with 2 drops of conc. 

HNO3. This dilution depends on the measuring capacity of spectrometer. Ion concentrations 

were measured by ICP-OES Perkin Elmer optima 3300 RL plasma spectrometer, U.S.A 

(wavelength 259.372 nm). Measurement was done with three replications. 

The resulted element concentrations were converted to cation concentrations with the 

following equations: (www.uidaho.edu) 

Ca2+ me /100g (cmolc kg-1) = mg/1000-mL (ppm)* mL extract g-1 soil* dil. factor/20.04 mg 
meq-1 * 1/10 

Mg2+ me/100g (cmolc kg-1) = mg/1000-mL (ppm)* mL extract g-1 soil* dil. factor/12.15 mg 
meq-1 * 1/10 

Na+ me/100g (cmolc kg-1) = mg/1000-mL (ppm)* mL extract g-1 soil* dil. factor/22.99 mg 
meq-1 * 1/10 

K+ me/100g (cmolc kg-1) = mg/1000-mL (ppm)* mL extract g-1 soil* dil. factor/39.10 mg 
meq-1 * 1/10 

Sodium adsorption ratio (SAR) was calculated with the following equation: 𝑆𝐴𝑅 =  𝑁𝑎√𝐶𝑎 + 𝑀𝑔2  
 

Equation (21) 
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Where: Na, Ca and Mg are respectively sodium, calcium, and magnesium concentrations in 
me l-1. 

Exchangeable sodium percent (ESP) was calculated with the following equation: 

𝐸𝑆𝑃 =  𝐶𝑜𝑛𝑐. 𝑁𝑎 +𝐶𝐸𝐶  × 100 

 

 
Equation (22) 

2.7.2 Laboratory analysis of biochars  
pH (CaCl2): DIN ISO 10390 

5 g each of the air-dried biochar samples (< 2mm) were placed in a glass vessel. Five times 

the volume (25 ml) of a 0.01 M CaCl2 solution was added. Suspension was stirred for 1 hour. 

pH value was measured with a pH meter for three times. Average values of each sample were 

recorded as soil pH of respective treatments. 

Electrical conductivity (salt content) - Method of the BGK (2003)   DIN ISO 11265  

To measure salt content, each of 10 g of biochar samples were mixed with 100 ml double 

distilled water and shook it for 1 hour. After shaking, biochar solution was filtered and 

conductivity was measured in the filtrated water. Measurement was replicated three times and 

average value was computed for statistical analysis. Correction of temperature was 

automatically done in the measuring device. Electrical conductivity was given for a solution 

at 25°C. Salt content was calculated using the factor 52.8 [mg KCl l-1] / [10-4cm-1] and was 

given in mg KCl l-1.  

Total carbon and nitrogen measurement of biochar samples 

CHN: DIN 51732 

Biochar samples were dried at 105°C and ground with Retsch mixer mill (MM 400), Haan, 

Germany. Ground samples were weighed for 2 mg and put into tin capsules. Total carbon, 

hydrogen and nitrogen percent were measured with Perkin Elmer CHN analyser U.S.A 

(Modell 2400). Samples were measured with three replications. 

Determination of ash content of biochars  

Ash content (550°C) analogue DIN 51719 

Ash content and moisture content of biochars were determined in an open crucible. Ash 

content was measured with two replications and average value was used as the ash content of 
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the respective biochar material. Total biochar samples measured for ash analysis were eight 

samples for four kinds of biochars.  

First, 1.0 g each of the biochar samples were weighed and placed in a muffle furnace 

previously heated to 105°C, and kept for 1 hour. After that, the crucibles were left to cool at 

room temperature in a desiccator, and their weight was recorded. The difference in the mass 

loss was considered as moisture content. The crucibles were placed again in the furnace and 

heated to 550°C for 6 hours. After slowly cooling down to room temperature inside the 

furnace, the crucibles were weighed. Ash content was determined by subtracting the weight of 

crucible from the weight of ash and crucible. 

Determination of the labile and stable carbon fractions of biochars 

McLaughlin et al. (2009) modified the two ASTM (American Society for Testing Materials) 

tests for coals to the test methods, modified thermal analysis methods that were relevant for 

testing biochar. Original ASTM tests intended to predict the performance of coal that would 

be used as fuel.  According to McLaughlin et al. (2009) as biochar would be used as soil 

amendment, not as fuel, testing procedures would be needed to modify. There were two 

testing methods- (1) proximate and (2) ultimate analyses. In proximate analysis, moisture 

content, volatile matter (gases released when coal is heated), fixed carbon (solid fuel left after 

the volatile matter is driven off, but not just carbon), and ash (impurities consisting of silica, 

iron, alumina, and other incombustible matter) are measured.  Ultimate analysis determines 

the amount of carbon, hydrogen, oxygen, nitrogen, and sulphur. In the current measurement, it 

was concerned with the proximate analysis as the objective of the analysis was for 

partitioning of biochar carbon.  

Resident matter and mobile matter (the sum of mobile carbon and mobile hydrogen and 

oxygen) were determined based on the calculation of weight losses by burning biochar 

materials at different temperatures (105°C, 450°C, 550°C and 900°C) in a muffle furnace in 

the laboratory. According to the modified thermal analysis methods, threshold temperature for 

drying biochar samples was 105°C and vaporising the mobile matter away from the resident 

matter was 450°C. The ashing temperature was 500°C-550°C. Volatile matter content of 

biochar materials was measured after heating with 900°C temperature. 

Mobile matter was obtained by calculating weight loss of biochar materials after heating 

450°C for 1 hour. Weight loss between 105°C and 450°C was considered as mobile fraction 

because fraction of total carbon in biochar degrades during the early period after application 

of biochar to soil (McLaughlin et al., 2009). First, 1.0 g of biochar was weighed, in duplicate, 
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placed in a muffle furnace previously heated to 105°C, and kept for 1 hour. After that, the 

crucibles were left to cool at room temperature in a desiccator, weighed, and recorded. 

Crucibles and 105°C dried biochars were placed to muffle furnace at 450°C for 1 hour for 

removing the organic molecules produced during pyrolysis that exist on the surface of the 

biochars (Joseph et al., 2009).  

Measuring ash content has already presented in the previous section. To determine the volatile 

matter, biochar samples were heated at 900°C in muffle furnace for 7 minutes, cooled down 

in the muffle furnace, and weighed. Weight loss after heating at 900°C was considered as 

volatile matter content, as volatile matter would be released by dehydration of biochar 

particles at that temperature. The amount of volatile free char particles was accounted as fixed 

carbon amount. Fixed carbon percent was obtained by subtracting the moisture content, 

biochar weight loss after 900°C heating process and ash content from 100. Samples were 

replicated to three in every measurement and average value was recorded for statistical 

analysis. 

Exchangeable cations of biochar materials 

Extraction of exchangeable cations from biochars was carried out according to the same 

procedure as the extraction of exchangeable cations from soil samples by using barium 

chloride-triethanolamine method of Mehlich (1938). Ion concentrations were measured by 

ICP-OES Perkin Elmer optima 3300 RL plasma spectrometer, U.S.A (wavelength 259.372 

nm). Measurement was done with three replications and average value was used for statistical 

analysis. 

Water holding capacity (WHC)  

DIN ISO 1438-2011 

Biochars were sieved with 2 mm sieve and 3 g were weighed and placed to plastic cylinders. 

There were three replications for each measurement. Samples were soaked in water for 24 

hours. After that, cylinders were placed on a dry sand bed for 3 hours for removing free water. 

After three hours on sand bed, cylinders were gently removed from the sand bed. Any water 

drop remained on cylinder, and semi-permeable membrane was wiped out and weighed. 

Weights of empty cylinders, dry soil and cylinders and moist soil and cylinders were carefully 

noted for calculation. Calculation of water holding capacity of biochar was the same as the 

calculation of water holding capacity of soils as mentioned above. 
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Total carbon and nitrogen measurement of plant samples 

Rice leaves and straws were first air dried and cut into 2 mm sizes and dried in the drier at 

65°C for 6 hours. Dried leaf and straw cuttings were ground with Retsch ultra-centrifugal mill 

(ZM 200, Haan, Germany). Samples were weighed 2 mg into tin capsules and total carbon, 

nitrogen and hydrogen percent were measured in 2400 Series II Perkin Elmer CHNS/O 

elemental analyser, U.S.A. Measurement was repeated three times. Mean values were used for 

statistical analyses. 

To measure total carbon and total nitrogen of cotton leaves and petioles, fifteen leaf samples 

were collected randomly from cotton plants of the experimental plots. Third fully matured 

leaves on the main stem of cotton plants were collected and petioles were separated from the 

leaves in the field. Leaves were cleaned, air-dried, and kept in paper bags before bringing to 

laboratory. Leaves were ground by using Retsch ultra-centrifugal mill (ZM 200). Petiole 

samples were ground by using Retsch mixer mill (MM 400, Haan, Germany). Ground 

samples were weighed for 2 mg, total nitrogen and total carbon content were measured in 

Perkin Elmer CHNS/O analyser, U.S.A. Measurement of carbon and nitrogen content of 

cotton leaves and petiole samples were done by three replications. 

2.8 Modelling 

2.8.1 Denitrification Decomposition Model (DNDC) 

In this study, denitrification decomposition model (DNDC version 9.5) (DNDC (2012) was 

used to predict the effects of NPK fertilizer application, and biochar soil additions on SOM 

dynamics, crop yields and GHG emissions. 

Several of SOM models currently in use were first developed in the late 1970s and early 

1980s (e.g. Jenkinson and Rayner, 1977; Parton et al. 1983). Despite their diversity, most of 

these models share some basic assumptions which include the representation of SOM as 

multiple pools (or as a quality spectrum) with differing inherent decomposition rates, 

governed by first-order rate constants modified by climatic and edaphic (e.g. soil physical 

attributes) reduction factors (Paustian, 2001). To facilitate the scientific progress in predicting 

the effects of SOM on changes in land-use, agricultural practice and climate, a network of 

SOM modellers and long-term data holders, the global Soil Organic Matter Network 

(SOMNET) was established during 1995. SOMNET has since attracted contributions from 29 

leading SOM modellers and over 70 long-term experimentalists from all around the world. 

Global distribution of models and long-term experiments participating in SOMNET were 42 
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experiments and 18 models in Europe, 10 experiments and 7 models in North America, 3 

experiments in South America, 3 experiments in Africa, 8 experiments and 3 models in 

Australia, and 10 experiments and 1 model in Asia (Smith et al., 1996a, Powlson et al., 1997, 

Smith et al., 1996b, 1997). DNDC is one of the models developed and updated based on the 

data from long-term experiments conducted in North America, Europe and Asia.  

Denitrification-Decomposition (DNDC) model is a process-oriented computer simulation 

model of carbon and nitrogen biogeochemistry in agro-ecosystems (Fig. 2.12) .DNDC version 

(9.5) consists of two components and six sub models. The first component, consisting of soil 

climate, crop growth and decomposition sub-models predicts soil temperature, moisture, pH, 

redox potential (Eh) and substrate concentration profiles driven by ecological drivers (e.g. 

climate, soil, vegetation and anthropogenic activity). The second component, consisting of 

nitrification, denitrification and fermentation sub-models, predicts emissions of carbon 

dioxide (CO2), methane (CH4), ammonia (NH3), nitric oxide (NO), nitrous oxide (N2O) and 

dinitrogen (N2) from the plant-soil system.  Input data includes climate drivers, soil features, 

crop parameters, and farming practices. The output includes soil carbon and nitrogen pools 

and fluxes, crop growth and yield, nitrate leaching, water leaching and trace gas emission 

(User’s guide for the DNDC model (version 9.5)). 

 

  

INPUT                                                      MODEL                                             OUTPUT 

  

 

 

 

 

 

 

 

Figure 2.12: Overall structure of DNDC model  

Source: Zhang, Y.et al. / Ecological Modelling 151 (2002) 75–108 
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DNDC model (version 1.0-7.0), was first developed by Li et al. in 1992.  This first version 

contained three sub-models: (1) soil-climate/thermal-hydraulic flux sub-model, (2) 

decomposition sub-model, and (3) denitrification sub-model. These sub-models simulated 

N2O and N2 emissions. Crop growth was estimated using a generalized crop growth curve (Li 

et al., 1994). Therefore impact of climate on crop growth and soil conditions were not 

accounted by the model (Zhang et al., 2002). During two decades, modifications of DNDC 

model were made by the developers aiming to bridge the gaps either in functions or in regions 

(Gilhespy et al., 2014). 

The development of Crop-DNDC by integrating detailed crop growth algorithms to the 

existing soil biogeochemical model was reported by Zhang et al. (2002). In the Crop-DNDC 

model, crop growth was simulated not only by tracking crop physiological processes 

(phenology, leaf area index, photosynthesis, respiration, assimilate allocation, rooting 

processes, and nitrogen uptake), but also calculating water stress and nitrogen stress, which 

were closely related to soil biogeochemical processes and hydraulic dynamics (Fig.2.13 and 

Fig. 2.14). Due to the availability of crop DNDC model to simulate crop yields, soil carbon 

sequestration and greenhouse gas emission, it can be deployed for simultaneously predicting 

the effects of changes in climate or management on crop yield, soil carbon sequestration and 

trace gas emissions. This crop DNDC model was the origin of the newer versions of DNDC. 

According to Ponce-Hernandez (2004) selection criteria of a model are: 

 Required inputs for the model ought to match available data in the databases. 

 Output variables generated by the model need to satisfy the objectives of the 

modelling exercise. 

 The model should have been adapted to the particular conditions of soil, climate and 

land management of the site or region. 

 Simulation model should offer the management options that need to be modelled. 

 The level of accuracy of estimates from the model should be within the target 

accuracy required by the project. 

 There is reported evidence that the model has performed well in ecological 

circumstances similar to those of the site of concern. 

 Accessibility and ease of the use together with the implicit assumptions in the model 

about the user’s technical background 

DNDC model was calculated and validated in Asian countries such as China, Thailand, Japan 

and the crops include both upland and lowland crops. There were researches that estimated 



51 

 

soil organic matter dynamics and greenhouse gas emissions from cropping systems due to the 

impact of different management practices using DNDC model in South East Asia region (Cai 

et al., 2003).  

Pathak et al. (2005) studied the greenhouse gas emissions from Indian rice fields. The study 

suggested that the model could be applied for estimating GHG emissions and the influences 

of agronomic management, soil and climatic parameters on GHG emissions from rice fields in 

India.  

Although daily weather was needed, climate data set of one year can be applied for all 

simulated years. Input methods are simple and user familiar. Modification of crop data can 

easily be done if the model user has sufficient agronomic background knowledge. Crops 

included in DNDC model are both lowland crops and upland crops. Since the model was 

validated for rice crop under flooded condition, cultivation method is consistent with the 

method that was used in this study.   
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B: Nitrogen process 

  

 Source: Y. Zhang et al. / Ecological Modelling 151 (2002) 75–108  
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Figure 2.13: (a) Soil carbon and (b) nitrogen pools and their transformation processes 
considered in the Crop-DNDC model (based on Li et al., 1992a) 
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Source: Zhang,Y.et al. / Ecological Modelling 151 (2002) 75–108 
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Figure 2.14: The scheme of the crop sub model (rectangles indicate state variables, 
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2.8.2 Preparation of input data for modelling 

Daily minimum and maximum temperature and rainfall data were obtained from Shwe Daung 

farm where field experiment was conducted. Daily data of wind speed, humidity, maximum 

and minimum temperature were obtained from Meikhtilar weather station that is located 33 

km southwest of Shwe Daung farm.  

All of soil input data was obtained from the laboratory analyses of soils (Table 2.3). Crop data 

on yield, crop biomass fractions and biomass C/N ratio were obtained from the data collected 

from NPK fertilizer application treatment of field experiments and literatures (Table 2.4). 

Crop yields (grain C kg ha-1) were calculated by multiplying the crop yields from field 

experiments with carbon content of rice grain, chickpea grain and cotton boll. 

Management data of rice, chickpea and cotton cultivation followed the management practices 

applied in field experiments conducted for this research (Table 1.1, 1.2 1.3 and 1.4 of 

Appendix). 

Input data of carbon and nitrogen was calculated based on soil bulk density that was measured 

in laboratory during water retention measurement (Table 2.5); total carbon and nitrogen of 

applied biochar materials were measured by Perkin Elmer CHNS/O analyser, U.S.A.  

 Biochar total carbon was partitioned into fixed carbon and mobile carbon fractions (Table 

2.6). How to obtain the fixed carbon and mobile carbon fractions were presented in Chapter 

2.6.2. Partitioning of fixed carbon and mobile carbon was needed because labile carbon was 

applied as ‘manure carbon’ in the crop management section of DNDC model. Although 

biochar is non-biodegradable, it could be degraded by very slow, non-biological, ambient 

temperature reactions between carbonized biomass and atmospheric oxygen (McLaughlin et 

al., 2009). Fixed carbon fractions of biochars were added as soil organic carbon input data 

under the category ‘soil’. Since fixed carbon can degrade through the time that fixed carbon 

fraction was partitioned into different fractions of SOC pools: V.I. litter: fraction of very 

labile litter pool; Resistant Litter: fraction of resistant litter pool; Humads: fraction of humads 

(active humus) pool; Humus: Fraction of passive humus pool; and char C (Table 2.7). Mean 

of the partitioning of SOC pools was according to the default parameters provided by the 

model. 

Mobile carbon was applied in modelling as the input for manure application section under the 

category ‘farming management practices’. Entering model input data for rice husk biochar, 

rice straw biochar and pigeon pea stem biochar treatments, total nitrogen and mobile carbon 

were applied as ‘manure carbon’ and ‘nitrogen’. Type of manure, which represented in model 

parameters for those three biochars was ‘straw manure’ because there was no specific manure 
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type for rice husk and pigeon pea stem biochars in model parameters of crop management 

module. For rice husk biochar + FYM mixture, manure type in the model parameters was 

‘compost’ because rice husk biochar + FYM mixture was prepared as compost before 

applying to the experimental plots.  

Table 2.3: Soil properties measured after running the field experiments used as input 
parameters in DNDC model simulation 

Parameters Rice husk Rice straw Pigeon pea 
stem 

NPK Mix Control 

Bulk density 1.6 1.7 1.7 1.8 1.8 1.8 
pH 7.6 7.7 7.7 7.8 7.6 7.5 
FC % 31 32 32 32 31 29 
PWP % 9 10 9 11 10 9.97 
Porosity 37 34 33 32 33 32 
C org kg kg-1 soil 0.01 0.006 0.006 0.005 0.005 0.005 
Total C from biochar 
(kg ha-1a-1) 

8278 13958 9239 
 

2172 
 

Fixed C % 15 2.18 23.51 
 

6.45 
 

Mobile C% 44 27 67 
 

38 
 

Fixed C kg ha-1 1320 331 2336 
 

151 
 

Mobile C kg ha-1 3875 4096 6656 
 

887 
 

Total N from biochar  
(kg ha-1a-1) 

256 118 331  37 
 

C/N ratio (mobile) 15 35 20.4  24  
 

Table 2.4: Input crop parameters for DNDC model simulation obtained from NPK fertilizer 
application treatment of field experiments  

Crops 

Yield 
(grain 
C kg 
ha-1) 

Maximum 
grain yield 

(grain C 
kg ha-1) 

Grain 
fraction 

Leaf 
fraction 

Stem 
fraction 

Root 
fraction 

Grain 
CN 

Leaf 
CN 

Stem 
CN 

Root 
CN 

Rice 1964 3000 0.40 0.26 0.24 0.10 30 39 104 45 
Chickpea 479 750 0.40 0.09 0.22 0.22 9.2 13 22 25 
Cotton 196 500 0.2 0.34 0.36 0.10 10 10 51 86 
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Table 2.5: Carbon and nitrogen input data for DNDC model simulation calculated based on 
total carbon and nitrogen of biochar materials 

Biochars Biochar 
rate (kg   
ha-1) 

Biochar 
C 
concentr
ation (%) 

Biochar 
CN 

Total C 
(kg C    
ha-1) 

Total N 
(kg N 
ha-1) 

Fixed C 
fraction 

Mobile 
fraction 

Fixed 
C (kg C 
ha-1) 

Mobile 
C (kg C 
ha-1) 

Rh biochar 20000 44 32 8278 256 0.15 0.42 4719 3560 
Rs biochar 20000 76 119 13958 118 0.02 0.28 7956 3908 
Ps biochar 20000 50 28 9239 331 0.24 0.67 3049 6190 
Rh biochar   
+FYM 

10000 23.4 32 2172 37 0.06 0.38 1347 825 

 

Table 2.6: Carbon and nitrogen input data for DNDC model simulation calculated based on 
fixed and mobile carbons of biochar materials  

Biochars 

Calculation of N and CN ratio 

Fixed C  
(kg C ha-1)* 

Total Carbon 
(kg C ha-1) 

Fixed C & N            (kg 
ha-1  a-1) 

Added mobile C&N   
(kg ha-1  a-1) 

CN C N CN C N 
Before 

biochar 
addition 

After 
biochar 
addition 

Rh biochar 500 1321 2.64 15.29 3875 253 2642 18000 20642 
Rs biochar 500 331 0.66 34.91 4096 117 662 19125 19787 
Ps biochar 500 2336 4.67 20.40 6656 326 4671 19125 23796 
Rh biochar+ 
FYM 

500 151 0.30 24.18 887 37 301 20250 20551 

* This fixed C added to model equals to the amount of carbon that was applied to two experiments. 

Table 2.7: Fixed carbon fractions used as model input for DNDC model simulation calculated 
according to the default carbon fractionation of the model 

Biochars 
Fractions 

Char C Humus Humads Resistant litter 

Rh biochar 0.1280 0.8472 0.0160 0.0087 
Rs biochar 0.0335 0.9390 0.0178 0.0097 
Ps biochar 0.1963 0.7808 0.0148 0.0080 
Rh biochar + FYM 0.0146 0.9572 0.0181 0.0099 
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2.8.3 Model testing  

Modelled crop and observed crop yields and SOC 0-0.2 m were compared and model 

accuracy was calculated. As the experiment was conducted for one round of crop rotation, 

model simulation was done for one cropping cycle and the length of cropping cycle was two 

years.  

In simulating crop yields and soil organic carbon for testing the model fitness, basic climate, 

soil and crop input data and management parameters were parameterized by NPK sole 

application treatment to obtain pure impacts of biochars for testing model performance. To 

simulate the effects of biochar application on crop yields and soil organic carbon, different 

input parameters with respect to carbon and nitrogen content of biochar materials were used. 

Fractionation of carbon and nitrogen input parameters were the same as mentioned in section 

2.7.2 for model simulation input methods. 

Fitness of DNDC model in simulating crop yields were tested by using two parameters, 

percent bias (PBIAS) and root mean square error (RMSE). RMSE percentage was calculated 

by the percent of the means of measured values. Coefficient of determination, R2 value, was 

also quantified to examine the correlation between model predictions and filed measurements. 

Root mean square error (RMSE) which estimates the variation between simulated and 

measured values, expressed the same unit as the data (Loague and Green, 1991; Xevi et al., 

1996). This parameter can be defined by the following formula: 

𝑅𝑀𝑆𝐸 = √1𝑛 ∑(𝑦𝑖 − ŷ𝑖)2𝑛
𝑖=1  

 

Equation 23 

 

Where: 

yi = measured value 

ŷi = simulated value 

n = number of observations 

RMSE value of zero indicates a perfect fit (Moriasi et al., 2007).  

PBIAS measures the average tendency of the simulated data to be larger or smaller than their 

observed counterparts do. Optimal value of PBIAS is 0.0. Positive values indicate model 

underestimation bias, and negative values indicate model overestimation bias (Gupta et al., 

1999, Moriasi et al., 2007). 
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PBIAS = 100 × ∑ (𝑆𝑖 − 𝑂𝑖)𝑛𝑖=1∑ 𝑂𝑖𝑛𝑖=1  
 

Equation (24) 

Where:  

Si = simulated value, 

Oi = measured value, 

n = number of observations 

2.8.4 Simulation of the long term impacts of biochar soil applications on crop yields, soil 

organic carbon and GHG emissions by using DNDC model 

Long term (30 years and 50 years) impact of biochar soil application on crop yields, soil 

properties and GHGs emission were simulated by using climate, soil and crop input data from 

field experiments and literatures (Table 1.1, 1.2 and 1.3 in Appendix).  

Crop yields, SOC and GHG emissions 30 years after biochar application was carried out by 

using the last 30 years’ climate data (1984-2013). Objective of this simulation was to estimate 

how biochar application can maintain possible highest crop yields and SOC in soil, and how 

biochar application can affect GHGs emission under the given climate situations up to 30 

years after biochar application compared to inorganic fertilizer application and without input 

application (control). 

Throughout three decades, rainfall in 2012 was the lowest (532 mm a-1). Although 82% of 

mean annual rainfall was received during cropping season (May to September), 20% of that 

rainfall occurred in May (at sowing time) and 50% occurred in September (at harvesting 

time). Only 30% of total rainfall during cropping season was received during the important 

period for both vegetative and reproductive growth stages. Receiving precipitation at the time 

of maturity will not have any benefit to crop growth and can even damage the harvested 

crops. To estimate possible crop yields under such climate, SOC and GHGs emission under 

constantly low rainfall for successive 50 years after biochar application, DNDC model 

simulation was carried out by using a single year climate data of 2012. 

As yield-components and yield of the crop were influenced by water and nitrogen supply 

(Morrow and Krieg, 1990), in this study, not only crop yields but also simulated crop nitrogen 

uptake and annual water leaching were compared for 30 years and 50 years after biochar 

application. In DNDC, water movement was simulated considering the processes of surface 
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runoff, infiltration, gravitational and matric redistribution, evaporation and transpiration 

(Zhang et al., 2002). Total water input (TWI) was calculated in model by summation of mean 

annual precipitation and total amount of irrigated water.  

Yield differences of rice, chickpea and cotton due to the effect of biochar application and 

fresh biomass application (without converting to biochar), were observed by DNDC model 

simulation. The same climate, soil and crop input data was used in model simulations. Carbon 

and nitrogen input data were calculated based on total carbon and nitrogen content of rice 

straw (Li et al., 2013), rice husk (Hafele et al., 2011) and, pigeon pea stem (Gangil and 

Wakudkar, 2013) (Table 2.8). This observation can help in making decisions on organic and 

inorganic fertilizer input selection for profitable crop production. 

Table 2.8: Carbon and nitrogen input data for DNDC model simulation to estimate the crop 
yields from rice husk, rice straw and pigeon pea stem raw biomass filed application  

Biomass materials Biomass nutrient content (g kg-1 DM) Application rate (kg ha-1)* 
Carbon Nitrogen C/N ratio Carbon Nitrogen 

Rice husk 362 6.9 52 7240 138 
Rice straw 379 10.5 36 7580 210 
Pigeon pea stem 520 34.6 15 10400 693 
 *(20 Mg ha-1 rate of each raw material was applied) 

2.9 Statistical Analysis 

Differences among the treatments were analysed with one-way analysis of variance 

(ANOVA). Pairwise comparisons of the differences of mean values between the treatments 

were tested by Tukey–Kramer highly significant difference (HSD) at 0.95% family-wise 

confidence level. Interaction effect of cropping seasons and treatments on soil microbial 

respiration was analysed with two-way analysis of variance (ANOVA). All statistical analyses 

were carried out using R-statistics version 3.1.0 (R Development Core Team, 2008). Fitness 

of DNDC model in simulating crop yields were tested by using two parameters, percent bias 

(PBIAS) and root mean square error (RMSE). Relative root mean square error (RRMSE) was 

calculated by the percent of the means of observed values. Coefficient of determination, R2 

value, was quantified to examine the correlation between model predictions and field 

measurements. 
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Chapter 3: Results of the Effects of Biochar Applications on Soil Properties 

3.1 Initial Properties of the Soil of the Experimental Site 

Upper 0-0.45 m of the soil of the experimental site (Table 3.1) had a fine sandy loamy texture 

with silt 56-58%, sand 33-34%, and clay 9%. Bulk density was 1.8 g cm-3 in upper 0-0.15 m 

horizon. Plant available was higher in 0.15-0.30 m depth and 0.30-0.45 m depth than the 

uppermost 0-0.15 m depth. Porosity was not different from the uppermost horizon up to 0.45 

m depth. It had pHwater of 8.5-9.6 and pH 7.4-8 in CaCl2 solution. Soluble salt content was the 

highest in the upper 0-0.15 m depth, 190 CaCO3 g kg-1 dry soils, and it was decreased in the 

lower horizons. Carbonate content was the highest in 0-0.15 m, 24.54 CaCO3 g kg-1 DM, and 

carbonate content was lower in the lower layers compared to the uppermost layer. Total 

exchangeable cations were lower in 0.30-0.45 m than the upper two layers. Total 

exchangeable cation from 0.30- 0.45 m was 12.6 me/100 g dry soil, 17.31 me/100g dry soil in 

0.15-0.30 m and 14.52 me/100 g dry soil in 0-0.15 m, respectively.  

Table 3.1 Soil properties measured from three soil layers of experimental site, for observing 
the original soil condition  

Soil Properties 0-0.15 m 0.15-0.30 m 0.30-0.45m 

pH (water) 9.6 9.2 8.5 
pH (CaCl2) 8 7.8 7.4 
Carbonate (CaCo3 g kg-1) 27.33 18.44 17.57 
Soluble salt content (mg /100 g) 190.08 73.92 52.8 
Texture Sandy loam Sandy loam Sandy loam 
Sand % 33.86 33.61 34.83 
Silt% 56.78 57.29 55.64 
Clay% 9.35 9.1 9.53 
Porosity % 33.74 31.77 32.72 
Plant available water % 16.76 22.72 27.11 
Total C %DM 0.6 0.44 0.27 
Total N %DM 0.04 0.04 0.01 
C/N ratio 15 12.43 27 
Total exchangeable cations me/100 g 14.52 17.31 12.62 
Exchangeable Ca me/100 g 7.93 11.09 7.2 
Exchangeable Mg me/100 g 4.28 4.98 4.39 
Exchangeable K me/100 g 0.27 0.28 0.27 
Exchangeable Na me/100 g 2.01 0.93 0.7 
Exchangeable Al me/100 g 0.04 0.04 0.05 
Exchangeable Sodium Percent (ESP) 36.91 9.31 13.03 
Sodium Adsorption ratio (SAR) 1.15 0.46 0.41 
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3.2 Physical and Chemical Properties of Four Biochar Materials used in Field 
Experiments 

Yield of rice husk biochar, rice straw biochar, and pigeon pea stem biochar (Fig. 3.1) were 

calculated based on biochar weight per biomass dry weight. Biochar yield in weight-by-

weight percent of biochars and dry feedstocks were rice husk biochar 54%, rice straw biochar 

30% and pigeon pea stem biochar 29%, respectively. Properties of four biochar materials used 

in the field experiments were measured in the laboratory. Rice straw biochar had the highest 

pH, EC, carbonate content, total carbon, exchangeable cations, ash content and water holding 

capacity among all biochars (Table 3.2). Since it contained higher total carbon and lower total 

nitrogen compared to the others, carbon to nitrogen ratio of rice straw biochar was the highest 

among four biochar materials (Fig. 3.2). Total value of exchangeable cations in rice straw 

biochar was the highest compared to the other three biochars due to higher proportion of 

exchangeable sodium among exchangeable cations (Fig 3.3).  

 

 
 
( a ) 
 

 
 
( b ) 

 
 
( c ) 

Figure 3.1: Biochars used in field experiments (a) pigeon pea stem biochar (b) rice straw 
biochar (c) rice husk biochar 
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Figure 3.2: Total carbon, total nitrogen, hydrogen and ash content of biochars (wt. /wt. %) 
(Rh= rice husk biochar, Rs = rice straw biochar, Mix = rice husk biochar and farmyard 
manure mixture, Ps = pigeon pea stem biochar)  

 

Figure 3.3: Exchangeable bases in biochars (Rh= rice husk biochar, Rs= rice straw biochar, 
Mix = rice husk biochar and farmyard manure mixture (FYM), Ps = pigeon pea stem biochar)  
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Table 3.2: Properties of four biochars used in the experiments  

  
Rice husk Rice straw Pigeon pea stem Rice husk 

biochar + FYM 
pH (CaCl2) 8.2 10.28 9.14 7.62 
EC (mS cm-1) 1.91 8.1 3.44 2.47 
CaCO3 (g kg-1) 1.82 36.28 30.55 1.87 
Total C  DM% 44 76 50 23 
Total N DM%  1.36 0.64 1.76 0.4 
C/N ratio 32 119 28.22 32 
Hydrogen % 7.06 1.24 1.97 0.65 
Moisture content, wt. % 6.38 8.11 6.43 7.03 
Ash content, wt.% 38 62 8 12 
Exchangeable Ca (me/100g biochar) 0.35 2.23 0.74 3.92 
Exchangeable Mg  (me/100g biochar) 0.35 0.59 1.13 2.81 
Exchangeable Na  (me/100g biochar) 0 11.88 1 0.79 
Exchangeable K  (me/100g biochar) 4.6 9.57 5.32 6.1 
CEC  (me/100g biochar) 5.29 24.28 8.19 13.63 
Maximum  WHC,  volumetric% 320 553 568 261 
 

3.3 Effects of Biochars on Soil Properties 

3.3.1 Bulk density, porosity and soil water retention 

Bulk density was reduced in biochar treated plots compared to the control and NPK fertilizer 

sole application in 2013 after harvesting cotton (Table 3.3). Bulk densities of soils from the 

experimental plots ranged between 1.60 g cm-3 and 1.80 g cm-3 after harvesting cotton. After 

the second biochar application, slight changes of soil bulk density were observed. Bulk 

density of the control and NPK fertilizer application remained the same as the initial condition 

(1.8 g cm-3). Bulk density decreased by 12.50% in Rh biochar variant, 5.88% in Rs biochar, 

Ps biochar, and Rh biochar + FYM mixture, respectively, compared to initial soil bulk 

density. 

Although porosity was not significantly different (p ≥ 0.05) among the treatments, certain 

levels of changes were found in soils treated with biochar. Soils of the control and NPK 

fertilizer application showed the lowest porosity, 33.96% and 33.34% respectively. The 

highest porosity value was found in the Rh biochar variant (38.37%), followed by Rs biochar 

application (35.85%), Ps biochar application, and Rh biochar + FYM mixture application 

(34.59%).   

At field capacity, rice straw biochar applied soils showed the highest water content. Water 

content was the lowest in soils from the control. NPK fertilized soils showed almost the same 

water holding capacity at field capacity (FC) as Ps biochar applied soils, 32.04% and 32.20% 
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respectively. Soils from Rh biochar application and Rh biochar + FYM mixture application 

showed the same water content at field capacity, 30.86% and 30.75%, respectively. 

At field capacity, although soil of Ps biochar application contained the same percent of water 

filled pore space like soils of NPK fertilizer sole application and Rs biochar application, Ps 

biochar applied soils had the highest percent of plant available water among all of the six 

treatments (Table 3.5). Ps biochar applied soils held less amount of water at permanent 

wilting point (8.86%) than the soils of other treatments. The highest amount of water was held 

in the soils of NPK fertilizer sole application at permanent wilting point.  

In 2012 after rice harvest, water-holding capacities of Rh-, Rs- and Ps biochar applied soils 

were higher than that of the control. On the other hand, water-holding capacity of NPK 

fertilizer and Rh biochar + FYM mixture applied soils was lower than the control. In 2013, 

after harvesting cotton, water-holding capacities of Rh-, Rs- and Rh biochar + FYM mixture 

applied soils were higher and that of Ps biochar and NPK fertilizer variants was lower than 

the control (Table 3.5).   

Table 3.3: Bulk density, porosity, water filled pore space% at permanent wilting point and 
field capacity, available water content and maximum water holding capacity (mean±standard 
error, n=3) of topsoil (0-0.20 m) after biochar applications in 2012 rice growing season and 
2013 cotton growing season compared to NPK fertilizer application and the control 

Treatments 
Bulk 

Density  
(g cm-3) 

Porosity 
(%) 

Water 
content at 

FC 
(volume 

%) 

Water 
content at 

PWP 
(volume 

%) 

Available 
water 

capacity 
(volume 

%) 

Water holding capacity 
(%) 

 2013 2013 2013 2013 2013 2012 2013 
Rh biochar 1.6±0.07 

a 
39.0±2.52

a 
31.0±2.30

a 
9.0±1.31 

a 
22.0±3.60

a 
38.0±1.02

A 
41.0±2.01

a 
Rs biochar 1.7±0.06 

a 
36.0±2.18

a 
32.0±3.34

a 
10.0±0.66

a 
22.0±3.60

a 
39.0±0.73

A 
38.0±2.30

a 
Ps biochar 1.7±0.03 

a 
35.0±1.26

a 
32.0±3.09

a 
9.0±1.33 

a 
23.0±4.29

a 
38.0±3.09

A 
36.0±1.08

a 
NPK 1.8±0.03 

a 
33.0±1.26

a 
32.0±3.39

a 
11.0±1.02

a 
21.0±3.37

a 
36.0±1.17

A 
34.0±1.68

a 
Mix 1.7±0.03 

a 
35.0±1.26

a 
31.0±1.05

a 
10.0±0.32

a 
21.0±0.76

a 
35.0±0.56

A 
37.0±0.50

a 
Control 1.8±0.00 

a 
34.0±0.07

a 
30.0±1.34

a 
10.0±1.06

a 
20.0±1.13

a 
38.0±2.10

A 
37.0±1.25

a 
Common letters in the columns indicate that means are not significantly different (p ≥ 0.05). 
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3.3.2 pH 

Changes of pH after biochar applications were not significantly different among the 

treatments in both years (p ≥ 0.05) (Table 3.4). At the time of rice harvest, soil pH value was 

the lowest in Rh biochar application and the highest in Ps biochar application. After the 

second biochar application at the time of cotton harvest, pH values were the same in Rs- and 

Ps biochar application, NPK fertilizer application, and Rh biochar + FYM mixture application 

(7.7) and in Rh biochar application and the control (7.6), respectively.  

3.3.3 Soluble salt content  

In 2012, after harvesting rice, soluble salt content (KCl %) of soils in all treatments were 

between 0.01-0.02%. There was no significant difference between biochar treated soils and 

the control (p ≥ 0.05) in both years (Table 3.4). Rh biochar treated soils had the lowest soluble 

salt content and soils from NPK fertilizer, Ps biochar and Rh biochar + FYM mixture 

application had the highest soluble salt contents. In 2013, after harvesting cotton, soluble salt 

content of soils increased by 0.04-0.06% compared to the preceding year. The highest amount 

of soluble salt content was found in Rs biochar applied soils and NPK fertilizer applied soils 

in 2013. The lowest amount of soluble salts was found in control, Rh and Ps biochar applied 

soils. Soluble salt content of experimental plots were lower than the negligible level of 

salinity effects on cultivated crops (Table 3.5). 

Table 3.4: pH and soluble salt content (mean±standard error, n=3) of soils after biochar 
applications in two cropping seasons. Soil samples were collected after harvesting rice in 
2012 and after harvesting cotton in 2013 from 0-0.20 m soil depth 

Treatments 
pH (in CaCl2) Soluble salt content (KCl %) 
2012 2013 2012 2013 

Rh biochar 7.3±0.23A 7.6±0.03a 0.01±0.01A 0.04±0.01a 
Rs biochar 7.8±0.02A 7.7±0.09a 0.01±0.01A 0.06±0.01a 
Ps biochar 8.0±0.17A 7.7±0.09a 0.01±0.01A 0.04±0.01a 
NPK 7.8±0.08A 7.7±0.15a 0.01±0.01A 0.06±0.02a 
Rh biochar + FYM 7.7±0.22A 7.7±0.07a 0.02±0.01A 0.05±0.01a 
Control 7.7±0.14A 7.6±0.07a 0.02±0.01A 0.04±0.02a 
Common letters in the columns represent means are not significantly different (p ≥ 0.05). 
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Table 3.5: Evaluation of salinity (General Classification of ECe values (Landon, 1991))  

USDA soil 
class 
 

Designation 
 
 

ECe       
(mS cm-1) 

Total salt content 
(%) 

Crop reaction 
 

0 Salt free 0-2 < 0.15 
Salinity effects are mostly 
negligible 

  0-2 < 0.5 
Salinity effects are negligible 
except for the most sensitive 
plants 

1 Slightly saline 4-8 0.15-0.35 
Yields of many crops 
restricted 

2 Moderately saline 8-15 0.35-0.65 Only tolerant crops yield 
satisfactorily 

3 Strongly saline > 15 > 0.65 
Only very tolerant crops yield 
satisfactorily 

3.3.4 Carbonate content 

In 2012 after harvesting rice, carbonate content of the soils in all treatments was not 

significantly different (p ≥ 0.05). Carbonate content of the soil of Ps biochar, NPK fertilizer 

and Rh biochar + FYM mixture was lower than that of Rs biochar, Rh biochar variant as well 

as that of the control. In 2013, after harvesting cotton, carbonate content of soils from all 

experimental plots was lower than that of preceding year (Fig. 3.4). Carbonate content of Rh 

biochar application differed significantly (p < 0.05) from the other treatments in 2013, after 

harvesting cotton (Table 3.6). In the year 2013, the highest carbonate content was found in Ps 

biochar variant and the lowest in Rh biochar variant (Table 3.7).  

 

Figure 3.4: Carbonate content (g kg-1) (mean and standard error, n=3) of  soils (0-0.2 m) after 
biochar applications, 20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh biochar + FYM 
mixture in 2012 rice growing season and 2013 cotton growing season. Different letters above 
the error bars indicate the significant differences among the treatments (p < 0.05). Common 
letters above the error bars represent that means are not significantly different (p ≥ 0.05). 
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Table 3.6: Tukey multiple comparisons of mean values of carbonate content in soils (0-0.20 
m) after harvesting cotton (95% family-wise confidence level) 

Treatments Rh Rs Ps NPK Mix 
Rs 0.6412     
Ps 0.0079 0.1056    
NPK 0.0172 0.2174 0.9965   
Mix 0.0186 0.2350 0.9943 0.9999  
Control 0.0493 0.4912 0.8765 0.9870 0.9913 
 

Table 3.7: CaCO3 (g kg-1) (mean±standard error, n=3) in topsoil (0-0.20 m) after biochar 
applications, 20 Mg ha-1 Rh-, Rs-, and Ps biochar and 10 Mg ha-1 of Rh biochar + FYM 
mixture,  in 2012 rice growing season and 2013 cotton growing season compared to control 
and conventional NPK application  

Treatments Carbonate 2012 Carbonate 2013 
Rh 17.70  ± 1.72A 6.21 ± 0.93a 
Rs 20.80 ± 2.42A 8.81 ± 1.90ab 
Ps 14.81 ± 3.43A 13.69 ± 1.17b 
NPK 14.91 ± 4.18A 9.57 ± 0.16b 
Mix 15.88 ± 1.53A 12.82 ± 0.37b 
Control 19.50 ± 2.25A 11.86 ± 1.57b 
Within columns, different letters indicate that the treatments are significantly different (p < 0.05), common 
letters represent that means are not significantly different (p ≥ 0.05). 

3.3.5 Total organic carbon, total nitrogen, and carbon to nitrogen ratio 

Total organic carbon TOC was significantly different among the treatments in both growing 

seasons (p ˂ 0.05) (Fig. 3.5), (Table 3.8). In 2012 after harvesting rice, TOC of soil was the 

lowest in the NPK fertilizer treatment (9.72% < control) (Table 3.9). Soils of Rh biochar 

applied plots showed 52.66% higher TOC than control.  The highest amount of TOC was 

found in Rh biochar variant. The second highest TOC was found in Ps biochar applied soils 

(12%>control), followed by Rs biochar applied soils (8%>control).  

In 2013 after harvesting cotton, TOC of biochar applied soils increased significantly 

compared to the control and NPK fertilizer variant (p ˂ 0.05) (Table 3.10). The highest TOC 

was found in Rh biochar treatment (169% > control), and the lowest was found in the control. 

In 2013, TOC of control and NPK treatments decreased by 28% and 22% respectively, 

compared to the previous year, and increased by 31.36% in Rs biochar application, 27% in Rh 

biochar application, 13% in Rh biochar + NPK mixture application, respectively. Ps biochar 

treatments did not show any changes of TOC between 2012 and 2013 measurements.  

Total nitrogen was significantly different among the treatments in 2012 (p < 0.05) (Table 

3.11) and no significant difference was found among the treatments in 2013 after harvesting 

cotton (p ≥ 0.05) (Fig. 3.6). In 2012 after harvesting rice, total nitrogen was the highest in Rh 

biochar + FYM mixture applied soils followed by the control, NPK, Rh biochar, Rs biochar 
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and Ps biochar, respectively. In 2013 after harvesting cotton, total N in soils of all treatments 

decreased compared to total N after rice harvest in 2012, except for Ps biochar application. 

Total N increased by 10.53% in Ps biochar application. Total N decreased by 90.7% in the 

control, 88.84% in Rh biochar + FYM mixture application, 88% in NPK fertilizer sole 

application, 78% in Rh biochar application, and 69% in Rs biochar application, respectively.  

Carbon to nitrogen (C/N) ratio was significantly different among the treatments in both years 

(p < 0.05) (Fig. 3.7).  As total C increased and total N decreased, carbon to nitrogen ratio 

became wider in 2013 compared to 2012. In 2012 after harvesting rice, C/N ratio of the soils 

from Ps biochar application showed significant difference among all treatments (Table 3.12). 

In 2013 after harvesting cotton, significant differences of mean C/N ratio were found among 

the treatments (p < 0.05) (Table 3.13). C/N ratio was the widest in soils of Rh biochar 

application, followed by Ps biochar application, Rs biochar application, control, Rh biochar + 

FYM mixture application and, NPK fertilizer application, respectively. 

 

Figure 3.5: Total organic carbon (g kg-1) (mean and standard error, n=3) of soils (0-0.20 m) 
after biochar application, 20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh biochar + 
FYM mixture in 2012 rice growing season and 2013 cotton growing season. Different letters 
above the error bars indicate the significant differences (p < 0.05). Common letters above the 
error bars indicate that treatments are not significantly different (p ≥ 0.05). 
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Figure 3.6: Total nitrogen (g kg-1) (mean and standard error, n=3) of soils (0-0.20 m) after 
biochar applications, 20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh biochar + FYM 
mixture in 2012 and 2013. Different letters above the error bars indicate the significant 
differences (p < 0.05). Common letters above the error bars indicate that means are not 
significantly different (p ≥ 0.05). 

 

 

 

Figure 3.7: Carbon to nitrogen ratio (C/N), (mean and standard error, n=3) of soils (0-0.20 m) 
after biochar applications, 20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh biochar + 
FYM mixture in 2012 rice growing season and 2013 cotton growing season. Different letters 
above the error bars indicate the significant differences (p < 0.05). Common letters above the 
error bars represent that means are not significantly different (p ≥ 0.05). 
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Table 3.8: Effect of biochar applications on total carbon and total nitrogen (mean±standard 
error) in top soil (0-0.20 m), after harvesting rice in 2012 and after harvesting cotton in 2013 

Treatments Total Carbon (g kg-1) Total Nitrogen (g kg-1) CN ratio 
 2012 2013 2012 2013 2012 2013 
Rh biochar 8.32±0.03

A 
10.57±0.14   

a 
1.77±0.02   

b 
0.38±0.01   

A 
4.78±0.35   

B 
27.81±2.64 

a 
Rs biochar 5.9±0.04  

B 
7.75±0.14   

ab 
1.38±0.03  

b 
0.43±0.01   

A 
4.27±0.65   

B 
18.02±3.13 

ab 
Ps biochar 6.13±0.06

B 
6.13±0.08   

ab 
0.32±0.01  

c 
0.35±0.01   

A 
19.15±2.91   

A 
17.51±3.48 

ab 
NPK 4.92±0.08

B 
3.85±0.05   

b 
2.22±0.05  

ab 
0.27±0.01   

A 
2.22±0.15   

B 
14.25±1.07 

b 
Mix  5.25±0.0  

B 
5.93±0.10   

b 
3.58±0.03  

a 
0.40±0.01   

A 
1.47±0.19   

B 
14.82±1.95 

b 
Control 5.45±0.01

B 
3.93±0.02   

b 
2.87±0.05   

ab 
0.27±0.01   

A 
2.01±0.35   

B 
14.55±1.46 

b 
Within the rows, different letters indicate that the treatments are significantly different (p ˂ 0.05), 
common letters indicate that the treatments are not significantly different (p ≥ 0.05) 

Table 3.9: Tukey multiple comparisons of mean values of total carbon content of soils (0-0.20 
m) in each treatment after harvesting rice in 2012 (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.026     
Ps 0.044 0.999    
NPK 0.002 0.665 0.488   
Mix 0.005 0.913 0.780 0.994  
Control 0.008 0.974 0.895 0.999 0.999 
 

Table 3.10: Tukey multiple comparisons of mean values of total carbon in soils (0-0.20 m) of 
each treatment after harvesting cotton in 2013 (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.370     
Ps 0.062 0.837    
NPK 0.004 0.120 0.590   
Mix 0.050 0.778 0.999 0.659  
Control 0.004 0.130 0.617 1.000 0.686 
 

Table 3.11: Tukey multiple comparisons of mean values of total nitrogen in soils (0-0.20 m) 
of each treatment after harvesting rice (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.952     
Ps 0.076 0.281    
NPK 0.913 0.481 0.015   
Mix  0.023 0.006 0.000 0.106  
Control 0.255 0.068 0.002 0.758 0.681 
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Table 3.12: Tukey multiple comparisons of mean values of CN ratio of soils (0-0.20 m) in 
each treatment after harvesting rice in 2012 (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.999     
Ps 0.000 0.000    
NPK 0.707 0.787 0.000   
Mix 0.456 0.538 0.000 0.997  
Control 0.622 0.708 0.000 0.999 0.999 
 

Table 3.13: Tukey multiple comparisons of mean values of CN ratio of soils (0-0.20 m) in 
each treatment after harvesting cotton in 2013 (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.148     
Ps 0.193 0.999    
NPK 0.003 0.232 0.179   
Mix 0.028 0.908 0.839 0.731  
Control 0.031 0.922 0.858 0.707 1.000 

3.3.6 Soil microbial respiration 

Soil microbial respiration rate (SR) was higher in biochar-applied soils compared to the 

control and NPK fertilizer application in both years, after harvesting rice in 2012 and after 

harvesting cotton in 2013. No significant difference was found among the treatments (p ≥ 

0.05) (Table 3.14).  

After harvesting rice in 2012, basal respiration (BR) in Rh biochar + FYM mixture treated 

soil was 21.52% higher than that of the control, followed by Rs biochar (20.04%), NPK 

(18.48%), and Rh biochar (5.95%), respectively higher than the control. Basal respiration of 

Ps biochar applied soil was 10.41% lower than that of the control. 

After harvesting cotton in 2013, basal respiration (BR) rates of variants were higher than that 

of the control. The highest amount of emitted CO2 was found in the Rs biochar and Rh 

biochar applications (35.78% > control), the lowest was found in the control. Amount of CO2 

emission in BR analysis was higher in 2013 compared to 2012. It was increased by 37.01% in 

Rh biochar, by 29.04% in Ps biochar, and by 25.92% in Rs biochar, by 16.74% in Rh biochar 

+ FYM mixture, 5.94% in NPK fertilizer applications, and 7.76% in the control, respectively. 

After harvesting rice in 2012, substrate induced respiration (SIR) of biochar and fertilizer 

treatments were higher than that of control. The highest SIR was found in Rs biochar 

application (27.17% > control), followed by Rh biochar + FYM mixture, Rh biochar, Ps 

biochar and the NPK fertilizer application, respectively (Fig. 3.8). After harvesting cotton in 

2013, SIR was the highest in Rs biochar variant (62.06% > control), followed by Rh biochar 

application (51.81%), Rh biochar + FYM mixture application (50.14%), Ps biochar 
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application (32.66%), and NPK fertilizer application (26.04%), compared to the control. In 

2013, SIR of the treatments increased compared to previous year. SIR increased by 62.06% in 

the Rs biochar application, 56.82% in the Rh biochar application, 51.73% in the Rh biochar + 

NPK mixture application, 41.61% in the Ps biochar application, 35.87% in the NPK fertilizer 

application and by 27.17% in the control, compared to 2012. 

For the interpretation of the response of SIR to the treatments, the ratio of biomass carbon to 

soil organic carbon  (mg Cmic g-1 Corg) were quantified based on mean values of the amount 

of carbon respired by substrate induced respiration (SIR) and total organic carbon. There are 

two kinds of values for the interpretation of soil biological parameters: reference values and 

comparative values. Comparative values allow the general evaluation of the results without 

considering chemical and physical properties (Rohr, 2010). In current analysis, mean values 

of ecological quotient (mg Cmic g-1 Corg) of the treatments from both rice growing season 

and cotton growing season were compared.  Interaction effects of biochars and cropping 

seasons on SIR was quantified by two-way ANOVA (Table 3.15). Response of ecological 

quotient to the treatments was significantly different (p < 0.05) and the response of ecological 

quotient to the seasons was significantly different among the treatments (p < 0.001). No 

significant difference was found among the treatments with the interaction effects of cropping 

season and biochars (p ≥ 0.05) and significant differences were found among the treatments 

without interaction (p ≤ 0.05) (Fig. 3.9). 
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Figure 3.8: Substrate induced respiration (mean and standard error, n=3) of soils (0-0.20 m) 
after biochar applications, 20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh biochar + 
FYM mixture in 2012 rice growing season and 2013 cotton growing season. Different letters 
above the error bars indicate the significant differences (p < 0.05). Common letters above the 
error bars represent that means are not significantly different (p ≥ 0.05). 

Table 3.14: Basal- and substrate induced respirations (mean±standard error, n=3) of soils after 
biochar applications in the two cropping seasons. Soil samples were collected after harvesting 
rice in 2012 and after harvesting cotton in 2013 from 0-0.20 m. 

Treatments 
Basal Respiration 

(mg C kg-1 h-1) 

Substrate Induced Respiration 

(mg Cmic kg-1) 

Ecological Quotient 

(mg Cmic g-1Corg) 

 2012 2013 2012 2013 2012 2013 
Rh biochar 18±0.42A 29±3.96a 121±3.39A 279±62.35ab 14.5±0.09A 28.4±9.62a 
Rs biochar 22±7.86A 29±3.96a 135±15.61A 354±52.50a 22.7±1.23A 47.0±6.94a 
Ps biochar 16±1.80A 22±6.32a 117±4.04A 200±28.76ab 19.4±2.16A 33.8±6.91a 
NPK 21±3.06A 23±4.79a 117±4.86A 182±27.71ab 25.1±4.46A 47.0±1.65a 
Rh biochar 
+  FYM  

22±2.56A 26±4.37a 13±13.48A 170±27.06ab 25.3±3.98A 46.9±5.31a 

Control 17±6.44A 19±2.04a 98±18.86A 135±2.80b 17.8±3.03A 34.4±2.32a 
Common letters in the columns represent means are not significantly different (p ≥ 0.05). Different letters in the 
columns represent that means are significantly different (p < 0.05).  
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Figure 3.9: Ecological quotient (mg Cmic g-1 Corg) (mean and standard error, n=3) of soils 
(0-0.20 m) after biochar applications, 20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh 
biochar + FYM mixture in 2012 rice growing season and 2013 cotton growing season. 
Different letters above the error bars indicate the significant differences (p < 0.05) Common 
letters above the error bars represent that means are not significantly different (p ≥ 0.05). 

Table 3.15: Analysis of variance table of the response of ecological quotient (mg Cmic g-1 
Corg), to the treatments (Rh biochar, Rs biochar, Ps biochar, NPK fertilizers, Rh biochar + 
FYM and control), the cropping seasons (upland and lowland cropping seasons), and the 
interaction effects of biochar applications and the cropping seasons  

 Df Sum sq Mean sq F value Pr (>F) 
Biochar 5 1156.1 231.2 3.354 0.0194* 
Season 1 3140.3 3140.3 45.547 5.57e-07*** 
Biochar: Season 5 140.3 28.1 0.407 0.8392 
Residuals 24 1654.7 68.9   
Significant codes: 0 “***” 0.001 “**” 0.01 “*” 0.05 “.” 0.1 “1“  

3.3.7 Exchangeable cations  

Total of exchangeable cations was not significantly different among the treatments (p ≥ 0.05) 

(Fig. 3.10) in both years. Total exchangeable cation of initial soil before starting the 

experiment was 1.16 and major cation was calcium (1.14me/100 g). In 2012 after harvesting 

rice, total exchangeable cations of control increased to 13.01me/100 g. The highest amount of 

total exchangeable cations was found in Rs biochar applied soil, followed by the NPK 

fertilizer application, Ps biochar application, Rh biochar + FYM mixture, and Rh biochar 

application, respectively (Table 3.16). In 2013 after harvesting cotton, total exchangeable 

cation from control was nearly the same as that of 2012 (13.42me/100 g). Among the other 

treatments, the highest total exchangeable cation value was found in Rs biochar application 
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(10.75% > control), followed by Rh biochar, Ps biochar, NPK fertilizer, and Rh biochar + 

FYM mixture variant, respectively (Table 3.16). 

 

Figure 3.10: Total exchangeable cations (mean and standard error, n=3) of soils (0-0.20 m) 
after biochar applications, 20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh biochar + 
FYM mixture in 2012 rice growing season and 2013 cotton growing season. Common letters 
above the error bars represent that means are not significantly different (p ≥ 0.05). 
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Table 3.16: Exchangeable cations and total exchangeable cations (mean±standard error) of topsoil (0-0.20 m) after biochar applications in 2012 rice 
growing season and 2013 cotton growing season 

 

Treatments 
Exchangeable Ca 

(me/100g) 
Exchangeable Mg 

(me/100g) 
Exchangeable K  

(me/100g) 
Exchangeable Na 

(me/100g) 
Total exchangeable cations        

(me/100g) 

2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 

Rh biochar 6.3±0.37A 8.6±0.76a 3.3±0.24A 5.2±0.71a 0.25±0.03A 0.28±0.02b 0.19±0.03A 0.53±0.07ab 1 0±0.60A 15±1.49a 

Rs biochar 8.7±0.94A 8.5±0.76a 5.3±0.21A 4.4±0.31a 0.32±0.09A 1.68±0.03a 0.21±0.06A 0.46±0.04a 15±1.28A 15±1.05a 

Ps biochar 8.6±0.12A 8.5±0.60a 3.3±1.11A 4.5±0.29a 0.24±0.01A 0.39±0.06b 0.10±0.01A 0.44±0.05b 12±1.21A 14±0.90a 

NPK 7.9±0.48A 8.7±0.17a 4.2±0.30A 4.3±0.45a 0.33±0.05A 0.25±0.05b 0.28 ±0.09A 0.53±0.19ab 13±0.83A 14±0.57a 

Rh biochar + 
FYM  7.5±0.78A 7.8±0.19a 4.0±0.09A 4.3±0.05a 0.2±0.03A 0.32±0.04b 0.16±0.03A 0.87±0.13ab 12±0.81A 13±0.07a 

Control 9.2±0.71A 7.7±0.49a 3.4±0.81A 4.5±0.30a 0.25±0.04A 0.27 ±0.04b 0.15±0.03A 0.97±0.06b 13±1.41A 13±0.74a 

Within the columns, different letters indicate that the treatments are significantly different (p ˂ 0.05), and same letters indicate that the treatments are not 
significantly different (p ≥ 0.05)
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In both years, exchangeable Ca was not significantly different among the treatments (p ≥ 

0.05) (Fig. 3.11).  In 2012, after harvesting rice, exchangeable Ca in all treatments was lower 

compared to the control. In 2013, after harvesting cotton, exchangeable Ca of the treatments 

except control increased compared to the previous year. The highest exchangeable Ca was 

found in the soil of NPK fertilizer application, followed by Rh biochar, Rs biochar, Ps 

biochar, and Rh biochar + FYM mixture application, respectively. In 2013, exchangeable Ca 

decreased by 20% in the control compared to previous year. Although exchangeable Ca 

decreased in Rs biochar and Ps biochar variants, the rate of reduction was lower than 2% 

compared to the preceding year. After harvesting cotton in 2013, exchangeable Al in soils 

increased in all treatments compared to 2012. The highest amount of exchangeable Al was 

found in the control and the lowest amount in Rs biochar application. 

 

Figure 3.11: Exchangeable calcium and Exchangeable aluminum (mean and standard error, 
n=3) of soils (0-0.20 m) after biochar applications 20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 
Mg ha-1 Rh biochar + FYM mixture in 2012 rice growing season and 2013 cotton growing 
season. Same letters above the error bars indicate that treatments are not significantly 
different (p ≥ 0.05).  

The difference in exchangeable Mg among treatments was not significant (p ≥ 0.05) in both 

years (Fig. 3.12). In 2012 after harvesting rice, exchangeable Mg of Rh biochar and Ps 

biochar applied soils were 3.12% and 4.02% respectively lower than that of control. The 

highest exchangeable Mg was found in Rs biochar applied soil (35.65% > control). After 

harvesting cotton in 2013, the same level of exchangeable Mg was found in all treatments 

except Rh biochar application. Rh biochar applied soils had higher exchangeable Mg than the 

control (13% > control).  
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Exchangeable K was not significantly different among the treatments in 2012 (p ≥ 0.05). In 

2012 after harvesting rice, the highest exchangeable K was found in NPK fertilizer applied 

soils (22% > control), followed by Rs biochar application, Ps biochar application, and Rh 

biochar + FYM mixture application, respectively (Fig. 3.12). The highest amount of 

exchangeable K was found in Rs biochar applied soils after harvesting cotton in 2013 as Rs 

biochar contained the highest exchangeable K compared to the other three biochars (Fig. 

3.12). In 2013, exchangeable K was significantly different among the treatments (p ˂ 0.05) 

(Table 3.17).  Exchangeable K of the control and NPK application treatments decreased 

compared to the previous year. Exchangeable K of biochar treated soils increased in 2013 by, 

80.88% in Rs biochar applied soils, 40.41% in Ps biochar applied soils, 35.55% in Rh biochar 

+ FYM mixture applied soils and 8.26% in Rh biochar applied soils, respectively compared to 

2012. 

 

Figure 3.12: Exchangeable magnesium and potassium (mean and standard error, n=3) of soils 
(0-0.20 m) after biochar applications, 20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh 
biochar + FYM mixture in 2012 rice growing season and 2013 cotton growing season. Same 
letters above the error bars indicate that treatments are not significantly different (p ≥ 0.05). 
Different letters above the error bars indicate the significant differences (p < 0.05). 

Table 3.17: Tukey multiple comparisons of mean values of exchangeable K after harvesting 
cotton  in 2013 (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.000     
Ps 0.432 0.000    
NPK 0.999 0.000 0.261   
Mix 0.976 0.000 0.823 0.872  
Control 0.999 0.000 0.281 0.999 0.893 
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3.3.8 Exchangeable sodium percent 

The effect of biochar applications on exchangeable Na was not significantly different among 

the treatments in 2012 after harvesting rice (p > 0.05) (Fig. 3.13). In 2012, after harvesting 

rice, the highest exchangeable Na was found in NPK fertilizer applied soils (45.32% > 

control). The lowest exchangeable Na was found in Ps biochar applied soils (57% < control). 

In 2013, after harvesting cotton, exchangeable Na increased in all treatments compared to 

2012 and significantly different among the treatments (p < 0.05) (Table 3.18). The highest 

amount of exchangeable Na was found in the control and Rh biochar + FYM mixture 

application. Rh biochar, Rs biochar, Ps biochar and NPK fertilizer applied soils had lower 

exchangeable Na than the control. 

Exchangeable sodium percent (ESP) was not significantly different among the treatments in 

2012 after harvesting rice (Fig. 3.13) (Table 3.19). ESP was the highest in NPK fertilizer 

applied soils (41% > control). The second highest ESP was found in soils of Rh biochar 

applied plots, (33% > control). The lowest ESP was found in Ps biochar applied soils (58% < 

control). After harvesting cotton in 2013, ESP was significantly different among the 

treatments (p < 0.05). Among biochar treatments, the highest ESP was found in Rh biochar + 

FYM applied soils. Among all treatments, the highest ESP was found in the control followed 

by Rh biochar + FYM mixture, NPK fertilizer application, Rh biochar, Ps biochar, and Rs 

biochar application, respectively.  

 

Figure 3.13: Exchangeable sodium and exchangeable sodium percent ESP (mean and standard 
error, n=3) of soils (0-0.20 m) after biochar applications,  20 Mg ha-1 Rh-, Rs- and Ps biochar 
and 10 Mg ha-1 Rh biochar + FYM mixture in 2012 rice growing season and 2013 cotton 
growing season. Same letters above the error bars indicate that treatments are not significantly 
different (p ≥ 0.05). Different letters above the error bars indicate that treatments are 
significantly different (p < 0.05) 
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Table 3.18: Tukey multiple comparisons of mean values of Exchangeable Na after harvesting 
cotton in 2013  (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.995     
Ps 0.986 0.999    
NPK 1.000 0.997 0.990   
Mix 0.285 0.136 0.110 0.267  
Control 0.102 0.045 0.036 0.095 0.982 
 

Table 3.19: Tukey multiple comparisons of mean values of ESP after harvesting cotton  in 
2013 (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.993     
Ps 0.997 0.999    
NPK 0.999 0.988 0.995   
Mix 0.163 0.068 0.081 0.181  
Control 0.050 0.020 0.024 0.056 0.975 
 

3.3.9 Sodium adsorption ratio 

Sodium adsorption ratio (SAR) in 2012 was not significantly different among the treatments 

(p ≥ 0.05) (Fig. 3.14) (Table 3.20) and (Table 3.21). The highest SAR was found in soils of 

NPK fertilizer applied plots, (43.65% > control) and the second highest SAR was found in Rh 

biochar applied soils (27.58% > control), followed by Rs biochar and the Rh biochar + FYM 

mixture application. The lowest SAR was found in Ps biochar applied soils (57.79 % < 

control). In 2013 after harvesting cotton, SAR of all treatments was lower than that of the 

control. SAR of all treatments had increased compared to the previous year. According to the 

classification and properties of salt-affected soils by Havlin et al., 2014, (Table 3.22), soil 

from the experimental plots were in normal condition, without affected by salts, except having 

alkaline pH. 
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Figure 3.14: Sodium adsorption ratio (mean and standard error, n=3) of soils (0-0.20 m) after 
biochar applications,  20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh biochar + FYM 
mixture in 2012 rice growing season and 2013 cotton growing season. Same letters above the 
error bars indicate that treatments are not significantly different (p ≥ 0.05). Different letters 
above error bars indicate the significant differences (p < 0.05). 

Table 3.20:  Tukey multiple comparisons of mean values of sodium adoption ratio after 
harvesting cotton in 2013 (95% family-wise confidence level) 

Treatments Rh Rs Ps NPK Mix 
Rs 0.999     
Ps 0.995 0.999    
NPK 1.000 0.998 0.992   
Mix 0.204 0.118 0.091 0.216  
Control   0.066  0.037 0.028 0.071 0.977 
 

Table 3.21: Sodium adsorption ratio (mean±standard error, n=3) of top soil (0-0.20 m) after 
biochar applications in 2012 rice growing season and 2013 cotton growing season 

Treatments 
SAR ESP 

2012 2013 2012 2013 
Rh biochar 0.12±0.02A 0.29±0.03ab 1.89±0.22A 3.66±0.36a 
Rs biochar 0.11±0.03A 0.26±0.01a 1.43±0.33A 3.06±0.04a 
Ps biochar 0.05±0.01A 0.24±0.03a 0.79±0.08A 3.18±0.39a 
NPK 0.16±0.05A 0.29±0.10ab 2.11±0.62A 3.73±1.19a 
Rh biochar 
+ FYM 0.10±0.02A 0.50±0.08ab 1.39±0.25A 6.5±1.01ab 

Control 0.09±0.03A 0.56±0.05b 1.25±0.42A 7.3±0.89 b 
Within the columns, different letters indicate that the treatments are significantly different (p ˂ 0.05), 
and common letters indicate that the treatments are not significantly different (p ≥ 0.05) 
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Table 3.22: Classification and properties of salt-affected soils (Havlin et al., 2014) 

Classification ECe 
(mmho cm-1)* 

Soil pH ESP% Physical 
Condition 

Saline >4 <8.5 <15 Normal 
Sodic <4 >8.5 >15 Poor 
Saline-sodic >4 <8.5 >15 Normal 
 

3.3.10 Available potassium 

Significant differences in changes of available potassium were found among the treatments in 

both years (p < 0.05) (Fig. 3.15) (Table 3.23) (Table 3.24) and (Table 3.25). After harvesting 

rice in 2012, the highest available K was found in soils of Rh biochar + FYM mixture 

application and the lowest was found in soils of Rh biochar application. The second highest 

amount of available K was found in Ps biochar application, followed by Rs biochar 

application, control and NPK fertilizer application, respectively. After harvesting cotton in 

2013, available K of all biochar applied soils and NPK fertilizer applied soils were higher 

than that of control. Significant increment of available K was found in soils of Rs biochar 

application. After harvesting cotton in 2013, the highest available K was found in Rs biochar 

applied soil (94% > control), followed by Ps biochar application (64.77% > control), NPK 

fertilizer application (47.04% > control), Rh Biochar + FYM mixture application (43.81% > 

control), and Rh biochar application (38.96% > control), respectively. 

 

Figure 3.15: Plant available potassium (mean and standard error, n=3) in topsoil (0-0.20 m) 
after biochar applications,  20 Mg ha-1 Rh-, Rs- and Ps biochar and 10 Mg ha-1 Rh biochar + 
FYM mixture in 2012 rice growing season and 2013 cotton growing season. Same letters 
above the error bars indicate that treatments are not significantly different (p ≥ 0.05). 
Different letters above the error bars indicate that treatments are significantly different (p < 
0.05). 
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Table 3.23: Tukey multiple comparisons of mean values of available K after harvesting rice in 
2012 (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.541     
Ps 0.722 0.999    
NPK 0.999 0.614 0.789   
Mix 0.002 0.039 0.023 0.003  
Control 0.999 0.650 0.820 0.999 0.003 
 

Table 3.24: Tukey multiple comparisons of mean values of available K after harvesting cotton 
in 2013 (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.000     
Ps 0.235 0.000    
NPK 0.995 0.000 0.453   
Mix 0.999 0.000 0.347 0.999  
Control 0.797 0.000 0.031 0.521 0.644 
 

Table 3.25: Available potassium (mean±standard error) of topsoil (0-0.20 m) after biochar 
applications in 2012 rice growing season and 2013 cotton growing season 

Treatments 
Available K (mg kg-1) 

2012 2013 
Rh biochar 68.78±11.57A 59.29±2.78b 
Rs biochar 90.32±8.96A 594.40±24.86a 
Ps biochar 86.37±5.73A 102.74±11.98b 
NPK 70.36±9.00A 68.34±3.69b 
Rh biochar + FYM 134.00±10.69A 64.40±14.38b 
Control 71.15±5.07A 36.19±2.81b 
Common letters in the columns indicate that means are not significantly different (p ≥ 0.05) and 
different letters indicate that means are significantly different (p < 0.05). 
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Chapter 4: Results of the Effects of Biochar Applications on the Growth and  
Yield of the Crops 

4.1 Effects on Rice Growth and Yield 

4.1.1 Effects of the treatments on rice crop growth 

The effects of biochars on crop growth were not significantly different from that of the control 

and NPK fertilizers application (Table 4.1). Crop growth stages were differentiated according 

to BBCH-scales for rice by Lancashire et al. (1991). 

Differences of plant height were not statistically significant among the treatments (p ≥ 0.05) 

although rice plants from the control plots were shorter than the plants of other treatments 

(Table 4.1). Maximum plant height was found in plants of Rs biochar application, followed by 

Rh biochar, NPK fertilizer, Ps biochar, Rh biochar + FYM mixture application, and the 

control, respectively.  

Flag leaf length was not significantly different among the treatments (p ≥ 0.05) (Table 4.1). 

The longest flag leaf was found in Ps biochar application, followed by Rh biochar, Rh biochar 

+ FYM mixture, NPK fertilizer application, Rs biochar application and the control, 

respectively. 

Panicle length was not significantly different among the treatments (p ≥ 0.05) (Table 4.1). The 

highest panicle length was found in Rs biochar application, followed by Ps biochar, NPK 

fertilizer application, Rh biochar, Rh biochar + FYM mixture application, and the control, 

respectively. 

Table 4.1: Rice grain yield (kg ha-1), plant height (m), panicle length (m), flag leaf length (m) 
and straw yield (kg ha-1), (mean±standard error, n=3), of experimental plots after biochar 
application in 2012 rice growing season compared to the control and NPK fertilizer 
application  

Growth 
factors 

Rh Rs Ps NPK Mix Control 

Yield  
(kg ha-1) 

6176±407a 5177±181ab 6616±465a 4270±368b 5167±86b 2939±29c 

Tiller nr. 
per hill 

11.13±0.40a 11.67±0.44a 11.58±0.44a 10.79±0.11a 11.38±0.44a 11.63±0.14a 

Plant height 
(m) 

1.29±6.35a 1.30±8.22a 1.27±5.47a 1.29 ±3.97a 1.23±2.06a 1.14±2.39a 

Panicle 
length (cm) 

24.67±0.51a 25.42±0.05a 25.17±0.92a 25.11±0.58a 24.39±0.31a 23.61±0.15a 

Flag leaf 
length (cm) 

26.98±0.56a 25.08±1.67a 30.06±1.45a 25.31±0.20a 26.25±1.66a 24.78±0.09a 

Straw  yield 
(kg  ha-1)  

12000±0.23
a 

14000±0.11
a 

15 000±0.26 
a 

13000±0.07
a 

14000±0.11
a 

9000±0.13  
a 
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Common letters in the rows indicate that mean values are not significantly different (p ≥ 0.05). Different letters 
in the rows indicate that mean values are significantly different (p < 0.05). 

4.1.2 Effects of the treatments on yield and yield components of rice 

Rice yield was significantly different among the treatments (p < 0.05) (Table 4.2). The 

highest rice yield was obtained from Ps biochar application (125% higher than control and 

55% higher than NPK fertilizer application). The lowest yield was found in control. The 

second highest rice yield was obtained from Rh biochar application (110% higher than 

control, 45% higher than NPK fertilizer application), followed by Rs biochar (76% higher 

than control, 21% higher than NPK fertilizer application), Rh biochar + FYM mixture (76% 

higher than control, 21% higher than NPK fertilizer application), and NPK fertilizer 

application (45% higher than control), respectively (Fig. 4.1).  

The larger the tiller numbers the more chance for getting high yield when the tillers bear 

fertile spikelet. In the present research, total number of tillers per hill was not significantly 

different among the treatments (p ≥ 0.05) (Table 4.3). All treatments including control had 

total tiller numbers of between 9 and 12.  

Number of fertile spikelet per panicle was significantly different among the treatments (p < 

0.05) (Fig 4.2) and (Table 4.4). The highest number of fertile spikelet per panicle was found 

in Ps biochar application. The second highest number of fertile spikelet per panicle was found 

in Rh biochar application followed by Rs biochar, Rh biochar + FYM mixture, NPK fertilizer 

application, and the lowest number of fertile spikelet per panicle was found in control.  

Percent unfilled grains was significantly different among the treatments (p < 0.05) (Fig. 4.3) 

and (Table 4.5). The highest number of unfilled grains was found in Ps biochar application, 

followed by control, Rh biochar + FYM mixture, Rh biochar, Rs biochar, and NPK fertilizer 

application, respectively. 

Thousand grain weights were significantly different among the treatments (p < 0.05) (Fig. 

4.4) and (Table 4.6). There was no significant difference between biochar treatments and 

NPK fertilizer application (p ≥ 0.05). The highest thousand grain weight was found in Rh 

biochar application (35% > control). The second highest thousand-grain weight was found in 

Ps biochar treatment followed respectively by Rs biochar, Rh biochar + FYM mixture, and 

NPK fertilizer application, respectively. 

Harvest index was significantly different among the treatments (p < 0.05) (Fig. 4.5) and 

(Table 4.7). The highest harvest index was found in Rh biochar application followed by Ps 

biochar, Rs biochar, Rh biochar + FYM mixture, NPK fertilizer application, and the control, 

respectively.  



86 

 

 

Figure 4.1: Effect of biochar applications (20 Mg ha-1, Rh-, Rs-, Ps- biochars and 10 Mg ha-1 
Rh biochar + FYM) on rice yields (mean and standard error, n=3) compared to NPK fertilizer 
application and the control. Different letters above the error bars indicate the significant 
differences between treatments (p < 0.05). 

Table 4.2: Tukey multiple comparisons of mean rice yields (95% family-wise confidence 
level)  

Treatments Rh Rs Ps NPK Mix 
Rs 0.259     
Ps 0.903 0.052    
NPK 0.009 0.347 0.002   
Mix 0.251 1.000 0.050 0.357  
Control 0.000 0.002 0.000 0.079 0.002 
 

Table 4.3: Thousand grain weight (g), number of spikelet per panicle, total tiller per hill, 
percent unfilled grain, and harvest index, (mean±standard error, n=3), of experimental plots 
after treated with biochar in 2012 rice growing season compared to the control and NPK 
fertilizer application 

Yield factors Rh Rs Ps NPK Mix Control 
1000 grain 
weight (g) 

30±0.37a 29±0.47a 30±0.54a 28±0.57a 29±0.34a 19±0.65b 

Nr. of fertile 
spikelet per 
panicle 

57±4.16a 48±0.77ab 60±2.76a 43±3.18b 46±2.43b 41±1.1b 

% unfilled 
grain 

5±0.12cd 5±0.20cd 11±0.12a 4±0.78d 6±0.29bc 8±0.64b 

Harvest Index 52±2.67a 39±0.13b 44±0.05ab 34±0.10b 37±0.03b 33±0.08b 
Within the rows, different letters indicate that the treatments are significantly different (p ˂ 
0.05), common letters indicate that the treatments are not significantly different (p ≥ 0.05). 
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Figure 4.2: Effect of biochar applications (20 Mg ha-1, Rh-, Rs-, Ps biochars and 10 Mg ha-1 
Rh biochar + FYM) on the number of fertile spikelet per panicle of rice (mean and standard 
error, n=3) compared to NPK fertilizer application and the control. Different letters above the 
error bars indicate the significant differences between treatments (p < 0.05).  

 

Table 4.4: Tukey multiple comparisons of mean values of fertile spikelet per panicle (95% 
family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.295     
Ps 0.969 0.093    
NPK 0.035 0.754 0.009   
Mix 0.149 0.996 0.043 0.943  
Control 0.012 0.417 0.003 0.988 0.675 
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Figure 4.3: Percent unfilled grain of rice (mean and standard error, n=3) in each biochar 
application (20 Mg ha-1, Rh-, Rs-, Ps biochars and 10 Mg ha-1 Rh biochar + FYM) compared 
to NPK fertilizer application and the control. Different letters above the error bars indicate the 
significant differences between the treatments (p < 0.05) 

 

Table 4.5: Tukey multiple comparisons of mean values of percent unfilled grain (95% family-
wise confidence level)  

 Rh Rs Ps NPK Mix 
Rs 0.999     
Ps 0.000 0.000    
NPK 0.518 0.612 0.000   
Mix 0.154 0.119 0.000 0.008  
Control 0.005 0.004 0.001 0.000 0.357 
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Figure 4.4: Thousand grain weight of rice (mean and standard error, n=3) in each biochar 
application (20 Mg ha-1, Rh-, Rs-, Ps biochars and 10 Mg ha-1 Rh biochar + FYM) compared 
to NPK fertilizer application and the control. Common letters above the error bars indicate 
that treatments are not significantly different (p ≥ 0.05) 

 

Table 4.6: Tukey multiple comparisons of mean values of 1000 grain weight (95% family-
wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.722     
Ps 0.761 0.999    
NPK 0.142 0.775 0.739   
Mix 0.883 0.999 0.999 0.589  
Control 0.000 0.000 0.000 0.000 0.000 
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Figure 4.5: Harvest index of rice (mean and standard error, n=3) in each biochar application 
(20 Mg ha-1, Rh-, Rs-, Ps biochars and 10 Mg ha-1 Rh biochar + FYM) compared to NPK 
fertilizer application and the control. Different letters above the error bars indicate the 
significant differences among the treatments (p < 0.05) 

Table 4.7: Tukey multiple comparisons of mean values of harvest index (95% family-wise 
confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.027     
Ps 0.248 0.739    
NPK 0.002 0.704 0.121   
Mix 0.010 0.988 0.401 0.956  
Control 0.001 0.449 0.058 0.997 0.790 
 

4.2 Effects of the Treatments on Chickpea Yield 

There were no significant differences of chickpea yield and yield components among the 

treatments (p ≥ 0.05) (Table 4.8). The highest chickpea yield was found in Rh biochar 

application (30% higher than control and 35% higher than NPK fertilizer application) and the 

second highest yield was found in Rs biochar application (10% higher than control and 14% 

higher than NPK fertilizer application) (Table 4.8). Yields of Rh biochar + FYM mixture 

application were lower than that of the control (8% and 3%, respectively). Yield of Ps biochar 

application was the same as control.  
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Table 4.8: Yields and yield components of Chickpea (mean±standard error, n=3), sown after 
harvesting rice experiments without organic and inorganic fertilizer addition. 

Yield 
components 

Rh Rs Ps NPK Mix Control 

Yield          
(kg ha-1) 

1536±725  
a 

1300±240   
a 

1180±248  
a 

1140 ± 271 
a 

1090±120   
a 

1180±123 
a 

Total seed 
per plant 

23.23±4.35 
a 

17.57±5.39   
a 

24.26±10.1
a 

16.78±6.52 
a 

21.39±1.85 
a 

16.16±0.90 
a 

Percent 
mature seed 

92.91±2.17 
a 

75.01±10.08 
a 

83.87±2.99
a 

85.77±3.23 
a 

85.77±4.58 
a 

87.57±2.46 
a 

Hundred seed 
weight (g) 

24.28±1.06 
a 

30.47±3.69  
a 

23.67±2.19
a 

25.41±1.72 
a 

24.11±0.09 
a 

25.37±1.14 
a 

Plant weight 
(g) 

12.04±1.57 
a 

11.89±2.4   
a 

13.22±3.40
a 

8.94±2.16   
a 

11.78±1.60 
a 

9.20±0.75 
a 

Harvest Index 46.00±2.23 
a 

43.00±5.7   
a 

38.00±4.87
a 

44.00±5.56 
a 

45.00±4.01 
a 

45.00±2.88 
a 

Common letters in the rows indicate mean values are not significantly different (p ≥ 0.05). 

4.3 Effects of the Treatments on Cotton Crop Growth and Yield 

4.3.1 Effects of the treatments on cotton crop growth 

Crop growth data was measured every two weeks after true leaf formation. Growth stages 

were differentiated based on the phenological development stages of cotton crops according 

to BBCH scale for dicotyledonous plants of Munger et al. (1998). Plant height was 

significantly different among the treatments at 45 days after sowing (DAS) (p < 0.05) (Fig. 

4.6) (Table 4.9). Although plant heights were not significantly different among the treatments 

during vegetative growth stage of cotton plants, plant height became significantly different 

after flower initiation. Control showed the lowest plant height compared to biochar and 

fertilizer treatments at 45 DAS. Different crop growths of Rh biochar + FYM mixture 

application and the control can be seen in figure (4.7). The highest plant heights of the crops 

were found in Rs biochar applied plots, followed by Ps biochar applied plots, Rh biochar 

applied plots, Rh biochar + FYM mixture, and NPK fertilizer applied plots, respectively.  

Height node ratio (H/N) was recorded every two weeks since the time cotton plants started to 

set squares (small cotton flower buds) to decide whether the crops were either at the normal 

range of growth or having excessive vegetative growth or having poor growth. No significant 

difference was found by H/N ratio of cotton plants among the treatments (Table 4.10). In all 

treatments including control, the balance between plant height and the number of main stem 

nodes were in optimum range of crop growth (0.025 m-0.0375 m). However, at 60 DAS, H/N 

ratios of cotton plants from Rh biochar, Rs biochar and Ps biochar applied plots exceeded the 
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optimum range having the values of 4.14, 4.21, and 4.04, respectively due to excessive 

growth of internodes. That growth did not affect the development of reproductive organs. 

The number of fruiting branches per plant was not significantly different among the 

treatments (p ≥ 0.05) (Table 4.10). The highest number of fruiting branches were found in 

plants of Ps biochar applied plots, followed by Rs biochar, Rh biochar + FYM mixture, NPK 

fertilizer application, Rh biochar applied plots and the control, respectively.  

 

 

Figure 4.6: Effect of biochar applications on plant height of cotton (mean and standard error, 
n=3) compared to NPK fertilizer application and the control at three growth stages (21, 45, 
and 60 days after sowing). Different letters above the error bars indicate the significant 
differences between treatments (p < 0.05).  

Table 4.9: Tukey multiple comparisons of mean values of plant height of cotton at 60 das 
(95% family-wise confidence level) 

 

 Rh Rs Ps NPK Mix 
Rs 0.999     
Ps 0.999 0.999    
NPK 0.880 0.790 0.860   
Mix 0.998 0.989 0.997 0.981  
Control 0.029 0.020 0.026 0.168 0.056 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 4.7: Effect of treatments on cotton crop growth at 45 days after sowing, (a) cotton 
plants of rice husk biochar + FYM mixture treatment (b) cotton plants of control plot (c) 
cotton plants of rice husk biochar treatment (d) cotton plants of NPK fertilizer application 
treatment 
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Table 4.10: Effect of biochar applications on cotton yield, growth and yield components 
(mean±standard error, n=3) compared to NPK fertilizer application and the control 

Yield/Growth 
factors Rh Rs Ps NPK Mix Control 

Yield         
(kg ha-1) 

3020±401a 3351±116a 2921±354a 2455±65a 3768±436a 927±19b 

Plant height 
(21 DAS) 
(cm) 

40±5.28a 38±1.92a 43±0.59a 41±2.94a 40±1.18a 33±1.51a 

Plant height 
(45DAS) 
(cm) 

83±7.48a 84±0.59a 85±2.72a 79±5.38a 85±5.66a 65±0.74a 

Plant height 
(60 DAS) 
(cm) 
 

105±4.8a 106 ±2.66a 105±4.27a 97±7.72ab 102±5.22ab 80±1.17b 

HN ratio    
(21 DAS)  
(cm) 

2.6±0.30a 2.4±0.07a 2.7±0.12a 2.6± 0.18a 2.6±0.04a 2.1±0.29a 

HN ratio    
(45 DAS)  
(cm) 

3.7±0.27a 3.8±0.10a 3.7±0.18a 3.6±0.21a 3.6±0.29a 3.2±0.07a 

HN ratio    
(60 DAS)  
(cm) 

2.1±0.28a 4.2±0.11a 4.0±0.44a 3.8±0.64a 3.5±0.44a 3.5±0.14a 

Nr. of fruiting 
branches 
 

9.0±0.44a 11±0.37a 11.0±0.29a 9.0±1.05a 10.0±0.70a 8.0±0.13a 

Nr. of bolls 
per plant 
 

15±1.35a 17±1.08a 13±0.62a 11±0.23ab 16.0±2.24a 7.0±0.37b 

Single boll 
weight (g) 

4.8±0.35a 4.6±0.06a 4.6±0.14a 5.1±0.21a 5.1±0.14a 3.5±0.05b 

Within the rows, different letters represent that treatments are significantly different (p ˂ 0.05). 
Common letters represent that treatments are not significantly different (p ≥ 0.05) 

4.3.2 Effects of the treatments on cotton yield (seed cotton) and yield components 

Seed cotton yield was significantly different among the treatments (p < 0.05) (Fig. 4.8).  The 

highest seed cotton yield was obtained from Rh biochar + FYM mixture application (306% 

higher than control and 53% higher than NPK fertilizer application). The second highest yield 

was obtained from Rs biochar application (261% higher than control and 36% higher than 

NPK fertilizer application), followed by Rh biochar application (226% higher than control 

and 23% higher than NPK fertilizer application), Ps biochar application (215% higher than 

control and 10% higher than NPK fertilizer application), and NPK fertilizer application 

(165% higher than control). Control had the lowest yield.  
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Number of bolls per plant was significantly different among the treatments (p < 0.05) (Fig. 

4.9) (Table 4.12). The highest number of bolls per plant was found in Rs biochar application, 

followed by Rh biochar + FYM mixture, Rh biochar, Ps biochar, and NPK fertilizer 

application, respectively. The lowest number of boll per plant was found in control. 

Single boll weight was significantly different among the treatments (p < 0.05) (Fig. 4.10) 

(Table 4.13). The highest boll weight was found in Rh biochar + FYM mixture application, 

followed by NPK fertilizer application, Rh biochar, Rs biochar, Ps biochar application and the 

control, respectively. 

Seed cotton was harvested three times (Fig 4.11). The proportion of harvested seed cotton in 

each harvest differed among the treatments in the first harvest and in third harvest (p < 0.05) 

(Table 4.14) and (Table 4.15). Significant difference in the first cotton picking was due to 

significant highest harvested seed cotton from control plots. 43.25 % of total yield from 

control was obtained in the first harvest. The second highest amount of seed cotton was 

harvested from Rh biochar application, followed by Rs biochar, Ps biochar, Rh biochar + 

FYM mixture, and NPK fertilizer application, respectively. In the second harvest, harvested 

seed cotton was not significantly different among the treatments (p ≥ 0.05) (Table 4.16). 

Around 40% of total yield was obtained from the second harvest in all treatments. In third 

harvest, harvested seed cotton was different among the treatments. The smallest proportion of 

seed cotton was harvested from control plots and the largest proportion was obtained from 

NPK applied plots followed by Ps biochar application, Rs biochar application, Rh biochar 

application, and Rh biochar + FYM mixture application, respectively.  
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Figure 4.8: Effect of biochar applications on cotton yield (kg ha-1) (mean and standard error, 
n=3) compared to the effect of NPK fertilizer application and the control. Different letters 
above the error bars indicate the significant differences between the treatments (p < 0.05). 
Same letters above the error bars indicate that means are not significantly different (p ≥ 0.05). 

 

Table 4.11: Tukey multiple comparisons of mean values of the number of mature boll per 
plant (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.959     
Ps 0.999 0.888    
NPK 0.732 0.301 0.852   
Mix 0.477 0.900 0.354 0.062  
Control 0.003 0.001 0.004 0.025 0.000 
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Figure 4.9: Effect of biochar applications on the number of open boll per plant (mean and 
standard error, n=3) compared to NPK fertilizer application and the control. Different letters 
above the error bars indicate that means are significantly different (p < 0.05). Same letters 
above the error bars indicate that means are not significantly different (p ≥ 0.05). 

Table 4.12: Tukey multiple comparisons of mean values of the number of mature bolls per 
plant (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.785     
Ps 0.874 0.235    
NPK 0.301 0.040 0.866   
Mix 0.989 0.982 0.551 0.120  
Control 0.004 0.001 0.022 0.140 0.001 
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Figure 4.10: Single boll weight in each treatment, (g) (mean and standard error, n=3), boll 
weight is seed cotton weight without burrs. Different letters above the error bars indicate that 
means are significantly different (p < 0.05). Same letters above the error bars indicate that 
means are not significantly different (p ≥ 0.05). 

Table 4.13: Tukey multiple comparisons of mean values of single boll weight of each 
treatment group (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.999     
Ps 0.995 0.999    
NPK 0.850 0.651 0.585   
Mix 0.687 0.472 0.412 0.999  
Control 0.005 0.009 0.012 0.001 0.000 
 

Table 4.14: Tukey multiple comparisons of mean values of the proportion of first harvested 
yields from total yields (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.960     
Ps 0.947 0.999    
NPK 0.883 0.999 0.999   
Mix 0.989 0.999 0.999 0.996  
Control 0.001 0.000 0.000 0.000 0.000 
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Figure 4.11: Comparing the differences in the proportion of seed cotton weight in each time 
of cotton picking, (mean and standard error, n=3) from biochar application treatments, NPK 
fertilizer application and the control. Different letters above the error bars indicate the 
significant differences between the treatments (p < 0.05). 

Table 4.15: Tukey multiple comparisons of mean values of the proportion of third harvested 
yield from total yield (95% family-wise confidence level) 

 Rh Rs Ps NPK Mix 
Rs 0.978     
Ps 0.418 0.801    
NPK 0.130 0.360 0.958   
Mix 1.000 0.976 0.408 0.126  
Control 0.071 0.022 0.002 0.000 0.074 
 

Table 4.16: Harvested proportion in each harvest of seed cotton (mean±standard error, n=3) 

 Rh Rs Ps NPK Mix Control 
First harvest 20.99±1.17 

b 
17.74±0.87 

b 
17.50±2.44 

b 
16.67±4.22 

b 
18.59±2.60 

b 
43.25±3.99 

a 
Second 
harvest 

43.52±2.12
Á 

43.95±2.88
Á 

39.10±4.74
Á 

36.62±4.93
Á 

45.99±3.24
Á 

33.95±3.12
Á 

Third 
harvest 

35.49±2.66
AB 

38.31±3.73
AB 

43.40±2.69
A 

46.70±2.87
A 

35.42±2.05
AB 

22.80±2.89
B 

Within the rows, different letters indicate that the treatments are significantly different (p ˂ 
0.05), common letters indicate that the treatments are not significantly different (p ≥0.05) 
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Chapter 5: Estimation of Soil Organic Carbon and Greenhouse Gas Emissions by 

using Denitrification Decomposition (DNDC) Model 

5.1 Testing the Model by Comparing Modelled Crop Yields and SOC (0-0.2 m) with 

Measured Crop Yields and SOC (0-0.2 m) 

5.1.1 Comparing measured yields and modelled yields 

In simulating rice yields, the model slightly overestimated rice yields (percent bias (PBIAS) = 

- 3.59%, relative root mean square error (RRMSE) = 18% of measured mean grain C yield) 

(Fig. 5.1), slightly underestimated chickpea yields (PBIAS) = 6.56 %, RRMSE = 7.52% of 

measured mean grain C yield) (Fig.5.2), and underestimated cotton yields (PBIAS = 8.86%, 

RRMSE = 24.63% of measured mean grain C yield) (Fig. 5.3).  

Correlation between measured and simulated crop yields was strong in rice (R2 = 0.8153) and 

chickpea (R2 = 0.8804), and slightly weak in cotton (R2 = 0.6396). Positive percent bias 

(PBIAS) value of 8.86% showed overestimation of cotton yield by model in general. Model 

overestimated cotton yields from rice husk biochar and pigeon pea stem biochar treatments 

and underestimated the other treatments (Table 5.1).  

 

Figure 5.1: Correlation between measured and simulated rice yields 
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Figure 5.2: Correlation between measured and simulated chickpea yields  

 

Figure 5.3: Correlation between measured and simulated cotton yields 

In both of rice growing season in 2012 and cotton growing season in 2013, biochar 

application rates were 20 Mg h-1 rate of each of Rh, Rs and Ps biochars and 10 Mg ha-1 rate of 

Rh biochar + FYM mixture, respectively. Measured and simulated SOC of topsoil (0-0.2 m) 

after harvesting rice in 2012 was quantified to test the model fitness (Fig. 5.4 a). Model 

slightly underestimated the SOC (PBIAS = 5.89%). According to root mean square error 

(RMSE), simulated SOC was close to measured SOC (RMSE = 0.99 kg ha-1 and RRMSE = 

4.57% of measured mean SOC). Measured SOC in 0-0.2 m soil depth was the highest in Rh 

biochar applied soils, followed by Rs biochar, Rh biochar + FYM mixture, Ps biochar, the 

control, and NPK fertilizer application, respectively (Table 5.1). 
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In 2013 after the second time biochar application and under upland condition, the model 

slightly underestimated the SOC of soils (PBIAS = 4.65%). Variability between measured and 

simulated SOC was 4.43% (RMSE = 4.43 Mg SOC ha-1 and 19% of measured mean SOC). 

R2 was 0.4371 because of high residuals in rice-husk biochar treatments (Fig. 5.4 (b)).  

Calculated, measured and simulated SOC (0-0.2 m) of Rh biochar application, NPK fertilizer 

application and control were at the same level after harvesting rice in 2012 (Fig. 5.5 (a)).  In 

soils of Rs biochar, Ps biochar and Rh biochar + FYM mixture applications, measured and 

simulated SOC (0-0.2 m) were lower than calculated SOC (0-0.2 m). Calculated SOC (0-0.2 

m) was obtained by multiplying biochar carbon content and per hectare biochar application 

rate (20 Mg ha-1a-1of Rh, Rs and Ps biochars and 10 Mg ha-1a-1of Rh biochar + FYM mixture) 

(Table 5.1). Calculated and measured SOC in soils of NPK fertilizer treatment and control 

was the same because additional carbon was not added to those treatments except measured 

SOC. Measured SOC was SOC values obtained from the results of laboratory measurements 

of soil samples. Simulated SOC from 0-0.2 m soil depth was obtained from model simulation 

of SOC during the respective cropping seasons from each treatment. Model provided the 

simulated SOC results through the interaction among crop types and crop growth, climate 

conditions, soil conditions and fixed- and mobile biochar carbon fraction.  In 2013 after 

harvesting cotton, measured SOC (0-0.2 m) was higher than calculated and simulated SOC (0-

0.2 m) only in Rh biochar treatment. Calculated SOC (0-0.2 m) was higher than measured and 

simulated SOC (0-0.2 m) in the other treatments including the control (Fig. 5.5 (b)). 
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(a) 

 

(b) 

Figure 5.4: Correlations between simulated soil organic carbon and measured soil organic 
carbon (0-0.2 m soil layer) (a) SOC after harvesting rice in 2012 (b) SOC after harvesting 
cotton in 2013 
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Figure 5.5: Calculated-, measured- and simulated-SOC (0-0.2 m) (a) after harvesting rice in 
2012 (b) after harvesting cotton in 2013. Calculated SOC from 0-0.2 m soil depth was 
obtained by multiplying biochar SOC with biochar per hectare application rates. Measured 
SOC was SOC values obtained from the results of laboratory measurements of soil samples. 
Simulated SOC from 0-0.2 m soil depth was obtained from model simulation of SOC during 
the respective cropping seasons from each treatment.  
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Table 5.1: Calculated-, measured- and simulated-SOC of topsoil (0-0.2 m) in biochar applied 
soils, NPK fertilizer applied soils and control after harvesting rice in 2012 and after harvesting 
cotton in 2013 

Biochar 
SOC (0-0.2 m) Mg ha-1 in 2012 SOC (0-0.2 m) Mg ha-1 in 2013 

Calculated* measured† Simulated‡ Calculated measured Simulated 

Rh biochar 28.48 30.00 26.81 28.48 38.16 28.57 

Rs biochar 34.86 21.36 25.07 34.86 27.96 27.63 

Ps biochar 29.62 22.08 19.03 29.62 22.08 23.09 

NPK 17.88 17.88 14.00 17.88 13.92 14.00 

Control 24.36 19.08 19.91 24.36 21.48 20.48 

Rh biochar + FYM mixture 19.68 19.68 18.28 19.68 14.16 18.25 

*SOC was calculated based on biochar carbon, initial total carbon in soil and soil bulk density and SOC of NPK 
application and control were assumed the same as observed SOC. 

† SOC was calculated based on total carbon in soil samples of experiments and soil bulk density 

‡Simulated SOC by DNDC 

 

5.2 Model Simulations 

5.2.1 Crop yields 

Rice yields 

In 30-year simulation, simulated rice yields in biochar application treatments were higher in 

the initial year of simulation and decreased by 11%-29% in the second year and yields 

remained constant in the following years of simulation although there were some fluctuations 

of yields (less than 1% of initial yield) due to different climatic conditions (Fig. 5.6 (a)). 

Simulated yields of NPK fertilizer application and control were stable around 2300-2400 kg 

ha-1 and 1000-1080 kg ha-1 respectively from the initial year up to the end of simulation 

although some slight fluctuations (less than 3% of initial yield) occurred towards the end of 

simulation. Although the decreasing trend of rice yield was found in biochar treatments, yield 

of those treatments were still higher than that of NPK and control until 30 years after biochar 

application. When the average yields over 30 years were compared, yield from biochar 

applications were 2-7% higher than the yield of NPK fertilizer application and 125-135% 

higher than control.  
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In the 50-year simulation, under the same climate condition, rice yields of NPK fertilizer 

application and control showed increasing trends (3-6% of initial yield) from the initial year 

onwards the end of simulation (Fig. 5.6 (b)). Yields of Biochar treatments were resulted with 

decreasing trends (11-22% decrease of initial yield in Rh, Rs and Ps biochar applications and 

1-3% of initial yield in Rh biochar + FYM mixture application). However, when the average 

yields over 30 years were compared, yield of biochar treatments were 1-4% higher than NPK 

fertilizer application and 125-135% higher than control.  

 

Figure 5.6: Simulated rice yields of biochar application treatments compared to NPK fertilizer 
application and the control (a) 30 years after biochar applications by using the climate data 
from 1984 to 2013 (b) 50 years after biochar applications by using  a single year climate data 
from the year 2012 with the lowest rainfall (532 mm mean annual rainfall) 

Chickpea yields 

Neither chemical fertilizer nor biochar were applied before chickpea cultivation. Under 

different climatic conditions in 30-year simulation, Rh biochar + FYM mixture maintained 

the most stable yield throughout all simulated years compared to other biochar applications 

(485-512 grain C kg ha-1). An increasing yield trend was found in the 50-year simulation in all 
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treatments. When the average yield of all simulated years were compared, Rh biochar 

application showed the highest yield (520 kg grain C ha-1 in 30-year simulation and 530 kg 

grain C ha-1 in 50-year simulation) (Fig. 5.7 (a)and (b)). 

 

 

Figure 5.7: Simulated chickpea yields of biochar application treatments compared to NPK 

fertilizer   application and the control (a) 30 years after biochar applications by using the 

climate data from 1984 to 2013 (b) 50 years after biochar applications by using a single year 

climate data from the year 2012 with the lowest rainfall (532 mm mean annual rainfall) 

Cotton Yields 

Simulated cotton yields were not differing among all treatments in both 50-year simulation 

(Fig. 5.8 (b)) and 30-year simulation (Fig. 5.8 (a)) except control. In both of 30-year and 50- 

year simulations, cotton yields from Rh biochar application and Ps biochar application were 
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the highest among all treatments in the initial year of simulation and decreased in the 

following years of simulation. In the final year of simulation, yields of these two treatments 

were lower than Rs biochar application, Rh biochar + FYM mixture application and NPK 

fertilizer application. In the latter three treatments, although the yields in the initial year were 

lower than Rh- and Ps biochar applications, their yields went with increasing trend. 

 

 

Figure 5.8: Simulated cotton yields of the biochar application treatments compared to NPK 
fertilizer application and the control (a) 30 years after biochar applications by using the 
climate data from1984 to 2013 (b) 50 years after biochar applications by using a single year 
climate data from the year 2012 with the lowest rainfall (532 mm mean annual rainfall) 

5.2.2 Soil organic carbon (SOC) 0-0.2 m 

In both 30-year and 50-year simulations, simulated SOC (0-0.2 m) was at the same level for 

all simulated years although there were slight reductions in Rh biochar applications. In Rh 

biochar treatment, SOC was decreased by 2% in the following years after 13th year (Fig. 5.9 
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(a) and Fig. 5.9 (b)). The highest SOC was found in Rh biochar variant followed by Ps 

biochar, NPK fertilizer application and Rh biochar + FYM mixture, Rs biochar application 

and the control, respectively. 

 

Figure 5.9: Simulated SOC from the topsoil 0-0.2 m of biochar applications, compared to 
NPK fertilizer application and the control after harvesting cotton (a) 30 years after biochar 
applications by using the climate data from 1984 to 2013 (b) 50 years after biochar 
applications by using a single year climate data  from the year 2012, with 532 mm mean 
annual rainfall 

5.2.3 Soil CO2 emission 

Year 1 (Rice and chickpea growing seasons) 

In both 50-year and 30-year simulations of CO2 emission under lowland condition, emissions 

from biochar treatments were higher than NPK fertilizer application and control (Fig. 5.10 (a) 

and Fig. 5.11 (a)). In 30-year simulation, the highest CO2 emission was found in Rh biochar + 

FYM mixture (2031 kg C ha-1a-1), followed by Ps biochar application (1942 kg C ha-1a-1), Rs 
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biochar application (1746 kg C ha-1a-1), Rh biochar application (1752 kg C ha-1a-1), NPK 

fertilizer application (1395 kg C ha-1a-1), and control (721 kg C ha-1a-1), respectively. In this 

simulation, CO2 emissions from Rh-, Rs- and Ps biochar applications went with decreasing 

trends 32-80% of initial year’s emission and emission from Rh biochar + FYM mixture, NPK 

fertilizer treatments and control went by increasing trends (ranged from 2% to 19% of initial 

year’s simulation). In 50-year simulation, the highest CO2 emission was from Ps biochar 

application (1720 kg C ha-1a-1), followed by Rs biochar application (1650 kg C ha-1a-1), Rh 

biochar application (1625 kg C ha-1a-1), Rh biochar + FYM mixture (1471 kg C ha-1a-1), NPK 

fertilizer application 1439 kg C ha-1a-1, and control (738 kg C ha-1a-1), respectively. In 50-year 

simulation, CO2 emission of biochar applications was higher in the year of biochar application 

and it went with decreasing trend in the following simulated years (ranging between 9-80%). 

Emissions from conventional NPK fertilizer application and control were initially lower than 

that of biochar treatments and that went with increasing trend (ranging between 1-21%). 

Although there were increasing trends of CO2 emission in NPK fertilizer application and 

control, 50-year average emissions from those treatments were still lower than that of biochar 

treatments since emissions of biochar treatments were higher in the initial years. 

Year 2 (Cotton growing seasons) 

Under upland condition, in both 50-year and 30-year simulations, CO2 emission in the initial 

year was higher in biochar treatments and went with decreasing trend in the following years 

(ranged 16-73% of initial year’s emission) (Fig. 5.10 (b) and Fig 5.11 (b)). In 30-year 

simulations, average CO2 emission was the highest in Ps biochar application (899.39 kg C ha-

1a-1), followed by Rh biochar application (897.92 kg C ha-1a-1), Rs biochar application (816.38 

kg C ha-1a-1), Rh biochar + FYM mixture application (763.97 kg C ha-1a-1), NPK fertilizer 

application (650.02 kg C ha-1a-1), and control (433.40 kg C ha-1a-1), respectively. In 50-year 

simulations, average CO2 emission was the highest in Rs biochar application (848.38 kg C  

ha-1a-1), followed by Rh biochar application (800.27 kg C ha-1a-1), Ps biochar application 

(798.36 kg C ha-1a-1), Rh biochar + FYM mixture application (707.54 kg C ha-1a-1), NPK 

fertilizer application (694.80 kg C ha-1a-1), and control (448.42 kg C ha-1a-1), respectively. 
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Figure 5.10: Simulated soil CO2 after biochar applications compared to NPK fertilizer 
application and the control for 50 years by using a single year climate data from the year 2012 
with the lowest rainfall (532 mm mean annual rainfall) for all simulated years (a) CO2 
emission during rice growing seasons (b) CO2 emission during cotton growing seasons 
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Figure 5.11: Simulated soil CO2 after biochar applications compared to NPK fertilizer 
application and the control for 30 years by using the climate data from 1984 to 2013 (a) CO2 

emission during rice growing seasons (b) CO2 emission during cotton growing seasons 

5.2.4 N2O fluxes 

Year 1 (Rice and chickpea growing seasons) 

In both 50-year simulation and 30-year simulation under lowland condition, N2O emissions 

(average of simulated years) were higher in biochar applications than NPK fertilizer 

application and control. When all the treatments were compared, N2O emission was the 

highest in Rh biochar application and the lowest in control (Fig. 5.12 (a) and Fig. 5.13 (a)). In 

30 year simulation, average N2O emission from Rh biochar application was 1.80 kg N ha-1 a-1, 

followed by Ps biochar application (0.61 kg N ha-1a-1), Rh biochar + FYM mixture application 

(0.55 kg N ha-1a-1), Rs biochar application (0.51 kg N ha-1a-1), NPK fertilizer application (0.48 

kg N ha-1a-1), and control (0.37 kg N ha-1a-1), respectively. In 50-year simulation, average N2O 

emission from Rh biochar application was 0.39 kg N ha-1a-1, followed by Ps biochar 

application (0.30 kg N ha-1a-1), Rs biochar application (0.29 kg N ha-1a-1), Rh biochar + FYM 
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mixture application (0.28 kg N ha-1a-1), NPK fertilizer application (0.26 kg N ha-1a-1), and 

control (0.15 kg N ha-1a-1), respectively. 

Year 2 (Cotton growing seasons) 

Under upland condition in both 50-year and 30-year simulations, N2O emissions from biochar 

treatments were higher than the emissions from NPK fertilizer application and control (Fig 

5.12 (b) and Fig. 5.13 (b)). In the initial year of simulation, N2O emission was the highest in 

Rh biochar and Ps biochar applications among all treatments. In 50-year simulation, N2O 

emissions of Rh biochar, Ps biochar and Rh biochar + FYM mixture applications went with 

decreasing trends and N2O emission of Rs biochar, NPK fertilizer application and control 

went with increasing trends. In 30-year simulation, average N2O emission from Rh biochar 

application was 1.80 kg N ha-1a-1, followed by Ps biochar application (1.32 kg N ha-1a-1), Rs 

biochar and NPK fertilizer applications (1.11 kg N ha-1a-1), Rh biochar + FYM mixture 

application (1.04 kg N ha-1a-1), and control (0.95 kg N ha-1a-1), respectively. In 50-year 

simulations, average N2O emission  from Rh biochar application was the highest (1.12 kg N 

ha-1a-1), followed by Ps biochar application (0.83 kg N ha-1a-1), Rs biochar application (0.73 

kg N ha-1a-1), Rh biochar + FYM mixture (0.68 kg N ha-1a-1), NPK fertilizer application (0.67 

kg N ha-1a-1), and control (0.51 kg N ha-1a-1), respectively. 
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Figure 5.12: Simulated N2O-fluxes after biochar applications compared to NPK fertilizer 
application and the control for 50 years by using a single year climate data from the year 2012 
with the lowest rainfall (532 mm mean annual rainfall) for all simulated years (a) N2O-fluxes 
during rice growing seasons (b) N2O-fluxes during cotton growing seasons 
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Figure 5.13: Simulated N2O-fluxes after biochar applications compared to NPK fertilizer 
application and the control for 30 years by using the climate data from 1984 to 2013 (a) N2O-
fluxes during rice growing seasons (b) N2O fluxes during cotton growing seasons 

5.2.5 CH4 Fluxes 

Year 1 (Rice and chickpea growing season) 

Simulation of CH4 emissions under upland condition showed zero emission. In rice growing 

season, simulated CH4 emissions were higher in biochar applications than in NPK fertilizer 

application and control in both 30-year and 50-year simulations (Fig. 5.14). In both 

simulations, CH4 emissions from biochar applications and control went with decreasing trends 

and only CH4 emission from NPK fertilizer application went with increasing trend (ranging 4-

9% of initial year’s emission).  

In 30-year simulations, average CH4 emission was the highest in Rh biochar + FYM mixture 

(354.35 kg C ha-1a-1), followed by Ps biochar application (261.48 kg C ha-1a-1), Rh biochar 
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application (248.53 kg C ha-1a-1), Rs biochar application (247.86 kg C ha-1a-1), NPK fertilizer 

application (197.83 kg C ha-1a-1), and the control (78.11 kg C ha-1a-1), respectively.  

In 50-year simulations under low rainfall condition, average CH4 emission was the highest in 

Rs biochar application (245.51 kg C ha-1a-1), followed by Ps biochar application (240.51 kg C 

ha-1a-1), Rh biochar application (231.63 kg C ha-1a-1), Rh biochar + FYM mixture (220.15 kg 

C ha-1a-1), NPK fertilizer application (202.29 kg C ha-1a-1), and control (79.58 kg C ha-1a-1), 

respectively. 

 

Figure 5.14: Simulated CH4-fluxes after biochar applications compared to NPK fertilizer 
application and the control (a) 30-year simulation by using the climate data from 1984 to 2013 
and (b) 50-year simulation by using a single year climate data from the year 2012 with the 
lowest rainfall (532 mm mean annual rainfall) 
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5.2.6 Simulating crop yields obtained from biochar applications compared to fresh 

biomass application  

Crop yields from the application of raw biomass of rice husk, rice straw and pigeon pea stem 

compared to the yields of biochar soil additions were estimated by DNDC. Simulated rice 

yields from biomass applications were rice husk application, 33%, rice straw application, 

31%, and pigeon pea stem green manure application, 4%, respectively lower than the 

respective biochar applications (Fig, 5.15 (a)). 

Chickpea yields were simulated as the second crop cultivated after rice. No fertilizer or 

manure input was added to chickpea simulation. Simulated chickpea yields from rice-husk 

biomass application and rice straw biomass application were 5% and 4% respectively lower 

than that of rice husk biochar application and rice straw biochar application. Simulated yield 

from pigeon pea stem green manure application was 29% higher than that of pigeon pea stem 

biochar application (Fig. 5.15 (b)). 

Simulated cotton yields from biomass applications were rice-husk biomass application, 21%, 

rice straw biomass application, 24%, and pigeon pea green manure application, 10%, 

respectively lower than the respective biochar applications (Fig. 5.15 (c)).  
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Figure 5.15: Simulated crop yields obtained from the biochar applications compared to the 
application of raw biomass (a) rice yields (b) chickpea yields (c) cotton yield 
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In estimating the future yields, all crop yields from rice husk and rice straw raw biomass 

applications were lower than their biochar applications in the initial year of simulation (Fig. 

5.16, 5.17, and 5.18). However, in the following years, the yields remained at the same level 

up to the end of simulations. In pigeon pea stem green manure application, crop yields were 

higher since the initial year up to the end of simulation. Simulated SOC (0-0.2 m) was lower 

in fresh biomass applications compared to biochar applications (Fig. 5.19).  

 

 

Figure 5.16: Simulated rice yields comparing the effects of biochar applications, rice straw-, 
rice husk- and pigeon pea stem biomass applications, NPK fertilizer application, and the 
control (a) 30-year simulation by using the climate data from1984 to 2013 (b) 50-year 
simulation by using a single year climate data, from 2012, with the lowest rainfall (532 mm 
mean annual rainfall) 
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Figure 5.17: Simulated chickpea yields comparing the effects of biochar applications, rice 
straw-, rice husk- and pigeon pea stem biomass applications, NPK fertilizer application, and 
the control (a) 30-year simulation by using the climate data from 1984 to 2013 (b) 50-year 
simulation by using a single year climate data, from 2012, with the lowest rainfall (532 mm 
mean annual rainfall) 
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Figure 5.18: Simulated cotton  yields comparing the effects of biochar applications, rice 
straw-, rice husk- and pigeon pea stem biomass applications, NPK fertilizer application, and 
the control (a) 30-year simulation by using different climate data (1984-2013) (b) 50-year 
simulation by using a single year climate data from 2012 with the lowest rainfall (532 mm 
mean annual rainfall) 
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Figure 5.19: Simulated SOC in topsoil (0-0.2 m) after the applications of rice straw-, rice 
husk-, and pigeon pea stem biochars, rice straw-, rice husk-, and pigeon pea stem biomass, 
NPK fertilizers, and the control, after harvesting cotton (a) 30-year simulation by using the 
climate data from 1984 to 2013 (b) 50-year simulation by using a single year climate data 
from the year 2012, with the lowest rainfall (532 mm mean annual rainfall)  
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Chapter 6: General Discussion  
 

6.1 Changes of Soil Properties after Biochar Applications in Combination with NPK 

Fertilizers compared to Control and NPK Fertilizer Sole Application 

To assess the changes of soil properties after biochar applications in combination with NPK 

fertilizers to agricultural soils, soil samples from the experimental plots before and after 

running the experiments were analysed and changes of their properties were observed. 

Findings from laboratory observations showed that biochar soil applications improved soil 

quality by decreasing bulk density, increasing soil organic carbon, water holding capacity, 

total exchangeable cations, and the rate of soil microbial respiration.    

6.1.1 Initial soil properties  

According to laboratory analyses of soil properties, soil type of experimental site can be 

assigned as alkaline sandy loam soil with fine textured sands. Soil nutritional status has never 

been measured in the study area and therefore, nutrient deficiency or toxicity cannot be 

known. Since 1994, medium staple cotton (G.hirsutum) has sown every year by irrigation at 

the experimental site. Removal of aboveground portions of the crops at harvesting time is a 

habit in Myanmar. Cotton stems and roots were also removed during land preparation for the 

next cropping season. In growing cotton, chemical fertilizers were applied at average 

application rate of 70 kg N ha-1, 28 kg P2O5 ha-1, 39 kg K2O ha-1. When the ignition loss of 

organic matters from soil samples taken before conducting the field experiments were 

measured in the laboratory, 2% humus content was detected. At this value, humus content of 

experimental site can be classified as slightly humid (Table 1.1 in Appendix). Soils of the arid 

tropics are highly variable and organic matter production is slow due to low rainfall and 

reduced plant growth. In the other mean, because they receive less rainfall, existing organic 

matter degradation will also be slow (Creswell and Martin, 1993). However, the problem with 

low rainfall is the accumulation of easily soluble salts that is very common in arid and semi-

arid climates (Geißler, 2007). Soil at the experimental site also has the problem of salt 

accumulation on the surface layer, as it is located in semi-arid region.  

6.1.2 Biochar properties 

The major factors that affect the characteristics of the produced biochar are the composition 

of the original organic materials, the pyrolysis temperature, and residence time at the target 

temperature and, the heating rate (Brownsort, 2009).  
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Total carbon in biochars were rice husk biochar 44%, rice straw biochar 76%, rice husk 

biochar and farmyard manure mixture 23%, and pigeon pea stem biochar 50% respectively. 

Ash content of biochar (percentage dry wt.) was rice husk biochar 38%, rice straw biochar 

62%, pigeon pea stem biochar 8%, and rice husk biochar and farmyard manure mixture 12%, 

respectively. According to biochar characterisation by European Biochar Certificate, 

pyrolysed char with carbon content below 50% of the dry mass were not classified as biochar. 

It was classified as Bio-Carbon-Minerals (BCM) and that have high nutrient content. Rice 

husk biochar and rice husk biochar + farmyard manure mixture used in the present research 

could be taken as BCM as their carbon content was lower than 50% of the dry mass.  

Ash content of rice husk and rice straw biochar were in agreement with the proximate analysis 

results of ash content of rice husk and rice straw biochars that were produced at 650°C by 

Crombie et al. (2013). Total carbon, total nitrogen and pH of rice husk biochar was consistent 

with those of rice husk biochar used in the experiment that tested the effect of charcoal 

amendments on soil fertility and rice production in NE Thailand by Hemwong et al. (2012). 

They recorded its chemical properties as having a pH 6.78, total carbon content of 307 g kg-1, 

total nitrogen amounts of 10.4 g kg-1, and C/N ratio of about 30. Total carbon content of rice 

husk biochar was consistent with that of rice husk biochar produced at 1000°C by Paethanom 

(2012). Paethanom (2012) studied rice husk biochar produced at 600, 800 and 1000°C 

pyrolysis temperatures and stated that the higher the pyrolysis temperature, the more volatile 

matters were removed and resulted more fixed carbon. In that production process, carbon in 

the char particle was 38.88% (wt. /wt.) at 1000°C.  

Rice straw biochar properties differ depending on biochar production methods. Rice straw 

biochar investigated by Ghoneim and Ebid (2013) was produced by using tubular furnace 

under oxygen absence environment with the temperature range 300-700°C. Rice straw 

biochar used in the present research was produced under partially oxygen-limited condition. 

In that case, rice straw seemed already reached to ash stage after pyrolysis because there was 

only 48% weight loss when rice straw biochar was heated in muffle furnace at 550°C for ash 

analysis.  Higher pyrolysis temperatures will result lower biochar mass recovery, greater 

surface areas, elevated pH, higher ash contents, and minimal total surface charge (Novak et 

al., 2009). When rice straw biochar produced under oxygen absence condition (Ghoneim and 

Ebid, 2013) and rice straw biochar produced under partially oxygen controlled condition 

(present research) were compared, the former one yielded two times higher biochar, two times 

higher total carbon and total nitrogen, two times lower ash content and, lower pH. Relative 

high ash content of biochar that was produced by using low-tech kiln could be traced back to 
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the initial burning of raw materials due to the higher amount of oxygen flow during burning 

process (Gangil and Wakudkar, 2013).  

Gangil and Wakudkar (2013) observed the generation of biochar from crop residues and 

investigated the effect of temperature on the yield and stability of char. In that research, 

pigeon pea stem biochar was produced under temperatures ranging between 250°C and 

450°C. Ash content of pigeon pea stem biochar produced through the internal heating using 

CIAE charring kiln (developed by the Central Institute of Agricultural Engineering, Bhopal 

Madhya Pradesh, India) was 15.5% and pH ranged from 9.44 to 9.85. Biochar yield varied 

from 21 to 40%. These properties were consistent with the properties of pigeon pea stem 

biochar produced for the present research, having a pH of 9.14, a biochar yield of 34% and an 

ash content of 10%.  Under the same production condition, a higher ash content of rice straw 

biochar compared to rice husk and pigeon pea stem biochar could be due to different chemical 

compositions of biomass materials such as different lignin and cellulose compositions. During 

the pyrolysis or oxidation process that generates biochar, heating causes some nutrients to 

volatilize, individual elements are lost to the atmosphere, fixed into recalcitrant forms or 

liberated as soluble oxides (Deluca, et al., 2009). 

6.1.3 Effects of biochar applications on soil bulk density and porosity 

When soil physical properties after biochar applications were measured, bulk density changes 

of biochar-applied soils were not statistically significant from that of NPK fertilizer 

application and the control. However, soil bulk density reduced slightly in biochar-applied 

soils compared to the control and NPK fertilizer-applied soils. Bulk density of sands and 

sandy loams usually showed variations between about 1.20 g cm-3 and 1.80 g cm-3 (Landon, 

1991). Bulk densities of the soils from experimental plots were between 1.60 g cm-3 and 1.80 

g cm-3 in the upper 0-0.2 m soil horizon.  

The lowest bulk density of 1.6 g cm-3 resulted from Rh biochar application among the 

treatments. That was in agreement with the findings of Jeon et.al (2010). They found that 

carbonised rice husk application improved soil physical properties such as bulk density and 

porosity although rice yields were not significantly different between biochar application and 

non-biochar application. Zhang et al. (2012) stated 40 Mg ha-1 rate of biochar application 

reduced soil bulk density consistently by 0.10 g cm-3 within one year and 0.06 g cm-3 in the 

second year. It was in agreement with the present research findings. After 40 Mg ha-1 

application of rice straw biochar, pigeon pea stem biochar and 20 Mg ha-1 application of Rh 

biochar + FYM mixture, soil bulk densities of these treatments reduced by 0.10 g cm-3 than 
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the initial soil bulk density. After 40 Mg ha-1 Rh biochar application, soil bulk density 

decreased by 0.20 g cm-3 compared to the initial values. Bulk densities of NPK fertilizer 

application and control remained the same as the initial bulk density.  

In the Rh biochar applied soils, bulk density was decreased by 0.20 g cm-3 compared to initial 

values, control and NPK sole application. In Rh biochar + FYM mixture applied soils, 

although 20 Mg ha-1 rate of biochar was applied (total application rate of two year biochar 

applications), reduction of soil bulk density was the same level as that of Rs and Ps biochar 

total 40 Mg ha-1applications. That could be due to the properties of Rh biochar contained in 

Rh biochar + FYM mixture. 

 Biochar additions to the soil have the potential to reduce soil bulk density (Gundale and 

DeLuca, 2006) and bulk density is closely relating to porosity (Joseph et al., 2009). When soil 

physical properties of all treatments were compared, Rh biochar applied soils showed the 

lowest bulk density and highest porosity, highest maximum water holding capacity and the 

second highest water content at field capacity next to Ps biochar treated soils. Depending on 

the particle sizes and ash contents, surface area and porosity of these three biochars would 

differ and that would attribute to different impacts on the changes of soil bulk density. The 

density of biochar depends upon the nature of starting material and pyrolysis process 

(Pandolfo et al., 1994). Bulk density is that of the material consisting of multiple particles and 

includes the macro-porosity within each particle and the inter-particle voids (Downie et al., 

2009). In the present research, since all of the biomass received the same pyrolysis condition, 

differences in densities might be due to the different properties of starting biomass. Changes 

of physical structure of biochar will depend on the chemical composition of each biomass 

material (Downie et al., 2009). Therefore, physical properties of rice husk, rice straw and 

pigeon pea stem biochars modified after pyrolysis process would vary with respect to the 

chemical composition of rice husk, rice straw and pigeon pea stem. In a long-term soil column 

incubation study of Laird et al. (2010), biochar less than 1 cm size was mixed with fine loamy 

soil with the rates 0, 5, 10 and 20 g kg-1 and significant increase of the specific surface was 

found at the rate of 20 g kg-1 biochar soil mixture (15% higher than control). At 5 g kg-1 rate, 

there was 1% increase of specific surface area compared to the control. In the present 

research, size of Rh biochar particles (around 2 mm) was in the middle of those of Rs (smaller 

than 1 mm) and Ps (larger than 0.001 m) biochars, whereas soil from rice husk biochar treated 

plots showed the highest porosity. This change of specific soil surface area after mixing with 

biochar can help explain the changes of porosity since the surface area improvement is 

relating to the improvement of the porosity of soils. Significant improvement of the specific 
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soil surface area of soil particles and total porosity could vary with soil type, biochar type and 

the rate of biochar application. Biochar produced at temperatures ranging between 600°C to 

750°C have a surface area of approximately 400 m2 g-1 (Brown et al., 2006; Downie et al., 

2009).  

In the present research, porosity percentages among the treatments were not statistically 

significant. However, certain differences of porosity values among the treatments were 

observed. Porosity of soils from control and NPK plots showed the lowest values compared to 

biochar applications. Jeon et al. (2010) studied the effect of rice-husk biochar application on 

rice yield and soil properties compared to chemical fertilizer application in a field experiment. 

Biochar was applied 2 Mg ha-1 rate and soil of the experimental site was a fine loamy paddy 

soil. The results showed that although rice growth and yield from biochar application did not 

significantly differ from conventional chemical fertilizer application, rice husk biochar-

application increased soil porosity.  

Porosity of biochars with high ash content will increase gradually over time because ash will 

leach out as the time passes (Thies and Rilig, 2009). In contrast to this statement, although Rs 

biochar had the highest ash content (64%), porosity of Rs biochar treated soils was lower than 

the other biochars with low ash content. High ash content in rice straw biochar could be due 

to the higher cellulose content of rice straw, 37.74% cellulose and 26.03% hemicelluloses 

(Rahnama et al., 2013). Temperature range lower than 600°C will require for proper biochar 

production from rice straw because volatilisation rate, degradation of anhydrosugars present 

in tar and biochar yield will decrease at 300°C-600°C temperature range (Amonette and 

Joseph, 2009). Cellulose of biomass that transformed to tar during pyrolysis is chiefly 

composed of anhydrosugars such as laevoglucose (Shafizadeh, 1982; Amonette and Joseph, 

2009). Therefore, rice straw biomass will transform to ash with the less number of pore space. 

In the present research, although porosity of biochar treated soils was higher than control and 

NPK fertilizer application, this porosity level was still lower than the level that is favourable 

for root penetration. Total porosity of soils usually lies between 30% and 70% and was used 

as a very general indicator of the degree of compaction in a soil (Landon, J.R. (1991). For 

example, sands with a total pore space less than about 40% are liable to restrict root growth 

due to excessive strength (Harrod, 1975 cited by Landon 1991). In the here presented field 

experiments, biochar and soil mixing rate was 5.6 g biochar per kilogram resulting in an 

increase of porosity of 11.46% compared to the control in Rh biochar applied soils, 5.03% in 

Rs biochar applied soil, 1.73% in Ps biochar applied soils and 1.73% in Rh biochar + FYM 
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mixture applied soils, respectively. In the NPK fertilizer application, porosity was 2.10% less 

than that of the control. 5.6 g kg-1 biochar soil mixing rate might not large enough for 

significantly changing the soil surface area within one year after biochar application. Long-

term study of more than one year would require in order getting more precise information of 

biochar effects on the changes of soil porosity because biochar has the potential of improving 

porosity.  

6.1.4 Effects of biochar applications on maximum water holding capacity and water 

retention 

In water retention measurements, although the results were not statistically significant, water 

retention improved in biochar treated soils compared to NPK fertilizer application and 

control. Soils of Rh biochar treatment and Rh biochar + FYM mixture treatment had the same 

water content at field capacity. Although soils from Ps biochar application contained the same 

percent of water filled pore space as the soils of NPK and rice straw biochar applications, Ps 

biochar treated soils had the highest percent of plant available water among all treatments. Ps 

biochar applied soils held fewer amount of water at permanent wilting point than the other 

soils. This showed that Ps biochar could store more water that was available for the cultivated 

crops. That could be due to macro-pore content of pigeon pea stem biochar as macro-pores 

are very relevant to vital soil functions as aeration and hydrology (Troch and Thompson, 

2005; Downie et al., 2009). Biochar soil amendment can increase the total soil-specific 

surfaces through its micro-, meso- and macro-pore contents (Downie at el., 2009). At 

permanent wilting point, NPK fertilizer applied soils held the highest amount of water in its 

pore space and in consequence, crops sown in NPK fertilizer applied soils would face more 

water stress than the plants of the other treatments under water scarcity conditions and would 

have less nutrient uptake ability influencing the crop yields. 

Results showed that significant improvement of water retention capacity of biochar applied 

soils could vary with biochar type, initial soil property and biochar application rate. Yu et al. 

(2013) stated that by addition of each 1% by mass of biochar, water-holding capacity of 

loamy sand soil increased by 1.7% compared to the control. In their research, biochar 

application rate was 0.56% by mass of biochar, and, water-holding capacity of sandy loam 

soils increased by 0.1-3.5% depending on different biochar feedstock. Soil surface area is an 

important characteristic as it influences soil physical functions. Limited water holding 

capacity of sandy soils is relating to the small surface area of soil particles (Troech and 

Thompson, 2005; Downie et al., 2009). In the former studies of biochar application to sandy 
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soils, water retention in those soils increased when 80 to 900 Mg ha-1 rate of biochar was 

applied (Tyron, 1948; Gaskin et al 2007; Novak et al., 2009). In the present research, biochar 

application rate was lower than those rates that showed significant improvement of water 

retention and its effect on the improvement of water retention capacity was not significant 

although some level of changes occurred compared to control and conventional NPK fertilizer 

application.  

6.1.5 Effects of biochar applications on total soil organic carbon 

In both years, total soil organic carbon (SOC) changed significantly due to treatments. The 

highest SOC was detected in Rh biochar applied soils. After harvesting rice and after 

harvesting cotton, SOC in NPK fertilizer-applied soils was lower than that of the control and 

SOC in biochar-applied soils was higher than control. Increased SOC of soils after biochar 

applications were already stated in the former biochar research, both in incubation and field 

experiments (Glaser et al., 2002; Lehmann and Joseph 2009; Lentz and Ippolito, 2011; 

Nigussie et al., 2012; Zhang et al., 2012; Ghoneim and Ebid 2013; Schulz et al., 2013). In the 

present research, after first time biochar application in 2012, total carbon in topsoil 0-0.2 m 

increased by 53% in Rh biochar application, 12% in Ps biochar application, and 8% in Rs 

biochar application, respectively compared to the control and initial condition as well.  After 

second time biochar-application in cotton growing season, total carbon in biochar treated soils 

increased and that in NPK and control soils decreased. In that season, total carbon in Rh 

biochar applied soil increased by 169% compared to control. Between first and second 

cropping seasons, total carbon increased by 31.36% in Rs biochar applied soils, 27% in Rh 

biochar applied soils, and 13% in Rh biochar + FYM mixture applied soils, respectively. 

The highest SOC measured in Rh biochar treated soils among all treatments in the end of the 

field experiments could be due to total carbon content and the texture of biochar materials. Rs 

biochar contained the highest SOC (76%) compared to the other three biochars. However, Rh 

biochar contained higher stable carbon (15%) than Rs biochar (2.18%). Therefore, stable 

carbon of Rh biochar might remain in the soil longer than that of Rs biochar. Although Ps 

biochar contained higher total carbon (50%) and higher stable carbon (23.5%) than Rh 

biochar (44% total carbon and 15% stable carbon), measured SOC in Ps biochar applied soil 

was 42% lower than that of Rh biochar applied soils. That difference might be due to higher 

mobile carbon content of Ps biochar. Its carbon might easily be consumed by the cultivated 

crops or by soil microorganisms during the growing season and finally, in the end of the 

growing season less amount of carbon from Ps biochar would remain in the soil. Another 
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factor could be the nature of less homogeneity of Ps biochar particles with soil due to its size. 

In consequence, it would move in the plot through cultivation practices, that would affect the 

sample collection, and measurement of carbon content of Ps biochar applied soils.     

SOC values obtained from DNDC model simulation, SOC values obtained from soil analysis 

and calculated SOC values were compared to assess how much SOC was left in the soil at the 

time of harvesting. Calculated SOC was the amount of SOC that should be in the soil with 

respect to total carbon content of biochar and biochar application rate. It was found that 

calculated SOC was always higher than the measured SOC (from soil analysis) and simulated 

SOC (by DNDC model) in both years in all treatments except Rh biochar treatment. Despite 

the significant changes of SOC among the treatments in both years, the amount of SOC 

detected in biochar-applied soils appeared lower, relative to biochar application rate and 

organic carbon content of biochars. This low amount of detected organic carbon could be due 

to the sampling depth and the distribution of applied biochars in the soil profile, losses of 

biochars through irrigation water and cultivation practices, and due to different mechanisms 

that enhanced carbon and biochar degradation. According to Zimmerman and Gao (2013), 

black carbon and biochar can be lost by biotic degradation due to soil microbial activities, 

abiotic oxidative degradation due to the oxidation of both on biochar surfaces and in bulk, 

non-oxidative abiotic losses through desorption of CO2 or volatilisation of organic 

compounds, leaching, erosion or translocation, and volatilisation and decomposition by later 

fires. 

Biochar can be mobilised at different scales in the landscape, ranging from fractions of meters 

in the soil profile that mainly involve tillage, turbation and dissolution, up to hundreds of 

meters through erosion of biochar from the soil (Hammes and Schmidt, 2009). According to 

Major et al. (2010) and Zimmerman and Gao (2013), black carbon losses from biochar 

amended soils due to leaching, downward movement and mineralisation was less than 3% and 

20-53% of the applied black carbon must have been lost by surface erosion.  

Although water or other cultural practices can bring biochar particles to downstream, that 

might happen rarely in present research since experimental plots were separated with double 

bunds and biochars applied to each plot were maintained in the respective plots. As an 

exception, uneven scattering of biochars due to lateral movement in the subplots and 

accumulation of biochars in a certain corner of the plots could have happened. Zimmerman 

and Gao (2013) stated that in levelled agricultural systems, since biochar is initially mixed 

with soil, losses by erosion could be less.   
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Environmental conditions and land use will affect the degradation rate of biochar in soils 

(Lehmann et al., 2009). The resistance of biochar to degradation will vary with different 

properties of biochars such as macro- and micro-pore structure, solubility, surface affinity for 

other soil components and environmental factors such as pH, oxidant concentration, moisture 

level and soil compaction and structure (Zimmerman and Gao, 2013). In the present research, 

since the treatments received the same management and environmental conditions, the rate of 

degradation among biochars would differ with respect to the properties of raw biomass, size 

of biochars, dispersion and location of biochar particles in the soil, and solubility and 

homogeneity of biochars in the soil.  

When applied to soil, rice straw biochar could have physically degraded and been transported 

faster than rice husk biochar by irrigated water and tillage operation horizontally and 

vertically in the soil due to its chemical composition and physical structure. Rice straw 

biochar contained more ash than rice husk and pigeon pea stem biochars. The proportion of 

inorganic (ash) components also has implications on physical structure (Downie et al., 2009). 

Size of rice straw biochar was smaller than that of rice husk biochar (< 2mm) and rice straw 

originally contained lower lignin (9%-12.3%) (Rahnama et al., 2013; She et al., 2011) 

compared to the lignin content of rice husk (26-31%) (Ludueña et al., 2011) and that of 

pigeon pea stem (25%) (Elzaki et al., 2012).  

Zimmerman and Gao (2013) reviewed the observation of biochar stability in short-term 

laboratory incubation experiments and they made a general assumption that biochars made 

from grasses are more labile than those made from woody materials. Xie et al. (2013) stated 

that 15.5% of wheat straw biochar was lost in the sandy loam Inceptisol soils over the 117 

days experimental period. Knoblauch et al. (2011) found that under aerobic and anaerobic 

conditions, 4.4% and 8.5% respectively of rice husk biochar was lost after 2.9 years of 

incubation. Pigeon pea stem biochar size was larger than rice husk biochar and it could not 

mix homogenously with the soil like rice husk biochar and could easily move by tillage or 

water.  

Before growing cotton for cotton experiment, the land of experimental plots was disc 

harrowed and ploughed by moldboard plough. Biochars applied in the previous season could 

have been crushed by those tillage operations and moved to the deeper soil layer. 

Withstanding to wear and tear during the use of biochars will be relating to the quality of 

activated carbon. This quality of activated carbon is characterized by the mechanical strength. 

Mechanical strength of biochar is relating to its solid density (Downie et al., 2009). Properties 
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such as mechanical strength and hardness can be explained by high lignin and low ash 

contents (Aygun et al., 2003; Downie et al. 2009).  

Haefele et al. (2011) discussed the influence of sampling depth on soil organic matter 

measurements. Haefele et al. observed the organic carbon storage of rice soils after rice husk 

biochar and fresh rice husk application at three locations in two rice-growing seasons. Half of 

applied carbon from rice husk biochar was detected in the first rice season and all of applied 

carbon was detected in the second season. They found carbon from rice husk biochar moved 

to the next soil layer, 0.15-0.30 m, in the locations with high percolation rate. This vertical 

movement was possible for rice husk and rice straw biochars as their sizes were less than 

0.001 m, and the texture of the soil of experimental site was a sandy loam and had fair rates of 

percolation. In the present research, soil samples were taken from topsoil 0-0.20 m. If the 

samples could have been taken from the next horizon depth, like 0.20-0.40 m, a more 

complete and stronger figure of total carbon content from biochar-applied soils could be 

obtained. 

Higher total carbon detected in Rh biochar treated soils was consistent with the ecological 

quotient of respired carbon per unit of organic carbon. The rate of substrate induced 

respiration (SIR) per unit of organic carbon was the highest in NPK, Rh biochar + FYM 

mixture and Rs biochar treated soils and the lowest in Rh biochar treated soils although the 

highest amount of organic carbon was found in Rh biochar treated soils. That lower microbial 

respiration rate might lead to the slower rate of degradation of carbon and as well as Rh 

biochar. In consequence, higher amount of organic carbon might have been detected in Rh 

biochar treated soils.  

6.1.6 Effects of biochar applications on total nitrogen 

In the present research, inorganic fertilizers were applied together with biochars. Despite 

organic and inorganic fertilizer applications, less amount of total nitrogen was detected in Rh-

, Rs- and Ps biochar applied soils after harvesting rice crop. Total N in Rh biochar + FYM 

mixture applied soil was higher than that of the control and NPK fertilizer applied soils. That 

could be due to the impact of biochar surface properties that retain nitrogen contained in 

manure, nutrient transformation, and initial soil properties. Biochar may act as a habitat for 

soil microorganisms (Pietikäinen et al., 2000; Deluca et al., 2009). Biochar certainly has the 

capacity to support the presence of adsorbed bacteria (Pietikäinen et al., 2000; Rivera-Utrilla 

et al., 2001, Deluca et al., 2009) from which the organisms may influence soil processes. 

Total nitrogen losses will be higher during first growing period after biochar application due 
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to bigger protein demand of soil biota (Schulz et al 2013). After harvesting cotton, total 

nitrogen in all biochar applied soils increased to around 20-40% higher than the control and 

NPK fertilizer applied soils. Total nitrogen content in NPK fertilizer applied soil was the same 

level as that of control soil. Overall level of total N after harvesting cotton in all treatments 

was lower than previous year. That might be due to different nutrient uptake of cultivated 

crops and the effects of the nature of upland and lowland cropping practices on soil chemical 

and biological properties.  Cotton was sown after harvesting chickpea and field was irrigated 

according to crop’s water requirement. Those conditions would favour the biological nitrogen 

fixation. Sufficient nitrogen might have been stored in biochar treated soils because of the 

symbiosis reaction of biochar and soil microorganisms. It is possible total N detected in 

biochar-applied soils was higher than that of non-biochar applied soils at the time of soil 

sampling because of adequate nitrogen storage in soils throughout the cropping season.  

Higher amount of total N in Rh biochar + FYM mixture application after harvesting rice 

could be due to the combined effects of biochar, manure and inorganic nitrogen fertilizer. 

Denitrification process requires available carbon and a terminal electron acceptor, such as 

NO3
- (Stevenson and Cole, 1999; Deluca et al., 2009). Adding biochar and manure would 

potentially increase the bioavailable C in the soil solution (Lehmann et al., 2003; Steiner et 

al., 2007) and this will enhance the denitrification potential in mineral soils under anaerobic 

condition (Deluca et al., 2009).  

Biochar is more important as soil conditioner and less important as a primary source of 

nutrients (Glaser et al., 2002; Lehmann et al., 2003; Deluca et al., 2009). Haefele et al. (2011) 

studied the effects of rice husk biochar on rice yields and soil properties on three different 

soils having different soil properties and receiving different amount of irrigation water. In that 

research, response of rice yield to biochar application was significant under poor soil 

conditions than under full irrigation and fertile soil conditions. It was assumed that under poor 

soil conditions, the crops will consume all applied inorganic fertilizers and nutrients from 

organic amendments since there are originally not enough nutrients in the soil. In addition, the 

effects of biochar on soil quality such as increasing nutrient efficiency and increasing CEC 

was apparent when it was applied to nutrient deficient soils.  

In contrast to this situation, biochar additions to fertile agricultural soils may show slight 

decline in net ammonification due to NH4
+ adsorption or enhanced ammonification (Deluca et 

al., 2009). The next reason of low level of total N in soil could be nitrogen immobilisation. 

When fresh biochar having high C/N ratio is applied to soil, some decomposition will occur 

(Schneour, 1996; Liang et al., 2006; Deluca et al., 2009). That will induce the net 
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immobilisation of inorganic N already present in the soil solution or in applied fertilizer and 

organic nitrogen will temporarily be maintained and in consequence, inorganic N leaching 

will be reduced (Steiner et al., 2007; Deluca et al., 2009). Another reason for low level of total 

organic nitrogen in the soil after harvesting the crops could be the increased rate of ammonia 

volatilisation due to biochar application (Xie et al., 2013) during the cropping season. Xie et 

al found ammonia volatilisation after the application of alkaline wheat straw biochar 

(pH=10.12) to alkaline Inceptisol soil (pH=7.6). 

6.1.7 Effects of biochar applications on soil microbial respiration 

Effects of biochar applications on soil microbial respiration were measured in the laboratory 

through the observations on basal respiration (BR) and substrate induced respiration (SIR). 

There were differences in the rate of respiration between control, NPK fertilizer application 

and biochar applications. In 2012 after harvesting rice, Ps biochar applied soils showed the 

lowest rate of respired carbon dioxide in both BR and SIR among all treatments. That amount 

was higher in Rh biochar, Rs biochar and Rh biochar + FYM mixture applied soils compared 

to the control. In 2013 after harvesting cotton, all biochar treatments showed higher 

respiration rate than control and NPK fertilizer application. The growth of soil microbial 

community is normally limited by a lack of easily available C (Demoling et al., 2007), and 

thus addition of biochar as well as C will induce a positive growth response of the microbial 

community (Rousk et al., 2013) and in consequence microbial respiration rate will be higher. 

Among biochar treatments, the highest rate of respiration was found in Rs biochar applied soil 

and the second highest was found in Rh biochar applied soils and the third was in the Rh 

biochar + FYM mixture and Ps biochar applied soils, respectively. That finding was 

consistent with the ash content and total carbon content of biochar materials. Rs biochar 

contained highest ash content followed by Rh biochar, Rh biochar + FYM mixture and Ps 

biochar, respectively. Those ashes could easily be soluble in water and available for microbial 

consumption and have enhanced the rate of microbial respiration. In biochar pores microbial 

activity occur under both aerobic and anaerobic conditions (Thies and Rillig 2009). Residues 

remaining on biochar surfaces after pyrolysis like ash can include water-soluble compounds 

that have bactericidal or fungicidal activity (Painter, 2001; Thies and Rillig, 2009). Rice straw 

biochar applied soils might have created more favourable conditions for  microbial 

colonisation than the other biochars due to its high ash content (62% wt./wt.), higher water 

holding capacity (553% dry wt. basics), provided surface area for colonisation of microbes 

and the particle size (less than 1cm) that could mix more homogenously with the soils.  
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In 2012, the amount of 20 Mg ha-1 each of rice husk-, rice straw- and pigeon pea stem 

biochars and 10 Mg ha-1 of Rh biochar + FYM mixture were applied before rice cultivation. 

Soil microbes might have started to colonise during rice growing season. After harvesting 

rice, only rice roots were remained in the soil as rice leaves and stems were harvested and 

removed out of the field. Chickpea was sown between rice and cotton crops. Chickpea crop 

might have functioned as soil cover that could slow down soil nutrient losses and fixed 

atmospheric nitrogen to soils through its nitrogen-fixing bacteria. When biochars were added 

second time before growing cotton, the amount of organic carbon that was available for soil 

microbes might increase during the cotton-growing season. During cotton-growing season, 

cotton leaves and other unfertilised reproductive organs would fall onto the ground 

throughout the season. Canopy of cotton crops and drying and rewetting of cotton fields might 

favour the decomposition of organic matters. There could be organic substances, not only 

applied biochars but also organic matters from cotton fields that were available for the 

multiplication of soil microorganisms. Therefore, soil samples that collected after harvesting 

cotton showed the higher rate of microbial respiration.   

The ratio of microbial respired carbon to soil organic carbon (Cmic:Corg), ecological 

quotient, reflects the contribution of microbial biomass to soil organic carbon (Anderson and 

Domsch, 1989). It also represents the substrate availability to soil microorganisms. In the 

present research, Cmic:Corg values were significantly different responding to the treatments 

and responding to the cropping seasons. There were no significant interaction effects of 

treatments and seasons on soil microbial respiration.  

In 2012 after harvesting rice, ecological quotient was the highest in Rh biochar + FYM 

application, followed by NPK sole application, Rs biochar application, Ps biochar application, 

control and Rh biochar application, respectively. In 2013 after harvesting cotton, ecological 

quotient was the highest in Rh biochar + FYM mixture application, Rs biochar application 

and NPK sole application, followed by Ps biochar application, control and Rh biochar 

application. It showed that substrate availability was higher in Rh biochar + FYM mixture + 

NPK fertilizer treated soils compared to that in the biochars + NPK fertilizer treated soils. 

That could be assumed that mixing farmyard manure with biochar could promote the soil 

microbial activities. Bhattacharyya et al. (2005) studied the suitability of municipal solid 

waste compost application with and without urea fertilizer to submerge rice paddies compared 

to decomposed cow manure application with and without urea fertilizer, chemical fertilizer 

applications and the control. They found the highest microbial biomass carbon in decomposed 

cow manure + urea treated soils.   
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Higher substrate availability in Rs biochar treated soils could be due to the higher ash content 

(62%) and higher mobile carbon content (67%) that might provide enough food for 

microorganisms. Ps biochar and Rh biochar treated soils also showed the lower substrate 

availability compared to Rh biochar + FYM mixture, Rs biochar and NPK treated soils. That 

could be due to the more recalcitrant nature of Rh and Ps biochars. Rh biochar contained 15% 

fixed carbon and Ps biochar contained 23.5% fixed carbon, respectively. 

When the percent changes of ecological quotient between two seasons were compared, 

ecological quotient of Rs biochar application in 2013 increased by 107% compared to 2012, 

followed by Rh biochar application, control, NPK sole application, Rh biochar + FYM 

mixture, and Ps biochar application, respectively. Although Rh biochar application showed 

lower value in general, the rate of increase of substrate availability was highest among the 

treatments. Different increasing rates of substrate availability among the treatments in the two 

seasons also followed the level of chickpea yields. Chickpea crops sown on the Rh biochar 

applied plots yielded the highest and they would have larger accumulation of root biomass. 

That must be due to the impact of chickpea root biomass on the substrate availability of 

organic matter in the following season. Soil systems receiving larger amount of organic 

matters tend to harbour higher level of microbial organic carbon with greater microbial 

activity (Sparling, 1985; Bhattacharyya et al., 2005).  

6.1.8 Effects of biochar applications on soil pH  

pH of biochars produced for this research were 8.2 in Rh biochar, 10.28 in Rs biochar, 9.14 in 

Ps biochar and 7.62 in Rh biochar + FYM mixture respectively. Initial soil pH was 7.9. pH of 

Rh-, Rs- and Ps biochars were higher than that of initial soil pH. pH values of soils from all 

input applied treatments did not show significant differences from the control. Soil pH of all 

treatments was lower than pH of the soil before running the field experiment. After 

experiment, pH value dropped from 8.0 to 7.6-7.7. pH of the control decreased compared to 

initial soil pH as well. That could be due to the changes of cultivation practices such as 

changing cropping practices from successive upland cropping to lowland cropping with 

permanent presence of water in the fields. 

Rice straw (Rs) biochar had the highest pH value of 10.3. When it was applied to the soil, soil 

pH did not increase. Although pH values of all biochar types were high, (higher than 8) soil 

pH did not increase and it remained under 8.0.  

Rh biochar had lower pH than Rs and Ps biochars and Rh biochar applied soils showed lower 

pH value than Rs and Ps biochar applications. Most of biochar researches were conducted on 
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acid soils and results showed that biochar application elevated the soil pH due to the presence 

of oxidised functional groups (Mbagwu 1989; Matsubara et al., 2002; Lehmann et al., 2003; 

DeLuca et al., 2009). Scholz et al., 2013 studied biochar compost application to sandy and 

loamy soil substrates. They stated that soil texture could affect pH changes after biochar 

application. In their experiment pH values of biochar compost, sandy soil substrate and loamy 

soil substrate were nearly the same. The results showed that by applying biochar compost to a 

sandy soil substrate, soil pH did not change. However, pH of loamy soil increased with 

respect to the proportion of biochar in biochar compost. This could be due to the reaction of 

basic cations on the biochar surfaces with the negatively charged clay particles in loamy soils.  

Lentz, R.D., and Ippolito, J.A. (2011) studied the effects of manure single application, 

hardwood-derived biochar single application and hardwood-derived biochar together with 

manure application. The results showed that biochar did not alter pH of calcareous soils. Van 

Zweiten et al. (2010) also found the same result after application of biochar with pH 8.2 to a 

Calcarosol having initial pH of 7.7. Liu and Zhang (2012) studied the effect of biochar on pH 

of five alkaline soils in the Loess Plateau, China. Results from incubation experiments 

showed that application of alkaline biochar (pH 8.4) did not increase soil pH. Soil pH was 

decreasing especially with higher biochar application rates of 8 g kg-1 and 16 g kg-1 wt. /wt. of 

biochar soil mixture and this decreasing rate was significant in the 0.10 m - 0.20 m deep layer. 

The reason of pH reduction could be due to the formation of soluble carbonates from the 

combination biochar cations and carbonate of calcareous soil. That soluble carbonate would 

restrict the hydrolysation of carbonates and decrease the hydroxyl amount in soil and in 

consequence, soil pH would be reduced (Liu and Zhang, 2012).  

6.1.9 Effects of biochar applications on carbonate content 

Carbonate content of biochar applied soils were the same as that of control and NPK applied 

soils in 2012 after harvesting rice. The level of carbonate content in the soils of every 

treatment did not exceed the threshold level that could affect crop production (less than 2%). 

In 2013, carbonate content was lower than the previous year in all treatments; reduced by 

65% in Rh biochar application, 58% in Rs biochar application, 39% in control, 36% in NPK 

fertilizer application, 19% in Rh biochar + FYM mixture application, and 8% in Ps biochar 

application, respectively. In both years, carbonate content of biochar-applied soils was the 

same as that of control and NPK fertilizer applied soils except Rh biochar application. 

Carbonate content in Rh biochar applied soil was 50% lower than the control. Zimmerman 

and Gao (2013) stated the release of carbonate C from biochar by citing the observation of 
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Zimmerman (2010) that carbonate C from biochar desorption would require the acidification 

by strong acid. Zimmerman (2010) used 10% phosphoric acid to measure the CO2 evolved 

and the range of 0.01-0.6% CaCo3-C (wt. %) was detected after 72 hour acidification. Jones et 

al. (2011) found that when biochar was incubated in soil after rinsing with water, CO2 release 

was 50%  decreased and after treated with acid, CO2 release was decreased to 5-fold. In the 

present research, biochars were applied under flooded condition in 2012 and in 2013, biochar 

stood in alkaline soil under drying and rewetting condition. Those conditions could have 

affected CO2 release from carbonate fraction of biochar treated soils when the samples were 

analysed for carbonate content.  

6.1.10 Effects of biochar applications on soluble salt content 

Soluble salt content was getting higher after application of 40 Mg ha-1 of Rh-, Rs- and Ps 

biochar and 20 Mg ha-1 of Rh biochar + FYM mixture. Although soluble salt was increased, 

the level of soluble salt content, ranged between 0.0.04-0.06, was still lower than 0.65% 

which is the threshold level for crop growth (Table 6.4). Regarding the crops that were tested 

in the present research, rice is moderately tolerant to soil salinity, and threshold salinity for 

rice is about 3 dS m-1 (1.6% soluble salt content) (Maas and Hoffman, 1977; Fageria et al., 

1997). Cotton is also tolerant to salinity having a threshold salinity value of 7.7 dS m-1 (4.07 

% soluble salt content) (Fageria et al., 1997). Chickpea is highly susceptible to salinity, its 

root growth was affected at 2 dS m-1 (1.1% soluble salt content) and growth and yield were 

inhibited at 4 dS m-1 (2.1% soluble salt content) (Richter et al., 1999). 

Increased EC values in 2013 compared to 2012 has not only found in biochar treated soils but 

also in the control and NPK fertilizer applied soils. Maximum conductivity value was found 

in soils of rice straw biochar and NPK fertilizer applied plots. Highest soluble salt content of 

Rs biochar treated soils compared to the other three biochars could be due to the higher 

soluble salt content of rice straw biochar (15.3%). 

6.1.11 Effects of biochar applications on exchangeable cations, ESP and SAR in soil 

In the present research exchangeable cations of the soils of all treatments, including control 

was higher than the initial amount of exchangeable cations of the soil before experiment.  

After harvesting rice in the first year of biochar application, total exchangeable cations of 

biochar-applied soils were lower than that of the control. Total exchangeable cations in the 

soil after conducting rice experiment were higher than that of initial soil. That could be due to 

land management changes at the time of experimentation that differed from the cultivation 
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practices in the past. During the last 20 years, only upland crops were cultivated. At the time 

of conducting field experiment, land use was changed to flooded rice cultivation. Short-term 

ponding conditions may affect the aggregation state of upland soils through changes in 

chemical conditions, such as the redox state of the soil. When soils are flooded, aerobic 

microbial respiration consumes O2 in the saturated soil and a shift from aerobic to anaerobic 

respiration occurs (Rowell, 1981; De-Ceampos, 2009). After O2 depletion, minerals (NO3, 

Mn, Fe, S, and organic substrates) will occur in the reduction form and in consequence of the 

reducing conditions, CEC in soil will change together with the changes of mineralogy and 

structure of the soils (Ponnamperuma, 1981; Patrick and Jugsujinda, 1992; Shen et al., 1992; 

Fieldler and Kalbitz, 2003; and De-Ceampos, 2009).  

After harvesting cotton, total exchangeable cations of biochar-applied soils were higher than 

the previous year and higher than that of the control and NPK fertilizer applied soils. Total 

exchangeable cations of the control remained the same as the previous year. Addition of 

biochar to soil has shown definite increases in the availability of major cations (Glaser et al., 

2002; Lehmann et al., 2003). It is indirect nutrient value of biochar to retain exchangeable 

cations to replenish the nutrients in soil solution for plant uptake (Chan and Xu, 2009). The 

greater amount of cation exchange capacity per unit C found in the soils with high amount of 

biochars such as the Amazonian Dark Earths (Sombroek, 1966) may be the result of a greater 

surface area of biochar and a higher charge density per unit surface area. Once biochar is 

exposed to O2 and water, spontaneous oxidation reactions occur resulting very high CEC 

(Cheng et al., 2006, 2008; Chan and Xu, 2009; Liang et al., 2006).  

The highest total exchangeable cations were found in Rh biochar applied soils and Rs biochar 

applied soils. Exchangeable cations in soils after biochar applications did not follow that of 

respective biochar materials applied to the soils. Although total exchangeable cations of rice 

husk biochar was lower than that of Ps- and Rh biochar + FYM mixture, total exchangeable 

cations of Rh biochar applied soils was higher than that of Ps biochar and Rh biochar + FYM 

mixture. When the proportions of exchangeable cations of each treated soil were analysed, it 

could be stated that the high total exchangeable cations values of control and NPK fertilizer 

applied soils were due to the higher exchangeable sodium content (7% of all major cations). 

Biochar applied soils contained higher composition of exchangeable Ca, Mg and K and less 

amount of exchangeable sodium, (3% of all major cations in Rh biochar, Rs biochar, Ps 

biochar and NPK applied soils).  

In 2013 after harvesting cotton, in all treatments, major cation in soils was Ca and the second 

was Mg. This proportion of exchangeable bases did not follow the proportion in biochars 
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except the case of exchangeable potassium content of Rs biochar. Proportion of exchangeable 

K was the highest in Rs biochar applied soils and the second highest exchangeable K was 

found in Ps biochar applied soils. Before pyrolysis, 90% of K in rice straw was occurred as a 

water-soluble form and after pyrolysis with the temperatures > 600°C, 48% was lost by 

vaporisation and a greater proportion of the remaining K was therefore found as exchangeable 

K (Chan and Xu, 2009). When rice straw biochar was applied to the soil, plant available K 

level would be higher with respect to the higher level of exchangeable K that contained in rice 

straw biochar. 

Before the experiment, exchangeable sodium in the soil was undetectable. Exchangeable 

sodium percent (ESP) in 2012 was not significantly different among the treatments. In control 

and NPK fertilizer sole application, exchangeable sodium showed an increasing trend. In 

2013 in upland cropping season, ESP had increased in all treatments. Increased ESP in all 

treatments could be due to continuous conventional tillage in all cropping seasons. Fando and 

Pardo (2009) studied the effect of different tillage practices on soil chemical properties and 

found that ESP in topsoil 0-0.30 m under conventional tillage was higher than that under 

minimum tillage and no-tillage. When ESP of input applied soils were compared with the 

control, their ESP values were lower than that of the control. Maximum ESP was found in 

control soils however that was lower than the threshold limit of 15% ESP (Table 6.5) for 

sensitive crop and 35% ESP for tolerant crops (Havlin et al., 2014).  

A soil with ESP value less than 15, EC higher than 4 mS cm-1  and pH lower than 8.5 is 

regarded as non-sodic soil containing sufficient soluble salts  to interfere with the growth of 

most crops (Havlin et al., 2014). Although the soil in the study area had, ESP less than 15 and 

pH lower than 8.5, soluble salt content was not as high as 4 mS cm-1, and this soil cannot be 

regarded as sodic or saline soil. However, if the ESP value continues to increase, necessary 

care should be taken to protect the soil from becoming saline soil. Although increment of ESP 

value was not as high as the control plot, biochar treated soil also showed an increase of ESP. 

After harvesting cotton in 2013 ESP in control was significantly higher than the other 

treatments and compared to the previous year. 

Sodium adsorption ratio (SAR) also tended to increase in all treatments in 2012. In 2012 after 

harvesting rice, SAR of all treatments was higher than the control except Ps biochar 

treatment. Soils of the control and Rh biochar + FYM mixture treatments showed the highest 

rate of increase of SAR. SAR of biochar-applied soils was lower than that of the control in 

2013 after harvesting cotton. SAR of all treatments in 2013 after harvesting cotton was higher 

than the SAR of previous year after rice harvest. The highest SAR after cotton harvest was 
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observed in the control soils and the lowest was found in soils of Ps biochar applied soils. 

*mmho cm-1= dS m-1 in SI units, where ds= decisiemen.  

6.1.12 Effects of biochar applications on available K 

Plant available K in biochar applied soils showed significant differences in both years 

compared to non-biochar applied soils. Although there were significant differences of plant 

available K among the treatments, differences were not so high in 2012 after harvesting rice. 

In 2013, available K in rice straw biochar applied soils increased and there was a big 

difference of available K level between rice straw biochar applied soil and soil of the other 

treatments. That could be due to originally higher level of exchangeable potassium content in 

rice straw biochar compared to the other three biochars. About 90% of total K in rice straw 

was in water-soluble form before pyrolysis and this K was lost when heating up to 673°C. 

With the temperatures above 600°C, a greater proportion of the remaining K was found in 

exchangeable and acid extractable form (Yu et al., 2005; Chan and Xu, 2009). As 

exchangeable K of rice straw biochar applied soils was the highest among the treatments, 

available K concentration of rice straw biochar applied soils was also the highest among the 

treatments. Exchangeable potassium in rice straw biochar was 100%, 80%, and 57%, 

respectively higher than that of rice husk biochar, pigeon pea stem biochar and rice husk 

biochar and farmyard manure mixture. That hierarchy of exchangeable potassium content in 

biochar materials was consistent with the exchangeable potassium of biochar treated soils. 

According to the measurements of exchangeable potassium in biochar treated soils after 

harvesting cotton in 2013, exchangeable potassium of rice husk biochar, pigeon pea stem 

biochar, rice husk biochar and farmyard manure mixture applied soils were 5 times, 3 times 

and, 1 time, respectively lower than that of rice straw biochar applied soils. Since the initial 

soil was a low fertile soil and the nature of cotton crop required potassium for cotton lint and 

bolls, this amount of available potassium did not affect cotton crop growth and yield. Crop 

growth and yield of rice straw biochar applied plots were comparable with those of Rh 

biochar + FYM mixture applied plots.  

6.1.13 General discussion on the results of soil property analyses 

Although the trend of total nitrogen level in biochar applied soils and non-biochar applied 

soils was consistent with the level of total carbon and nitrogen content of biochar materials, 

total nitrogen content was not consistent with the total carbon content measured from the 

same soils. Not only total nitrogen, but also the results obtained from the laboratory 
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measurements such as total amount of exchangeable cations, soluble salt content and total 

nitrogen content of soil samples were not statistically significant. Soluble salt contents were 

much lower than the range for normal soil conditions. Total nitrogen contents were much 

lower, compared to total organic carbon content of the same soil. To find the reason of such 

results might need further research as the problem could be the actual properties of biochar 

and could be due to the artifact in sample handling and sample measurements. Non-significant 

differences in the changes of soil physical properties such as soil bulk density and water 

retention capacity could be due to the time required for the improvement of soil physical 

properties and the amount and type of biochars applied to the plots. The next possibility of the 

slow response of soil properties to the treatments could be due to the problem with original 

soil quality such as organic matter content, clay mineral content, bulk density and pH. Poor 

soils will need time to response to soil amendment application since they originally are weak 

to be able to transform applied nutrients to plant available form. They have low level of 

organic matter and low number of microorganisms that could facilitate soil functions and 

properties that in turn supports the crop productivity with the favourable conditions for 

nutrient uptakes by the crops from the soil solutions. 

6.2 Effects of Biochar Applications in Combination with NPK Fertilizers on Crop Yields  

6.2.1 Biochar effects on rice crop growth and yield 

World average yield of rice is about 3.50 Mgha-1 (FAO, 1992). According to the data reported 

by World Bank, current yield of monsoon paddy is 2.5 Mgha-1. According to FAO (2009), 

average rice yield of Myanmar is 3.51 Mgha-1. In the present research the highest rice yield 

was obtained from Ps biochar application (6.61 Mgha-1) and that yield was significantly 

different from control (56% > control) and NPK fertilizer application (44% > NPK).  

In rice experiment, better crop growth and highest yield resulted from Ps biochar treatment 

compared to the other treatments. Among biochar treatments, yield of Rh biochar, Rs biochar 

and Ps biochar treatments were not significantly different (p ≥ 0.05). Slight differences of rice 

yields between Ps biochar treated plots and Rh- and Rs biochar treated plots could be due to 

the differences in the number of spikelet per panicle. “Panicle number is influenced by the 

number of tillers that develop during the vegetative stage, while spikelet number and number 

of filled spikelet are determined in the reproductive stage.” (DeDatta, 1981; Walker, 2006). 

Rice yield was significantly relating to spikelet sterility, thousand grain weight, and harvest 

index. 
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Highest harvest index was found in Ps biochar and Rh biochar treatments.  Harvest index of 

Ps biochar treatment was lower than that of Rh biochar treatment because rice plants from Ps 

biochar applied plots had higher number of spikelet per panicle and higher straw yield as well. 

That could be due to the effect of Ps biochar on rice crop’s nutrient availability. Biochar has 

the potential to increase nutrient availability for plants. Nutrient availability can be affected 

by increasing cation exchange capacity, altering soil pH, or direct nutrient contributions from 

biochar (Lehmann et al., 2003). Ps biochar had total exchangeable cations of 8.19 and the 

dominant cation was exchangeable K, which is major nutrient for crop growth and high yield. 

To obtain 1000 kg of rice yield 15 kg N, 2.6 kg P and 15 kg K will be needed for crop uptake 

(IRRI, 2007). Although Rs biochar and Rh biochar + FYM mixture had higher total 

exchangeable cations than Ps biochar, Rs biochar contained higher exchangeable Na and Rh 

biochar + FYM mixture had higher proportion of exchangeable Ca compared to Ps biochar. 

The next factor providing the nutrient availability for the crops is nutrient retention in biochar 

pores. Under lowland condition, porosity of pigeon pea stem biochar would have favourable 

conditions to retain the available nutrients in its pores and crops would receive required 

nutrients without suffering nutrient deficiency.  Ps biochar had low ash content (9%) 

compared to Rh biochar, Rs biochar and Rh biochar + FYM mixture. Macro pores cleared 

from blockage of ash can prevent nutrient leaching (Thies and Rilig, 2009). Ps biochar also 

had higher total nitrogen content and lower C/N ratio compared to the other three biochars 

(Rh, Rs and Rh biochar + FYM mixture). Hemwong and Cadisch (2011) observed the effects 

of three charcoal amendments on rice yield. They found that rice plants treated with charcoal 

having high C/N ratio (117.3) needed supplemental nitrogen fertilizer application at the time 

of panicle initiation to improve rice grain yield.  

Among insect pests, stem borers (Chilo suppressalis, C. polychrysus, Scirpophaga incertulas, 

S. innotata and Sesamia inferens) are important pests of rice in Asia. They cause damage and 

reduction of rice yields by reducing the tiller number or grain growth. Young larvae feed on 

leaves and leaf sheaths, later they penetrate the stem and feed inside the stem near the base 

(Veragara, 1992). During vegetative growth stage, rice plots were infested by stem borer 

Chilo suppressalis and resulted empty panicles in some rice plants. Since pest infestation was 

controlled by insecticide application (carbofuran 3G), and flooding the field to destroy the 

eggs, rice yield was not severely affected by insect pest infestation. There occurred some so 

called “White head” and resulted spikelet sterility. When spikelet sterility was compared 

among the treatments, higher number of spikelet sterility were found in Ps biochar treated 

plots since its vegetative growth might have attracted the Chilo suppressalis caterpillars. 
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Although it had higher spikelet sterility, Ps biochar applied plots maintained the highest rice 

yield among all treatments due to higher total number of spikelet.  

In the present research, crop growth and yields from biochar application treatments were 

higher than the yields of the control and NPK fertilizer application with the application rate of 

20 Mg ha-1 pure biochar and 10 Mg ha-1 biochar + manure in combination with NPK 

fertilizer. Zhang et al. (2012) studied three different biochar rates 10 Mg ha-1, 20 Mg ha-1 and 

40 Mg ha-1 on rice yields in two rice growing seasons and found that higher rice yield was 

resulted by biochar applications compared to control and rice yield was not affected by 

biochar rates. Jones et al. (2012) suggested that it is possible to apply 25 or 50 Mg ha-1 rate of 

biochar without negative effect on productivity. Glaser et al. (2002) discussed that 1-3 Mg ha-

1 rate of biochar soil application is sufficient for increased crop production to apply to 0-0.3 m 

soil layer. Economic feasibility of biochar application will need to be analysed with respect to 

the cultivated crops and socioeconomic condition of the specific region. 

In rice field experiments, biochar to soil ratio was 5.6 g biochar kg-1 soil for Rh-, Rs- and Ps 

biochars and 2.8 g Rh biochar + FYM mixture kg-1 soil. NPK fertilizer application rate in this 

experiment was 100:50:50 kg N: P: K ha-1. Ghoneim and Ebid (2013) studied the effect of 

rice straw biochar on rice yield and soil properties compared to recommended NPK fertilizer 

application. In their experiment, two rice straw biochar rates, 15 g kg-1 dry soil and 30 g kg-1 

dry soil, were used to observe the effects of biochar applications on rice yields. Information 

regarding the chemical fertilizer application rate was not stated in that research. That could 

possibly mean that the effect of rice straw biochar addition on rice yield was tested solely rice 

straw biochar addition without chemical fertilizers. They found significant increase of rice 

yield over NPK treatment of 12.7% with biochar rate 15 g kg-1 dry soil and 49.3% with 

biochar rate 30 g kg-1 dry soil. By comparing the results of observation by Ghoneim and Ebid 

and current research findings, it can be accounted that optimum combination of biochar and 

chemical fertilizers should be adjusted depending on the objective of biochar soil application.  

By applying 5.6 kg biochar kg-1 dry soil + NPK fertilizer, 28% higher yield was achieved 

compared to NPK fertilizer sole application in current research. By applying 30 kg biochar kg-

1 dry soil, 49.3% higher rice yield can be obtained compared to NPK fertilizer sole application 

(Ghoneim and Ebid, 2013). If biochar application intended to improve soil quality, higher 

biochar rate should be applied. If the farming objective was for economic profitability and 

getting high crop yield, organic and inorganic fertilizer combination should be adjusted 

depending on the availability of organic fertilizers and affordability of farmers for chemical 

fertilizers. 
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6.2.2 Biochar effects on chickpea crop growth and yield 

Due to the R. solani infection of seedlings, uneven seedling growth occurred in chickpea 

cultivation. Under such condition, biochar applied plots yielded higher than control and NPK 

fertilizer applied plots except Rh biochar + FYM mixture application. Chickpea crop growth 

was not significantly different among the treatments. Simulated chickpea yield from Rh 

biochar application was the most stable yield and highest among the treatments in both 30- 

and 50-year simulations. These results agreed with the results of field experiments.  

6.2.3 Biochar effects on cotton crop growth and yield 

Average seed-cotton yield of Myanmar (G. hirsutum) in 2005/2006 growing season was 717 

kg ha-1, around 30% of world average seed cotton yield (Myanma Cotton and Sericulture 

Enterprise, 2006). In the present research, seed cotton yield of control exceeded the average 

seed-cotton yield of Myanmar. The highest yield was obtained from Rh biochar + FYM 

mixture treatment and the lowest yield was obtained from the control plots. Cotton yield 

increased respectively by 75.39% in Rh biochar + FYM mixture application, 72.33% in Rs 

biochar application, 69.30% in Rh biochar application, 68.26% in Ps biochar application, and 

62% in NPK fertilizer application, compared to control.   

In the present research, by comparing the effects of pigeon pea stem biochar and Rh biochar + 

FYM mixture on rice yield and cotton yield, it could be assumed that the effects of biochars 

could vary with respect to the nature of biochars and the nature of crops as well. Rice has 

fibrous root system and cotton has tap root system. Rice root rhizosphere could be able to 

extend only to nearby soil and biochar and it would have received nutrients from surface 

layer. For cotton, its roots could extend to the deeper soil layers and they could have absorbed 

the nutrients from the deeper soil layers than rice crop can. Cotton plant has a deep taproot 

system with unusually low root density in the surface soil layer where available nutrient levels 

are greatest (Cassman, 1993).  

Water, nutrients, insects, and diseases are major constraints of cotton productivity in major 

cotton-growing regions (Fageria et al., 1997). Since management practices including pest and 

disease control were given equally to all treatments, decisive factors for cotton yield could be 

the impact of nutrients and applied biochars to the plots. Fertilizer rate for cotton field 

experiment was 100:30:117 kg ha-1 N: P: K. Nitrogen fertilizer was Urea, P was triple super 

phosphate and K fertilizer was muriate of potash. Although irrigation water was equally 

supplied for all treatments, the amount of available water might have been affected by soil 

water holding capacity depending on the type of biochar applied to the soil. According to the 
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results obtained from water retention analyses, water holding capacity of biochars were Rh 

biochar 320%, Rs biochar 553%, Ps biochar 568% and Rh biochar + FYM mixture 261%, 

respectively. The data showed that Ps biochar had highest water holding capacity among four 

biochars and Rh biochar + FYM mixture had the lowest water holding capacity. According to 

the results of water retention analysis, available water capacity was the highest in Ps biochar 

treated soils and available water capacity of Rh biochar + FYM mixture was the lowest 

compared to the other treatments except control. In comparing the percent of water filled pore 

space at field capacity, Rs and Ps biochar treated soils held larger amount of water than the 

other soils. These data showed that Ps biochar could retain available water better than the 

other biochars, NPK and control. This ability of retaining water was beneficial for the roots to 

absorb water and nutrients from soil solution when large amount of water was available. 

However, for seedlings under upland condition, since their root systems could not extend to 

reach to the Ps biochar particles, they would have competed with Ps biochar to absorb 

moisture directly from nearby soil and the seedlings would feel water stress. Contrastingly, 

Rh biochar + FYM mixture had finer pores than Ps biochar. The mixture would have mixed 

homogeneously with the soils, and they would have shared the moisture together with nearby 

soils and seedlings. Nutrient retention of biochar and manure mixture could also have helped 

the cotton plants for better access to required nutrients. 

During earlier stages of cotton cultivation, around 7-5 days after germination, damping off 

symptoms due to collar rot (Rhizoctonia solani) were found in cotton seedlings and seedling 

mortality occurred. Soil was treated with fungicides and missing holes were replaced during 

the first week after germination of cotton plants. Due to this reason, there were different plant 

heights even within the same treatment during the first time of data collection on plant height. 

Plant height became the same at the time of peak flowering since the older plants reached 

reproductive phase and their vegetative growth was slower. Plant height was not significantly 

different among the treatments except control. Apparently, since there was neither organic nor 

inorganic additional nutrient supply for control, cotton plants from control plots had poor crop 

growth compared to the plants of other treatments that received organic and inorganic 

fertilizers. 

Plant height is an important growth parameter for cotton plants with respect to the yield of the 

crop (Saleem et al., 2010). The higher the cotton plant, the higher the number of main stem 

node and there will be higher numbers of fruiting branches. In cotton, height node (H/N) ratio 

indicates the growth balance of the crop. This ratio was calculated by dividing the plant height 

by the number of main stem nodes. At pre blooming stage, H/N ratio should be in the range 1-
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1.5 (measurement in inches) (Guthrie et al., 1993). H/N ratio was within this range in all 

treatments. At this stage, the crop was in the vegetative stage and that level of plant height 

was at its optimal growth. If H/N ratio was higher than this range, the growth of cotton plants 

should be regulated by using crop growth regulators or by mechanical topping. Excessive 

vegetative growth of cotton will delay the boll setting and in consequence delay harvesting.  

Although there are not large number of branches, its growth and number of bolls per 

sympodial branch is the influence factor on yield (Fageria et al., 1997). 

Schulz et al. (2013) tested the effects of composted biochar made from woodchip with 

different biochar proportions on the growth of cereal oat (Avena stiva L.) in sandy and loamy 

soil substrates in greenhouse condition. The results indicated that crop growth increased in 

both substrates. Plant growth and soil fertility improvement was higher in composts that 

contained higher proportion of biochar. That could be due to increased total organic carbon in 

soils providing favourable conditions for the cultivated crops to access available nutrients and 

in consequence resulting higher crop growth. In this greenhouse experiment, the results also 

revealed that both biochar and compost supplied nutrients to the crops in the first cropping 

season. In the second cropping season, only composts could supply plant available nutrients to 

the crops. They assumed that in the second cropping season, only composts continued 

mineralisation and biochar controlled the mineralisation rate since they found that the higher 

the biochar content in compost, the lower the rate of mineralisation. In the present research, 

similar effects were observed in the cotton-growing season. The highest cotton yield was 

obtained from Rh biochar + FYM mixture applications. It seemed biochar and manure 

mixture applied to rice fields could continue its nutrient supply for the next cop, due to the 

combined effect of nutrient supply from manure, and NPK fertilizers that applied in 

combination with  Rh biochar + FYM mixture and the ability of biochar that retain the 

nutrients from leaching losses.  

Yield components of cotton are number of bolls per plant, number of seeds per boll, boll 

weight, and lint yield. Lint yield was defined as a function of components including plant 

density, bolls per plant, and average boll size. The number of bolls per plant is the most 

important yield variable (Fageria et al., 1997). In the present research, number of mature bolls 

and boll weights differed significantly among the treatments. The lowest number of bolls per 

plant was found in the control and the second lowest was found in NPK fertilizer sole 

application. Initially, the number of flowers per plant was not significantly different from one 

treatment to another. Significant difference was found in the number of open bolls per plant at 

the time of harvesting. That could be due to the differences in the availability of moisture and 
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nutrients required for boll setting and boll maturity. If there were no sufficient nutrition, small 

boll shedding could be occurred. There were significant differences in the proportion of 

harvested seed cotton among the treatments. At the first time of cotton picking, the largest 

proportion of seed cotton was obtained from control plots and harvested cotton from control 

plots gradually decreased in the second and third cotton pickings. Harvested seed cotton of the 

other treatments gradually increased from first to third cotton picking reflecting the response 

of cotton plant to the nutrient supply from the soil. In control, since nutrient supply was not 

sufficient for both vegetative and reproductive developments, the crop could not provide 

enough food for all of the fertilised bolls. It maintained the bolls that set during its early 

development stage and shed the additional squares and small bolls that were out of its 

capability to supply food and in consequence, crop yield was reduced.  

Single boll weight of the control was significantly lower than that of the other treatments, boll 

weight from Rh biochar + FYM mixture application was 31.73%, NPK fertilizer application 

30.61%, Rh biochar application 26.17%, Rs biochar application 24.59%, and Ps biochar 

application 24.07%, respectively, higher than control. Compared to NPK fertilizer application, 

only Rh biochar + FYM mixture treated plants showed higher single boll weight (1.61%). 

Between biochar treatments and non-biochar treatments, decision factors for yield differences 

were number of bolls per plant and boll weights. Among biochar treatments, the decision 

factor of yield differences was single boll weights as there was no significant difference in the 

number of bolls per plant. It was apparent in Rs biochar application that had even higher boll 

number per plant than Rh biochar + FYM mixture.  

6.3 Estimation of the Effect of Biochar Applications on Future Crop Yields, Soil Organic 

Carbon Dynamics, and Greenhouse Gas Emissions by Using DNDC Model 

6.3.1 Estimating crop yields 

When measured- and simulated rice yields were compared, model overestimated rice grain-C 

yield in all biochar applications. The highest difference of modelled rice yields and simulated 

rice yields were found in Rh biochar application and the control. This overestimation was 

obviously due to the higher nitrogen content of Rh biochars compared to other treatments and 

low level of nutrient input to control.  

When measured chickpea and simulated chickpea yields were compared, model 

underestimated the yields. It was found that modelled crop yields followed the order of 

nutrient content of biochar materials that were applied to the previous rice crop. Model would 

have taken into account only on that initial nutrient level of soil for chickpea nutrition. Since 
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there was no additional fertilizer input to chickpea cultivation, modelled yield will be low 

with respect to its nutrient input amount. Except the slight underestimation of PBIAS 

(6.56%), model fitness in simulating chickpea yield appeared strong enough in terms of 

correlation analysis and relative root mean square error.   

In simulating cotton yields, the reason for the weakness of model fitness could be due to the 

large difference between measured and simulated yield of the control. Since the control 

received neither chemical nor organic fertilizer input, in model simulation, cotton crops from 

control would have suffered nitrogen stress and in consequence, crop growth and yield would 

be underestimated. Under actual field condition, cotton yield from control was not as low as 

modelled yield because the crop could still maintain its growth in a given environmental 

condition and produce its minimum attainable yield according to its nature. Overestimation of 

cotton yields from Rh biochar and Ps biochar applications could be due to higher nitrogen 

content of these two biochars compared to the other biochars and NPK fertilizers. There might 

be some differences of nitrogen available for the cultivated crops and nitrogen losses between 

actual field condition and modelling due to unpredictable climatic and management factors. 

In estimating future crop yields, in both 30-year and 50-year simulations, crop yields were 

higher in biochar treatments compared to control and NPK fertilizer application treatments in 

the year of biochar application. In the next year after biochar application, crop yields dropped 

around 1-20% in rice and chickpea and 4-45% in cotton. Although simulated rice and 

chickpea yields from biochar treatments were reduced, those yields were higher than the yield 

of control and NPK fertilizer application treatments. Simulated cotton yields of the following 

years after biochar application were the same as the yields of NPK fertilizer application. In 

crop model of DNDC, the major processes are crop developments, leaf area index (LAI), 

photosynthesis and respiration, assimilate allocation, rooting processes and water and nitrogen 

uptake. The phenological stages and stress factors (water and nitrogen) influence carbon 

allocation and nitrogen demand. The model-simulated crop yields by using soil and climate 

data of the experimental site, crop parameters, and management practices as inputs. During 

simulation, crop growth and development interact with climate and soil biogeochemical 

processes (Zhang et al., 2002). 

6.3.2 Comparing simulated crop yields obtained from biochar soil additions and raw 
biomass addition  

Simulated rice yields of rice husk and rice straw biomass applications were lower than that of 

pigeon pea green manure application and the yield from Rh- and Rs biochar applications. 

Pigeon pea stem biochar provided the highest rice yield in actual field conditions. Simulated 
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rice yield from pigeon pea green manure application was the highest compared to rice husk 

and rice straw biomass applications. Moreover, simulated rice yield obtained from pigeon pea 

stem green manure application was the same as those of pigeon pea stem biochar application. 

That could be due to higher nitrogen content and lower carbon to nitrogen ratio of pigeon pea 

biomass compared to rice husk and rice straw. It can be assumed that pigeon pea stem green 

manure application, unconverted to biochar, was also suitable for rice crop. In 30-year and 50-

year projections after raw biomass applications, pigeon pea green manure application also 

showed higher yield than pigeon pea stem biochar application throughout the simulated years. 

Crop yields from rice husk and rice straw biomass applications were lower than rice husk 

biochar and rice straw biochar applications in the first year of simulations. In the following 

years of simulations, crop yields were at the same level up to the end of simulations. 

According to the present model simulation, it can be concluded that application of raw 

biomass can provide the same crop yield as biochar application when long-term trends were 

observed. Hafele et al. (2011) studied the effect of rice husk application compared to rice- 

husk biochar application. It was suggested that rice-husk biochar application helped to 

increase crop yield by improving soil quality of poor soils and increasing soil organic carbon 

storage. To promote the use of biochars, more consistent products with higher nutrient values 

and nutrient retention are desirable (Chan and Xu, 2009). For the profitable crop production 

with less damage to environment, different input combinations should be considered not only 

biochar sole application but also combination with green manures, fertilizers and composts, as 

well. 

6.3.3 Simulation of the effects of biochar applications on soil organic carbon in topsoil    
(0-0.2 m) 

When the simulation results of SOC by DNDC model were quantified by statistical indices, 

PBIAS and RMSE values showed that DNDC model fit well for simulating SOC.  When 

measured- simulated- and calculated-SOC (0-0.2 m) after harvesting rice and after harvesting 

cotton were compared, calculated SOC (0-0.2 m) was higher than measured and simulated 

SOC (0-0.2 m) in all treatments in both years, except Rh biochar application. Calculated SOC 

was SOC obtained by multiplying total carbon content of biochar and per hectare biochar-

application rate. In actual condition, that SOC will not exist in the soil due to different losses 

such as, microbial degradation, leaching, and movements out of the experimental plots by 

irrigation water or tillage operations. In the present study, we compared calculated- measured- 

and simulated-SOC to estimate the carbon losses between the time of biochar addition and the 

time of soil sampling.  
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In Rh biochar application, higher amount of measured SOC were found in 2013 after 

harvesting cotton. That could be due to remaining SOC of Rh biochar in the topsoil (0-0.2 m) 

that applied during the previous year. In the other treatments, simulated SOC and measured 

SOC were consistent.  

Simulated SOC was lower than both calculated and measured SOC. In cotton cropping 

season, drying and rewetting of soil happened very often due to rainfall events and 

supplemental irrigations during cropping season. Since carbon- and nitrogen-mineralisation 

rates are highly susceptible to changes of soil moisture and drying rewetting cycles (Fierer 

and Schimel, 2002) DNDC would simulate SOC dynamics following the impacts of land 

management practices and environmental conditions. Due to the lack of organic matter input 

in control and NPK fertilizer applied plots, simulated SOC storage in those low input soils 

would be lower than that of biochar-applied soils. To reduce the gap between measured and 

simulated SOC values in model validation, field measurement of SOC content should be done 

not only from top soil layer but also from deeper layer of soil profile.  

In 50-year projections of SOC after biochar application by using single year climate data, 

SOC in Rh biochar application was the highest in the first year of simulation and decreasing 

in the following years. SOC from Rs biochar and Ps biochar applications were the second 

highest, compared to the control, NPK sole application, and Rh biochar + FYM mixture 

application. SOC level in the control remained at the same level from the first simulated year 

up to the end of simulation. SOC levels from Rs-, Ps-, Rh biochar + FYM mixture and NPK 

applications were increasing. For Rh biochar treatment, higher simulated SOC in the first year 

could be due to the input soil properties such as lower bulk density, highest porosity and the 

second highest total organic carbon content. Decreasing simulated SOC in Rh biochar 

treatment in the following years could be due to the losses through carbon mineralisation as 

the simulated CO2 and CH4 emissions, and biomass production from the Rh biochar treatment 

were the highest among the treatments. Increasing trends of SOC in Rh biochar + FYM 

mixture treatment, Rs biochar treatment and NPK fertilizer treatment in the later years of 

simulation might be due to increase accumulation of organic carbon compared to 

mineralisation rate. In 30-year simulation, since climate conditions were different among the 

simulated years, some fluctuation of SOC occurred. Despite that SOC fluctuation, the trend 

was the same as that of 50-year simulation that used single year climate data. Those trends 

might represent the changes of SOC in soils according to input soil properties and biochar 

properties such as initial soil SOC at surface soil (0-0.1) m, fixed- and mobile carbon fractions 

of biochars, and the degradability of biochar.  
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6.3.4 Simulation of the effects of biochar applications on GHGs emissions by DNDC 

Total GHGs emissions in the year 2000 including Land Use, Land Use Change and Forestry 

(LULUCF) of Myanmar is currently low compared to the other neighbouring countries (Table 

6.1). Total greenhouse gas emission was negative due to the reduction of CO2 emission 

because of carbon sequestration of land use, land use change and forestry exceeds the 

country’s greenhouse gas emissions (IGES, 2012) ( Fig. 6.1 (a) and (b)). Under this low GHG 

emission condition, agriculture sector contributes the largest proportion of GHGs emission 

(Figure 6.1 (c)) (Table 6.3). In agriculture sector, emission from rice cultivation was the 

largest contributor (Table 6.2). There are potentials for increasing GHGs emission in 

Myanmar due to decreased forest area by 20% from 1975 to 2006, and increased economic 

activities (IGES, 2012). Increases of carbon sequestration at farm level and application of 

low-carbon development technologies will have the potentials in maintaining the existing 

balance of GHGs emission.  

 

 

(a) (b) 

(c) 
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Figure 6.1: Greenhouse gas emissions in Myanmar in 2005, showing (a) emissions by gas 
without Land Use Change and Forestry (LUCF), (b) emissions by gas including LUCF, and 
(c) emissions by sector in 2005 without LUCF (source: “Emission summary for Myanmar” 
United Nations, Climate Change Secretariat, online information, retrieved on 26.01.2015, 
http://unfccc.int/di/DetailedByGas) 

http://unfccc.int/di/DetailedByGas
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Table 6.1: GHGs emissions CO2 equivalent in 2000 comparing the emissions of Myanmar and neighbouring Asian countries 

Gas Myanmar Malaysia Indonesia Thailand Laos India China 
CO2 -100,657.44 -82,510.14 1,110,700.52 157,857.10 41,763.97 788,515.43 5,554,038.00 
CH4 26,224.61 52,416.21 236,388.18 58,830.26 6,440.70 418,841.01 933,508.80 
N2O 4,011.59 2,976.00 28,499.23 12,369.01 2,613.30 81,893.75 394,165.00 
HFCs 143.00 143.00 - - - 5,200.00 147,286.89 
PFCs - - - - - 6,455.40 5,608.90 
SF6 71.70 6.21 - - - 298.75 10,437.13 
Total -70,206.55 -26,797.58 1,375,587.93 229,056.37 50,817.97 1,301,204.34 7,045,044.72 
Difference in 
total emission 
(%) 

 -61.8 -2,059.3 -426.3 -172.4 -1,953.4 -12,373.6 

Source: http://unfccc.int/di/DetailedByGas
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In the present research, DNDC model was used to estimate the effects of biochar soil 

applications on CO2, N2O and CH4 emissions from the experiments. Simulated CO2 emission 

was higher in rice growing seasons than cotton growing seasons in both 30-year and 50-year 

simulations. Under both upland and lowland conditions, simulated CO2 emissions from 

biochar treatments were higher than that of control and NPK fertilizer application. Under 

upland condition, CO2 emission was the highest from Rh biochar + FYM mixture application. 

In both 30-year and 50-year projections under lowland condition, in the first year of 

simulation, CO2 emissions from biochar treatments were higher than that from NPK fertilizer 

application and control.  CO2 emissions from biochar treatments in the first year of simulation 

were higher than the following simulated years since biochars were applied in the first year. 

Application of biochar together with nitrogen fertilizer increases CO2 emission during rice 

growing season (Wang et al., 2012). Higher CO2 emission from biochar treatments could be 

due to higher organic carbon content or of carbon lability of biochar amended soils (Kimetu 

and Lehmann, 2010; Cross and Sohi, 2011, Zhang et al., 2012).  

Simulated N2O emission was higher in 30-year simulation that used multi-year climate data 

than 50-year simulation that used single year climate data. The amount of emission changed 

according to the changes of climatic conditions and nitrogen input. In both of 30-year and 50-

year simulations, N2O emission from control was the lowest among the treatments. The 

second lowest emission was in NPK fertilizer application and N2O emissions from biochar 

treatments were higher than both control and NPK fertilizer application. N2O emission from 

agricultural soils in Myanmar in 2005 was 0.84 kg N2O ha-1a-1 (Table 6.2). Although 

simulated N2O emissions from Rh and Ps biochar applications were high in the year of 

biochar application (around 50%), compared to following years, average emission amounts 

for all simulated years agreed with the actual emission.  
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Table 6.2: Estimation of GHG emissions from agriculture sector of Myanmar* 

Years 1990 1995 2000 2001 2002 2003 2004 2005 
Emissions from rice cultivation (Gg) 
CH4 349.33 485.18 507.23 514.06 511.32 523.69 540.09 589.81 
Emissions from agricultural soils (Gg) 
N2O 5.53 7.07 8.2 8.53 8.67 9.05 9.49 10.19 
Emissions from field burning of agricultural residues (Gg) 
CH4 0.0174 0.0214 0.024 0.0249 0.0247 0.0255 0.0264 0.0282 
N2O 0.0004 0.0006 0.0006 0.0006 0.0006 0.0007 0.0007 0.0007 
NOx 0.0161 0.0198 0.022 0.0231 0.0229 0.0236 0.0245 0.0262 
CO 0.5913 0.729 0.81 0.8488 0.843 0.8696 0.9003 0.9623 
Total 
(Gg CO2 e) 

9,051.
4 

12,381.
9 

13,195.
4 

13,441.2 13,427.
1 

13,804.
7 

14,285.
6 

15,546.
8 

*Source: A report of the Ministry of Environmental Conservation and Forestry, The Republic 

of The Union of Myanmar, 2012, Myanmar’s Initial National Communication under The 

United Nations Framework Convention on Climate Change (UNFCCC) 

Table 6.3: National greenhouse gas inventory of Myanmar (2010) 

Source/Sink CO2 removal           
(Gg) 

CO2e total emissions 
(Gg) 

CO2e net emissions 
(Gg) 

Energy sector 0 7863.47 7863.47 
Industrial sector 0 463.29 463.29 
Agricultural sector 
including livestock 

0 22, 843.25 22, 843.25 

Land use change and 
Forestry sector 

142, 221.20 40, 404.73 -101, 816.50 

Waste sector 0 2825.97 2, 825.97 
Total 142, 221.40 74, 400.71 -67, 820.50 
Source: National GHG Inventory of INC project Myanmar 

 

Although simulated N2O fluxes agreed with the actual emission in general, higher N2O 

emission from soils with biochar addition compared to the soils without biochar addition was 

contrasting to some of former research findings of the effect of biochar applications on N2O 

emission. N2O emission decreased by 10.7% and 41.8% after 20 Mg ha-1 and 40 Mg ha-1 of 

biochar was applied to maize fields in calcareous loamy soil together with 300 kg N ha-1 

compared to solely nitrogen fertilizer application (Zhang et al., 2012). Jia et al. (2012) stated 

that 30 Mg ha-1 of maize straw biochar application together with manure and urea fertilizer 

greatly reduced N2O emissions and maintained vegetable yields compared to control, manure 

+ urea, manure + biochar (20 Mg ha-1 and 40 Mg ha-1 rates) + urea applications. That 

experiment was conducted on acidic soils. 
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Wang et al. (2012) tested the effect of rice-husk biochar application (with and without 

chemical fertilizers) on crop yields and GHG emissions in rice-wheat systems. The 

experiments were conducted on a clayey loamy Orthic Antrosols upland soil and a silty loamy 

Stagnic Anthrosols lowland soil. The results showed that biochar addition, without nitrogen 

fertilizer to both upland and paddy soils caused the decreased N2O emissions during the 

flooded rice and drained wheat seasons. Biochar application with nitrogen fertilizer caused the 

increased N2O emissions from wheat fields. That meant that applying biochar together with 

nitrogen fertilizer could lead to decreased N2O emission under lowland condition and increase 

the emission under upland condition. That was consistent with the simulated DNDC model 

simulation of N2O emission in the current research. N2O emission was higher in cotton 

growing seasons (ranging 0.51-1.80 kg N ha-1a-1) and lower in rice growing seasons ( ranging 

0.15-0.81 kg N ha-1a-1). In contrast to these, Xie et al. (2013) studied the effects of wheat 

straw biochar (12 Mg ha-1) and corn stalk biochar (12 Mg ha-1) on rice nitrogen nutrition and 

GHG emissions in a slightly alkaline sandy loamy Inceptisol and an acidic clayey loamy 

Ultisol. They found N2O emissions from biochar application treatments similar to the control 

in the acidic Ultisol and significantly higher in the alkaline Inceptisol. N2O emission of the 

soils without biochar addition is governed by 1) nitrification, 2) nitrifier denitrification, and 3) 

denitrification (Wrage et al., 2005; Van Zweiten et al., 2009). These pathways are relating to 

soil physical properties such as moisture content and aeration (Mukherjee and Lal, 2013). In 

biochar applied soils, the mechanisms controlling N2O emission by biochar application are 

attributed to increased soil aeration (Yanai et al., 2007; Van Zweiten et al., 2010), sorption of 

NH4
+ or NO3

- (Singh, B. P. et al., 2010; Van Zweiten et al., 2010) or presence of microbial 

inhibitor compounds such as ethylene (Spokas et al., 2010). Rondon et al. (2006) found out 

the facts that biochar application reduced N2O emission; NH4
+ - N in soil incubated with 

biochar was lower than that of the control and; biochar application did not add NH4
+ - N that 

supports nitrifier activity. Under anaerobic condition, biochar reduces N2O emission by 

suppressing the activities of denitrifying enzymes, that convert NO3
- to N2O, and by 

enhancing the activities of denitrifying enzymes that involves in the conversion of N2O to N2 

(Van Zweiten et al., 2009). Model might not take into account NH4
+ or NO3

- sorption 

properties of biochars and N2O emission from biochar-applied soils might have been 

overestimated due to the biochars that contained higher amount of nitrogen. 

Simulated CH4 emissions of biochar applications during rice growing seasons were higher 

than that of NPK fertilizer application and the control in both 30-year and 50-year 

simulations. CH4 emissions from the control and NPK fertilizer application were at a 
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comparable level as the emissions from rice fields of Myanmar. According to the literatures, 

CH4 emission from irrigated rice fields in Myanmar in the year 2000 was 120 kg ha-1a-1 (Table 

6.4). In the review of Mukherjee and Lal (2013), CH4 emissions from wheat straw biochar 

(0.7 g g-1 rate) applied rice fields ranged from 78-215 kg CH4 ha-1a-1.  

Table 6.4: CH4 emissions from flooded rice fields of different rice ecosystems in Myanmar in 
the year 2000 * 

No. Rice ecosystems Harvested area 
(ha) 

CH4 
 (Gg yr-1) 

% of total 
emission 

1 Irrigated Rice 1,842,691 220.46 43.46 

2 
Regular rain-fed 
rice 2,432,690 134.62 26.54 

3 
Drought-prone 
rain-fed rice 

756,276 34.75 6.85 

4 Deep water rice 1,071,392 117.4 23.15 
 Total 6,302,306 507.23 100 
 

Xie et al (2013) observed the effects of wheat straw biochar and corn stalk biochar on CH4 

emission. They found that CH4 emissions from biochar applications were similar to the 

controls. In the present study in biochar treatments and control, simulated CH4 emissions were 

higher (40-80%) in the initial year of simulation and decreased in the following years. In NPK 

fertilizer application, CH4 emission was getting higher in the following years of simulation 

compared to the first year of simulation. In a 2-year field study by Knoblauch et al. (2010), a 

rice paddy amended with carbonised rice husks at the rate of 41Mg ha-1, CH4 emission 

significantly increased in the first rice crop cycle. Wang et al., 2012 stated that both pure 

biochar application and application of biochar together with nitrogen fertilizer to rice fields 

increase CH4 emissions.   

In 2013 during cotton growing season, the simulated CH4 emission was zero. Jia et al. (2012) 

studied the effect of different combination of biochar, manure and urea fertilizer applications 

on vegetable yields and CH4 emissions under upland condition.  Although CH4 emission was 

not significantly different among the treatments, emission from biochar treatments were 43-

60% lower than non-biochar treatments. Under upland condition, CH4 emission would have 

been completely suppressed because of aerobic condition and high rate of CH4 diffusion into 

the soil. Biochar applications would also make soil conditions favourable for methanotrophs 

and unfavourable for methanogenic activities (Lehmann et al., 2011). 

Substrates for methane production are acetate, formate, CO2, and H2 that are produced during 

the anaerobic decomposition of organic matter in soil (Dalal et al., 2008; Van Zweiten et al., 

2009). Under flooded conditions, redox potential will decrease, soil pH will reduce in alkaline 
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soils, nitrogen and phosphorus availability will increase, and carbon dioxide and methane 

gases will be generated (Vergara, 1992). DNDC model simulates CH4 emission based on soil 

redox potential, soil SOC sources (DOC and CO2) available for the methanogens, soil 

temperature and CH4 diffusion rate, and soil texture (Li, 2000). Anaerobic conditions of rice 

fields, warm temperatures of the experimental site, high bulk density, fine textured soils, pH 

value 7-8, and input carbon amounts of biochar application treatments in the present research 

were supporting the high activities of methanogenic organisms (Dalal et al., 2008; Van 

Zweiten et al., 2009). DNDC simulated CH4 emission based on these inputs. Some of those 

mechanisms were counted in model simulation such as biological mechanisms and soil 

physical properties. Some were out of the range of model simulation such as biochar surface 

properties that carry out the chemical reactions and reduce soil N2O and CH4 emissions. The 

effects of biochar amendments on non-CO2 GHGs emission could also vary with the soil and 

site condition as well as biochar properties (Spokas and Reicosky, 2009). Simulated CH4 

emission was the highest in Rh biochar + FYM mixture application. Compared to NPK sole 

application and the control, Rh biochar + FYM mixture application showed better crop 

growth and higher biomass production and in consequence, the model might have 

overestimated the CH4 emission from rice crops. The model would have taken into account 

the texture of this treatment as unfavorable factor for CH4 diffusion. For the other biochars, 

although they produced the same amount of biomass as Rh biochar + FYM mixture 

application, those treatments had lower bulk densities and in consequence, simulated CH4 

emissions from Rh, Rs and Ps biochar applications were lower than that of Rh biochar + FYM 

mixture application. Lower simulated CH4 emissions from NPK fertilizer application and 

control might be due to lower DOC values in soils of these treatments compared to biochar 

treatments. Since N2O and CH4 emissions were not measured in actual field condition, it 

could not be completely assumed as the model overestimated the CH4 emission. Further 

measurements and validations might require for assessing the model performance on 

greenhouse gas emission. 
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6.4 Conclusion   

By summarising the results of the present research, the following effects of biochar 

applications under upland and lowland conditions to a sandy loamy soil can be assumed as:  

 Biochar application increased crop yields compared to conventional NPK fertilizer 

application and non-fertilizer application. According to the results of field 

experiments, crop yields from biochar-applied plots exceeded the yields of NPK 

fertilizer applied plots and the control. All biochars tested in the field experiments 

showed different impacts on crop growths, yields and soil properties compared to 

NPK fertilizer applications and the control. Among biochars, it was found that Ps 

biochar is suitable to apply to rice fields due to its superiority compared to Rh biochar 

and Rs biochar in retaining nutrients, gas exchange through better ventilation of its 

pore spaces under submerged condition and, possible direct nitrogen supply to rice 

crop. Rh biochar and Rh Biochar + FYM mixture were suitable for upland conditions 

due to their effects on improving soil physical properties such as reducing soil bulk 

density, increased water holding capacity and nutrient retention.  

 Biochar improved soil quality in alkaline sandy loam soil of semi-arid region of 

Myanmar by decreasing soil bulk density, regulating soil pH at the level that was not 

harmful for the cultivated crops, and increasing water holding capacity after one-year 

application. Although there were improvements in both soil physical and chemical 

properties, some improvements such as bulk density and soil water retention were not 

significantly different from control and NPK fertilizer application in current research 

findings. That could be due to low biochar application rates compared to organic 

carbon requirement of the soil, initial soil properties and due to short experimental 

period, being not long enough estimating a significant improvement of soil physical 

properties.  

 Generally, simulated results of the DNDC model were in agreement with the actual 

values from field measurements and from laboratory analyses. Model fitness testing 

showed that DNDC model was sensitive to nutrient inputs in simulating crop yields 

such as underestimation of crop yields from controls. That was due to crop input data 

and some biogeochemical processes such as root interaction with soils, microbial 

activities and nitrogen fixations, instead of management, or climate data. Simulated 

rice yields showed more consistency with field measurements compared to simulated 

chickpea and cotton yields. That could be due to the following reasons. (1) DNDC was 
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widely validated and applied in tropical lowland rice conditions especially in China. 

(2) Rice cultivar used in the present research was originated from China. (3) Carbon 

and nitrogen of rice grains, leaves and stems used as model inputs were the actual 

values obtained from the experimental findings and. (4) Rice experiments did not 

experience any biotic or abiotic stresses during the growing season. In simulating 

cotton and chickpea yields, carbon and nitrogen content of cotton and chickpea stems 

were obtained from the literatures and other research findings. Moreover, some 

variations could have occurred in the biogeochemical processes that control the 

growth and yields such as photosynthesis, leaf area index, root exudation and nitrogen 

fixation since there are wide range of cotton cultivars and chickpea cultivars.  

 By using DNDC model, potential crop yields and soil organic carbon storage for 

future 30 years and 50 years were projected. Except slight differences of soil organic 

carbon and crop yields due to climate differences in 30-year simulations, simulated 

results of the effects of biochars on crop yields and soil organic carbon storage were in 

the same situation in both 30-year simulations and 50-year simulations. Simulated soil 

organic carbon dynamics and crop yields were in agreement with the field 

measurements except underestimation of cotton yields of control plot.  

 Simulations of GHG emissions showed higher emissions from biochar applied soils 

compared to the control and NPK fertilizer application. Simulated GHG emissions 

from control plots and NPK sole applications were consistent with the emissions of 

Myanmar agricultural soils. Since emissions from biochar applied rice fields was not 

measured in Myanmar so far, model validation for GHG emissions from biochar-

applied soils could not perform. When simulated GHG emissions were compared with 

the research findings of international researchers conducted under similar crops, soils 

and biochar types, GHG emissions simulated by DNDC model were consistent with 

those findings. Therefore, it can be assumed that DNDC model is compatible for 

simulating the effect of land management practices on crop yields, soil organic carbon 

and nitrogen dynamics and greenhouse gas emissions.   
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Chapter 7: Recommendations 

7.1 Suitability of Biochar Technology for the Central Dry Zone of Myanmar 

Effects of biochar on soils and crop productivity cannot be generalised, as they are biochar-, 

plant- and site-specific (Lorenz et al., 2014). In present research, effects of four types of 

biochars produced from different substrates were tested in rice-chickpea-cotton cropping 

system on an alkaline sandy loamy soil under semi-arid climatic condition. Even on the same 

soil, each biochar responded differently to cultivation practices, weather and cultivated crops. 

Crop yields showed a positive response to biochar applications compared to the unsupplied 

control and chemical fertilizer sole application. 

When we consider both of increasing crop yield and improvement of soil quality, rice husk 

biochar in combination with farmyard manure will be the most suitable organic soil 

amendment for the semi-arid Dry Zone area of Myanmar. Although the highest rice yield was 

obtained from pigeon pea stem biochar application, rice yield obtained from the other biochar 

treatments were not significantly lower than that of pigeon pea stem biochar treatment.  

Regarding soil quality responses to Rh biochar + FYM mixture application, using rice husk 

biochar in combination with farmyard manure will be the most suitable amendment for the 

soil types of experimental site and the cultivated crops of the study area. A mixture of biochar 

and manure is more suitable as it reduces the possibility of the dispersal of biochar by wind 

during the process of field application. Furthermore, crops can benefit the effects of manure 

more sufficiently by combining the manure with biochar than manure sole application since 

biochar has the properties to control nutrient leaching from the manures. Although this 

amendment will not show sudden improvement of soil properties, a stable improvement of 

soil properties can be retained. At last, farmyard manure is available for the farmers and less 

amount of biochar is needed compared to the application of biochar solely. Pigeon pea stem 

biochar can also preferably be used as soil amendment solely or as biochar compost next to 

rice husk biochar. If farmers are willing to produce or other commercial suppliers are 

available, pigeon pea stem biochar is beneficial for crop nutrition and soil quality 

improvement due to its physical and chemical properties. The size of pigeon pea stem biochar 

should be taken into consideration for soil application because the larger biochar particles can 

have side effects on the seedlings especially for upland crops such as competing for moisture 

or hindering root penetration of seedlings. Rice straw biochar application under upland 

condition also showed positive yield responses next to Rh Biochar + FYM mixture. That 

could be due to higher carbon content and higher level of total exchangeable cations of Rs 
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biochar. Since Rs biochar has fine texture, it will easily mix with the soil and will not disturb 

young seedlings. Challenges of using rice straw as biochar could be raw biomass availability, 

as it is also useful as fodder; cost for efficient production technology by optimising biochar 

yield and nutrient composition; and efficient field application method with fewer losses to 

environment due to its particle size. 

Rice yields from biochar treatments were not significantly different although they are higher 

than the yields from control. The same situation was found in cotton experiments. Crop 

growth and yields from all biochar treatments were significantly higher than that of control. 

Higher than 200% more yields were obtained from biochar treated plots compared to the 

control. However, when cotton yields from biochar treatments were compared to NPK sole 

application, yield difference was not significant (19-53%). When simulated crop yields from 

the application of raw biomass of biochar materials were compared with the simulated yields 

of biochar applications, yields from biochar applications were 4-33% higher in rice, 5-29% 

higher in chickpea and 10-24% higher in cotton, respectively than raw biomass application. In 

the present research, 20 Mg ha-1 of each kind of biochar was applied in each of rice and cotton 

cropping season. There was total of 40 Mg ha-1 of each kind of biochar applied in two 

cropping seasons. Therefore, economic profit obtained from increased crop yields due to 

biochar application should be considered. It should be considered compared to investment and 

profit obtained from the other inorganic and organic fertilizer applications if soil reclamation 

and carbon sequestration are not the main issues in the respective region because farm income 

is a priority factor for the farm families. 

7.2 Recommendation for Biochar Production and Technology Adoption by Farmers  

 In Myanmar, black ash of rice husks, obtained from rice mills and other small-scale 

industries that use rice husks as fuel, are being used in agriculture especially as the growing 

medium for nurseries of ornamental plants, and seedbed preparations for vegetables and rice. 

Application of rice husk biochar, produced under oxygen-limited condition, for soil fertility 

improvement has not yet been widely known up to current time. Myanmar farmers need to be 

informed about the usefulness of biochar as soil amendment because production and 

application of biochars from farm wastes is a new technology for them.  Therefore, many 

steps are needed to carry out for the dissemination and adoption of biochar technology among 

Myanmar farmers. This could be achieved by informing research results to the farmers’ fields, 

demonstrating biochar field applications for crop production, and the distribution of biochar 

for farmers.  



164 

 

Concerning small-scale productions, rural farmers can use biochar stoves and collect the 

charcoals obtained from these stoves, since most of rural population is using firewood as fuel 

for cooking although the amount collected could be small. Substituting conventional cooking 

stoves by biochar cooking stoves is also beneficial way of reducing risk of health problems 

related to smokes and GHG emissions to environment. This is a way of saving fuel wood 

consumption, reducing GHG emissions and protecting deforestation on a basic level (Ministry 

of Forestry, 2005). 

Although obtaining biochar by using stoves and low-tech charcoal kilns is an option of 

biochar production through cheap methods of proper waste disposal for smallholder farmers, 

for long term and extensive application of biochar as soil amendment, large scale production 

will require. This technology of using low-tech charcoal kilns will not be sustainable both 

economically and environmentally due to its low biochar yields and emission of CH4, N2O, 

soot or volatile organic compounds (Woolf et al., 2010). However, substitution of the stoves 

that use electricity or gas in the place of fuel wood cooking-stoves will not easy for rural 

households. Therefore, low-tech stoves are still necessary for the households compared to the 

use of traditional stone stoves for protecting the health of households and for saving fuel 

wood consumption. Moreover, low-tech charcoal kilns can reduce GHG emission compared 

to field burning of agro-residues. Biomass burning is the second largest source of trace gases 

and the largest source of primary fine carbonaceous particles in the global atmosphere (Akagi 

et al 2011). Agricultural burning releases other gases in addition to CO2, which are by-

products of incomplete combustion such as methane, carbon monoxide, nitrous oxide, and 

oxides of nitrogen. These non-CO2 trace gas emissions from biomass burning are net transfers 

from the biosphere to the atmosphere (IPCC, 2006). Conversion of biomass from agricultural 

residues by using low-tech kilns and using low-tech efficient cooking stoves can reduce the 

trace gas emissions to a certain level compared to biomass field burning and fuel wood 

burning by using traditional cooking stoves. 

Most of the farmers will also be interested in getting instant access to the required amount of 

finished products instead of collecting it from their kitchen since the application of soil 

amendments will also require to be harmonised with the time of land preparation and crop 

cultivation together with a proper application rate. In Myanmar’s situation, since there are 

already some small-scale energy production plants and small industries at government 

managed farms and private sectors that utilise rice husks as power source, rice husk biochars 

are already available at these places. Biochars produced at high pyrolysis temperature 

(450°C–650°C) have more stable carbon and a larger surface area. Those properties of 
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biochar will enhance soil carbon sequestration and increase crop yields by improving soil 

physical properties. It will be very effective as both energy and biochar can be produced at the 

same time by large-scale production plants. If large-scale production is available, biochar 

production from the diverse sources of feedstocks will be possible. Biochars produced from 

different biomass will have different properties and those biochars can be used extensively for 

diverse crop varieties.  

7.3 Recommendation for Future Research  

According to the findings of field experiments, laboratory analyses and estimation of future 

impacts on crop yields and soil properties, biochar soil application in combination with 

chemical fertilizers showed certain beneficial impacts on the rice-based cropping systems in 

the Dry Zone area of Myanmar. 

The effect of long-term biochar soil application on crop growth and yields are still needed to 

observe under the specific climatic, crop and soil conditions. Research activities that observe 

the impacts of biochars on drought tolerance, pest and disease tolerance and nutrient 

efficiency under low rainfall conditions for all upland crops are needed to conduct under field 

conditions. By knowing these impacts, we can apply farm wastes beneficially without 

harming the environment and crop productivity as well. 

Present research was conducted in the dry zone area and it was tested on organic matter poor 

sandy loam soil under irrigation. There was no moisture stress in both seasons. There was an 

exception for chickpea crops sown on pigeon pea stem biochar applied plot. Those chickpea 

plants faced with moisture stress during seedling stage because they competed available 

moisture with pigeon pea stem biochar. Biochar water use efficiency in semi-arid regions 

under rain-fed condition and impact of biochar application on crops’ drought tolerance will 

also be needed to observe.  

The fact that biochar creates the place for microorganisms is a favourable situation for soil 

quality improvement and crop production.  In the present research, a fungal infestation to 

chickpea seedlings and cotton seedlings happened although crops survived after receiving a 

pesticide treatment and the seedlings overcome the age of susceptible stage. Causal organisms 

of most cotton diseases are soil borne pathogens (Hodges, 1992). Rhizoctonia solani is also 

the causal organism of sheath blight disease in rice. Sheath blight symptoms were found in the 

rice experiment. It was not affecting the rice yield since it happened late in the rice season. 

The fungus must have remained in the soil together with rice residues and they would infect 

the following chickpea crop since the viability of the sclerotia of R.solani can last for the next 
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cropping season if they have the place to detach (Hodges, 1992). In the current research, since 

the fungus was remained in the soil together with rice straws of the previous season, it would 

easily attack the following crops. Biochars was already in soil for one cropping season and it 

might need more time to interact with the beneficial soil microorganisms like mycorrhizal 

fungi. More research will be needed to observe the impacts of biochars on the crop’s 

resistance to pest and diseases.  The study of biochar and insect pest relation will also be 

required under different soils, climatic conditions and cropping systems.  

Fine grain biochar and its moisture holding capacity can affect the cultivated crops during 

germination and early crop growth by competing for moisture uptake with the crop. In the 

present research, compared to the other fine textured biochars, pigeon pea stem biochar had 

larger pore size and the plots with Ps biochar application used up the moisture faster than the 

other biochar applied plots. Under upland condition, water from larger pores will evaporate 

faster than that from finer pores and they will absorb moisture from the nearby soils and in 

consequence, cultivated crops will suffer water stress if supplementary irrigation is not 

available. Therefore, particle size of biochar for efficient field application and the appropriate 

time of field application with less harmful effect on the crops should also be studied.  

Effects of biochars on crop production, soil properties and impacts on environmental quality 

can vary depending on the type of crops, biochar application rates, site properties, biochar 

application methods, and land management practices. Therefore, further research about 

biochar soil application will be needed to study the above-mentioned issues.  

Regarding with biochar application rates, different research results revealed the effects of 

different biochar application rates. Since biochar can be produced from different raw material 

and having different properties, it will not be easy to set the most appropriate biochar 

application rate. It will be better to decide the biochar application rate depending on the crop 

type, soil type and the purpose of biochar use: whether to improve soil properties or to 

remediate the toxicity effects of agrochemicals or for the improvement of crop yields, etc. 

For practical field application, not only positive impacts of biochar on crop production and 

soil quality, but also economic profitability should be considered because farming objectives 

of the majority of farmers are food security and economic profitability. Research on biochar 

type, production method, and economically feasible biochar application rates will therefore be 

required.  

Research and demonstrations are also needed to inform the farmers about the effectiveness of 

organic soil amendments other than inorganic fertilizers as those organic soil amendments are 

within the reach of smallholder farmers.    
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Appendix  

Table 1.1: Evaluation of Humus content in soils (Pedological mapping instructions 1994) (Ad-
hoc-Arbeitsgruppe-Boden, 2005) 

Humus content % Designation 

<1 Very slightly humid 

1-2 Slightly humid 

2-4 Somewhat humid 

4-8 Strongly humid 

8-15 Very strongly humid 

15-30 Extremely humid 
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Table 1.2: DNDC model input data about rice management  

Date Management practices   

18.5.12 Harrowing the filed with moldboard plough, 
(0.02 m) 

  

23.5.12 Ploughing with disk, 0.1 m   

24.5.12 Litter burying till   

25.5.12 Ploughing with chisel plough 0.1 m   

26.5.12 Ploughing slightly, 0.05 m   

22.5.12 Flooding the whole filed   

9.6.12 Nursery seeding   

21.6.12 First fertilizer application nursery (10 kg N ha-

1) 
  

25.6.12 Second fertilizer application nursery (10 kg N 
ha-1) 

  

28.6.12 Land levelling, and plotting of experimental 
plots 

  

29.6.12 Biochar and fertilizer application into the 
experimental plots 

75 kg N ha-1, 20 Mg Rh biochar ha-1, 20 
Mg Rs biochar ha-1, 20 Mg Ps ha-1, 10 
Mg Rh biochar+FYM mixture ha-1 

1.7.12 Transplanting rice seedlings from nursery to 
experimental plots 

  

19.8.12 Second fertilizer application 25 kg N ha-1 

9.10.12 Harvesting Fraction of residues left in fields: 20%, 
cut fraction: 80% 

22.5.12-
29.6.12 

Continuous flooding (depth 0.05-0.1 m)   

4.7.12 - 
18.8.12 

Continuous flooding   

21.8.12- 
27.9.12 

Continuous flooding   

 

  



187 

 

Table 1.3: DNDC model input data about chickpea management  

Date Management practices  
18.11.12 Ploughing and sowing Chickpea was sown without 

fertilizer or manure input 
7.3.13 Harvesting  
 

Table 1.4: Cotton Management data 

Date Management practices  Remarks 

20.3.13 Planting and first irrigation   

14.3.13 Ploughing moldboard,   0.2 m   

15.3.13 Ploughing with chisel, 0.1 m   

28.3.13 Ploughing slightly, 0.05 m   

25.4.13 Ploughing slightly, 0.05 m   

7.5.13 Ploughing with chisel, 0.1 m   

14.5.13 Ploughing with chisel, 0.1 m   

17.3.13 Urea 50 kg N ha-1  75 kg N ha-1, 20 Mg Rh biochar ha-1, 20 Mg 
Rs biochar ha-1, 20 Mg Ps biochar ha-1, 10 Mg 
Rh biochar+FYM mixture ha-1 

3.5.13 Urea 50 kg N ha-1   

20.3.13 30 cm water   

3.4.13 30 cm water   

29.6.13 30 cm water   

22.7.13 Harvesting   

7.8.13 Cut fraction 0.80   
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Table 1.5: DNDC model input data about the treatments  

Nr. Treatment Fertilizer application 
1 Rice husk biochar, (20 Mg ha-1) With NPK fertilizer  

100:50:50 for rice and 100:30:117 for cotton 
2 Rice straw biochar (20 Mg ha-1) With NPK fertilizer 

100:50:50 for rice and 100:30:117 for cotton 
3 Pigeon pea stem biochar (20 Mg ha-1) With NPK fertilizer 

100:50:50 for rice and 100:30:117 for cotton 
4 NPK fertilizer  100:50:50 for rice and 100:30:117 for cotton 
5 Rice husk biochar+FYM mixture (10 Mg 

ha-1) 
With NPK fertilizer 
100:50:50 for rice and 100:30:117 for cotton 

6 Without biochar Without fertilizer 
 

Table 1.6: DNDC model input data about the observed and simulated crop yields 

Treatments 
Rice yield  

(grain C kg ha-1)* 
Chickpea  

(grain C kg ha-1) 
Cotton 

(grain C kg ha-1) 
Measured Simulated Measured Simulated Measured Simulated 

Rh biochar 2717 3016 584 548 242 268 
Rs biochar 2330 3016 533 511 268 192 
Ps biochar 3110 3305 448 536 234 290 
NPK 1964 1867 479 483 196 195 
Rh biochar+FYM 2325 2377 436 500 264 198 
Control 1322 681 507 486 83 30 
PBIAS (%)  -3.59  -2.58  8.86 
RMSE(kg ha-1)  412.52  48.44  52.84 
RRMSE of 
observed mean 

 18%  9.7%  24.6% 

*Grain C was calculated by multiplying carbon content of the grain to the crop yield. 

Table 1.7: Testing model fitness by quantifying observed values from field experiments and 
simulated values from DNDC model of soil organic carbon in topsoil 0-0.2 m in biochar 
applied soils, NPK fertilizer applied soils and control after harvesting rice in 2012 and after 
harvesting cotton in 2013  

Treatments 
SOC 0-0.2 m 2012 (Mg ha-1) SOC 0-0.2 m 2013 (Mg ha-1) 
Measured Simulated Measured  Simulated 

Rh biochar 30.00 26.16 38.16 28.23 
Rs biochar 21.36 24.99 27.96 27.68 
Ps biochar 22.08 19.27 22.08 22.96 
NPK 17.88 14.00 13.92 14.00 
Rh biochar+FYM mixture 19.08 19.82 21.48 20.26 
Control 19.68 18.18 14.16 18.23 
PBIAS (%)  5.89  4.65 
RMSE (Mg ha-1)  0.99  4.43 
RMSE% of observed mean  4.6  19 
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