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CHAPTER-1                                                       INTRODUCTION 
      

Biochar is a carbon (C) dense solid substance formed by the pyrolysis of organic 

material and can be used to amend the soil (Lehmann and Joseph, 2015). Carbonaceous 

materials used for production of biochar are converted to aromatic compounds on 

thermal decomposition and become highly resistant to degradation. So, biochar basically 

consists of several polycondensed aromatic compounds along with few ion exchange 

functional groups as a result of dehydration and decarboxylation reactions occurring 

during production of biochar. Biochar can be prepared from various wastes obtained 

from plant and animal sources by pyrolysis which otherwise remain unused at the farm 

after the crop production process. In Amazonian soils of Brazil, the so-called terra preta 

soils identified by Late Wim Sombroek were found more fertile in comparison 

surrounding soils due to automatic addition of biochar under “slash and char” type of 

agricultural practices in that soil (Spokas et al., 2012). The process of pyrolysis from 

which biochar is made leads to release of volatile C compounds, Hydrogen (H), methane 

(CH4) and carbon monoxide (CO), which all leads to production of bio-oil and ash.  

Various properties such as highly porous structure, greater surface area and 

mostly alkaline pH (Abewa et al., 2013) make biochar a suitable soil amendment for 

managing nutrient content, pH,  EC , aeration, porosity, water retention capacity of the 

soil (Steiner et al., 2007; Chan et al., 2008; Asai et al., 2009, Smider and Singh, 2014; 

Purakayastha et al., 2015). Biochar properties are seen to vary mainly with the 

feedstock used and the conditions prevailing during the pyrolysis of the biomass such as 

pyrolysis temperature, residence time, heating rate, supply of oxygen, etc (Sohi et al., 

2010). With a beneficial character of high adsorption tendency, biochar can be suggested 

to be used as a tool for retaining nutrient ions on it, thereby increasing the nutrient use 

efficiency of the plant and ultimately resulting in increment of crop yield (Ding et al., 

2010; Yao et al., 2012). Thus, biochar serves the purpose of both soil and crop 

improvement. Biochar when applied to soil @ <30 t ha-1 increased the crop productivity 

by about 11% (Liu et al., 2013). The changes observed in crop productivity or yields of 

the crop were very diverse and varied with the soil, crop and biochar conditions. Biochar 

could also be considered as a tool for restoring the microbial population and ultimately 

making the soil biologically fertile. This increase in microbial biomass and their 
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habitation in soil might be the result of additional surface area that serve as a habitat of 

microbes present in soil which ultimately improve the nutrient status of soils. 

Indian agriculture has experienced the huge increase in crop productivity during 

and after green revolution by tapping the yield potential of high yielding varieties and by 

the addition of fertilizers in very high doses. Fertilizer application in such large amount 

was quite responsive in the earlier days and are not showing a further increase in yield 

with the addition of fertilizers. This greed behind increasing the production has made 

fertilizer application in Indian agriculture, a unguided practice. The recommended doses 

of fertilizers are often so high that they lead to high cost of production and residual 

accumulation of applied fertilizers in the soil. As only a minor fraction of applied 

fertilizer is available to the plant for its use, the remaining fraction remains unavailable. 

The fertilizer use efficiency of nutrients is low in many soils owing to N losses and 

fixation of other nutrients. On the other hand, biochar with higher surface area and high 

adsorptive capacity may help to ensure a better availability of nutrients to the plants by 

reducing their losses in an eco-friendly way by increasing the cation exchange capacity 

of the soil (Liang et al., 2006). Various organic amendments supplemented to the soil 

do not have much effect on soil organic carbon content as they are short lived and 

decompose easily and quickly as compared to the highly stable biochar. An increase in 

content of soil organic carbon with the application of biochar as compared to various 

other organic manures might help in improving the soil fertility and consequently 

increase crop yields. 

In India, crop production produces a huge amount of plant residues and wastes. 

A report by Ministry of New and Renewable Energy (MNRE) shows that the amount of 

total crop residue generated in a year is about 500 million tons, out of which about 92 

million tons of surplus is burned every year in our country. The reason behind burning 

of such a huge amount of crop residues is the unavailability of the proper management 

mechanism so that it can be safely disposed off. Some residues can also be used as fodder 

for the animals, while many other residues including weeds, etc are not suitable for 

feeding to animals and therefore often go as waste. One option left is to incorporate them 

into soil but in the absence of suitable and popular machinery, farmers often opt to burn 

these plant residues in open. Apart from these crop residues, forests also generate a huge 

amount of plant wastes in the form of leaf fall and various dried and dead plant parts, 
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that neither have any commercial usage nor can be collected and used by anyone as 

fodder or compost. Biochar production from these agricultural and forest residues could 

be a good choice for the disposal of these residues which are unsuitable for animal 

feeding or composting purpose. 

Biochar production can help in lowering down the atmospheric emission of CO2, 

methane and nitrous oxide by almost 12% of the anthropogenic CO2-C emission per year 

(Woolf et al., 2010). Biochar is a long lasting compound, so C sequestration for a very 

long period of time can be done by the biochar which may accumulate in soil as beneficial 

terrestrial C. Greenhouse gas (GHG) emission has also been reported to be less from the 

soil amended with the biochar both in cropped or non-cropped conditions (Karhu et al., 

2011; Zhang et al., 2012). The concentration of various environmental pollutants such 

as inorganic chemicals, pesticides, heavy- and radioactive-metals, etc could also been 

reduced by the production of biochar (Ahmad et al., 2014). Thus, biochar could be used 

to improve the availability of nutrients besides improving soil physical conditions.  

Despite biochar being such a useful amendment for agriculture with multi-

dimensional benefits, the use of biochar in Indian agriculture is not so common till 

now. Also, there have not been much research work being done in relation to use of 

biochar and the various aspects related to it such as its production, characterization and 

its effect on soil environment and crop yields. The proposed investigation mainly aims 

at characterization of biochar and evaluation of the nutrient-enriched biochar as a 

source of macronutrients to the soil with the following objectives: 

1. To characterize the biochars from various plant residues for various 

physicochemical properties and nutrient composition.  

2. To study the effect of graded levels of fertilizers and biochar on growth and 

yield of fodder oat. 

3. To assess the effect of graded levels of fertilizers and biochar on some soil 

properties. 
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CHAPTER-2                            REVIEW OF LITERATURE  
      

Biochar is a condensed carbonaceous material produced by heating of the 

organic materials under limited oxygen supply. Application of biochar improves soil 

quality and help mitigation of climate change by carbon sequestration. Biochar being 

a good adsorbent helps the soil in retaining nutrients, water and other agrochemicals 

for a longer time preventing groundwater pollution. Plant nutrients present in biochar 

would make it suitable for agricultural use both as a source of plant nutrients and also 

as a soil amendment. 

A brief review of the available pertinent literature has been presented as under 

following headings: 

1. Characteristic properties of biochar 

a. Physio-chemical properties 

b. Nutrient value of biochar 

c. Functional group analysis 

2. Soil properties affected by biochar 

a. Physical properties : water holding capacity, bulk density, porosity 

b. Chemical properties : pH, EC, CEC, OC 

c. Available nutrients : N, P, K 

3. Effect of biochar on plant nutrient concentration and uptake 

4. Effect on growth and yields 

1. CHARACTERISTIC PROPERTIES OF BIOCHAR 

a) Physio-chemical properties 

Novak et al. (2009) characterized different designer biochar made from peanut 

hull, pecan shell, poultry litter and switchgrass (Panicum virgatum L.) pyrolyzed at 

different temperatures ranging from 250 to 700 °C. Their study reported a rise in 

biochar pH and surface area with the increase in pyrolyzing temperature. The pH 

observed was in the range of 5.9 to 10.3 and surface area ranged between 0.40 to 222 

m2 g-1. 

Ding et al. (2010) investigated  the effect of bamboo biochar pyrolyzed at 600 

°C on nitrogen retention and leaching in multi-layered soil columns by adding 0.5% 



 

BC to the surface soil layer. Their results revealed that the pH of biochar was 8.15 and 

the C% of biochar was 68.1%. The density and specific surface area of the bamboo 

biochar was observed to be 0.75 g cm-3 and 330 m2 g-1, respectively.  

Yao et al. (2011) studied the characteristics and phosphate removal potential of 

biochar derived from anaerobically digested sugar beet tailings at 600°C. The observed 

pH of biochar obtained from raw sugar beet tailings (STC) and anaerobically digested 

sugar beet tailings (DSTC) were 9.45 and 9.95 respectively. The CO2 surface area 

measurements showed that the surface area of DSTC (449 m2 g-1) was much higher than 

that of STC (351 m2 g-1). The SEM imaging of the STC (500X) showed that the 

undigested sugar beet tailing biochar had smooth surfaces, however SEM imaging of the 

DSTC (500X) showed knaggy surfaces due to presence of nano-sized or colloidal 

magnesium crystal. The reported C content were 50.78 and 30.81% for biochar obtained 

from raw sugar beet tailings and anaerobically digested sugar beet tailings, respectively. 

Cantrell et al. (2012) studied  the impact of pyrolysis temperature and manure 

source on physicochemical characteristics of biochars obtained from paved-feedlot 

manure (FL);  dairy manure (MD); poultry litter (PL); and turkey litter (TL); separated 

swine solids (SW) at 350 and 700°C. The observed values of pH and EC (µS cm-1) for 

all the biochars prepared at 700°C were higher  as compared to 350°C. The values of pH 

ranged from 8 to 9.2 at 350°C and 9.5 to 10.3 at 700°C, of EC ranged between 216 to 

1405 µS cm-1 at 350°C and 702 to 2217 µS cm-1 except SW which had EC 194 µS cm-1 

at 700°C. On increasing the pyrolysis temperature, the BET surface area (m2 g-1) of the 

biochars was also found to be increasing to a large extent and ranged from 0.92 to 3.93 

m2 g-1 at  350°C, while ranged from 4.1 to 186.5 m2 g-1 at 700°C temperature. 

Shenbagavalli and Mahimairaja (2012) produced and characterized biochars 

from various biological residues such as paddy straw (A), maize stover (B), coconut shell 

(C), groundnut shell (D), coir waste (E) and prosopis wood (F). The recorded pH values 

(1:5 biochar water suspension) were 9.68, 9.42, 9.18 9.30, 9.40 and 7.57 for the biochar 

prepared from the A, B, C, D and E biomass, respectively. The EC (dS/m) values in 1:5 

biochar water suspension for the biochar prepared from A, B, C, D, E and F were 2.41, 

4.18, 0.73, 0.39, 3.25 and 1.3, respectively. The reported values of CEC (cmol(+)/kg) 

were 8.2, 6.5, 12.5, 5.4, 3.2 and 16 and Total OC contents were 540, 830, 910, 770, 760 

and 940 g/kg in the biochars made from A, B, C, D and E biomass, respectively.   



 

Taghizadeh et al. (2012) studied effect of adsorbed ammonia on biochar by 

adsorbing ammonia @ 6.7 mg/g and reported an increase in pH of biochar manufactured 

from Monterey Pine (Pinus radiata L.) wood chips at pyrolysis temperatures of 300, 350 

and 500°C, the pH was observed to be increasing from 5.15 at 300°C to 7.77 at 350°C 

and further lowered at 500°C to 6.64. Similar change in values of EC was observed with 

temperature having values 0.01, 0.53 and 0.02 dS m-1 at 300, 350 and 500°C, 

respectively. The bulk density and specific surface area (by iodine adsorption (mg g-1)) 

were found to be the highest in biochar pyrolyzed at 350°C, followed by 500°C and 

300°C. The C content (mg g-1) was also found to be increasing with temperature as 622, 

772 and 826 mg g-1 at 300, 350 and 500°C, respectively. 

Wu et al. (2012) characterized the rice straw-derived biochars produced at 

different temperatures (300, 400, 500, 600 & 700 °C) and residence time (1, 2, 3 & 5 h) 

and reported that  pH increased from 9.19 to 10.77 with increase in charring temperature 

from 300°C to 700°C. The CEC of the biochars was observed to be decreasing with the 

increase in the temperature having values ranging between 56.9 cmol/kg at 300°C to 23.1 

cmol/kg at 700°C. The C content (wt. % basis) was also found to be increasing with the 

increasing pyrolysis temperature. The values of all the parameters such  as pH, CEC, C 

content were also seen to be changing with the different resident time of the biochars. 

Yao et al. (2012) prepared biochar from sugarcane bagasse (BG), peanut hull 

(PH), Brazilian pepperwood (BP), and bamboo (BB) at 300, 450 and 600 °C and 

analysed their properties. Their experiment revealed that the pH of the biochars ranged 

from 5.2 to 9.1. The biochars were seen to have highly fluctuating BET surface area 

which was increasing with the temperature in few biochars and ranged from 0.7 to 

470.4 m2 g-1. The elemental C content (% mass basis) was found be all over the same 

varying from 56.4 to 86.4% in the biochars. 

Carter et al. (2013) analyzed the effect on biochar on soil properties and lettuce 

and cabbage crop and also characterized the biochar prepared from rice husk by using 

gasification unit operating at temperatures between 900 and 1100°C. The biochar was 

seen to have pH of 7.79, total OC of 28.7% (% dry weight), CEC of 44.5 cmol+/kg. 

Yargicoglu et al. (2015) investigated the physical and chemical characteristics 

of biochars prepared at 350-600 °C from coconut charcoal (GAC), pine wood (BS), 90% 

pine; 10% fir wood (CK), aged oak and hickory wood (AW), pinewood pellets (CE-WP) 



 

and noted the trends of pH of various biochars as 8.86(GAC) > 8.77 (CK) > 8.47 (BS) > 

7.88 (AW) > 6.24 (CE-WP) and of EC (mS cm-1) as 4.15 (CE-WP) > 0.14 (AW) > 0.04 

(BS) > 0.01 (GAC) > 0.007 (CK). For different biochars, average dry density ranged 

from 0.48 to 0.73 g cm-3, average specific gravity was 0.77 to 1.65 g cm-3, organic matter 

content having values from 32.3 to 97.5 % and the surface area widely varied from 0.11 

to 611.87 m2g-1.  

Cybulak et al. (2019) examined physicochemical characteristics of wood derived 

biochar pyrolyzed at 650°C and obtained very low density value of 1.46 g cm-3 which 

was similar to the value observed by Brewer et al. (2014).The OC content of the biochar 

was 15.4% and the nature was alkaline having a pH value of 8.25. The specific surface 

area of the biochar was observed to be 69.9  m2g-1. 

Faloye et al. (2019) analysed effects to biochar on various growth parameters of 

maize crop. The biochar was prepared from maize-cob residues, which was pyrolysed at 

500°C with the heating rate of 2.08 °C/min. The biochar was observed to have a pH of 

9.42, CEC of 16.26 cmol/kg, total organic carbon of 690 g/kg and bulk density of 

0.4 g/cm3.   

During their investigation of short term effects of organic amendments on soil 

fertility and root growth of rubber trees, Huang et al. (2019) noted that the pH of the 

biochar made from peanut shells heated at 350-500 °C for 30 minutes was 10.35. 

Yadav et al. (2019) compared the benefits of biochar over other organic 

amendments in the crop productivity and nutrient losses. The biochar used in their study 

was produced by pyrolysis of Cymbopogon winterianus J. chaff at 450°C for 60 minutes. 

They reported that the biochar had a pH of 8, water holding capacity of 45%, CEC of 

125.2 cmol/kg, bulk density of 0.58 g cm-3 and 58.39% total C contained in it. 

b) Nutrient value of biochar 

Yao et al. (2011) studied the characteristics of biochar derived from 

anaerobically digested sugar beet tailings at 600° C. Their  results indicated that biochar 

obtained from raw sugar beet tailing had 1.83% N, 0.35% P and 1.04% K and the digested 

sugar beet tailing biochar contained 2.74% N, 2.18% P and 1.97% K.  

Cantrell et al. (2012) studied  the impact of pyrolysis temperature and source on 

physicochemical characteristics of biochars obtained from paved-feedlot manure (FL); 

dairy manure (MD); poultry litter (PL); and turkey litter (TL); separated swine solids 

(SW) at 350 and 700 °C and noted the elemental N content (wt% oven dry basis) to be 



 

lower at 700 °C (1.51 to 2.61 % N) than at 350°C (2.60 to 4.45% N) while contrary to 

this trend, the contents of P were 10.0 to 38.9 g kg-1 at 350°C and 16.9 to 59.0 g kg-1 at 

700 °C and that of K were 14.3 to 48.5 g kg-1 at 350°C and 23.1 to 74.0 at 700 °C g kg-1 

on oven dry basis. 

Peterson et al. (2012) compared corn stover biochar (CSB) and switchgrass 

biochar (SB) properties and reported that the N% in SB was 0.78% while it was only 

0.44% in CSB. 

Shenbagavalli and Mahimairaja (2012) produced and characterized biochar 

from various biological residues such as paddy straw (A), maize stover (B), coconut shell 

(C), groundnut shell (D), coir waste (E) and prosopis wood (F). The content of total N 

(g/kg) was 10.5, 9.2, 9.4, 11, 8.5 and 1.12, total P (g/kg) was 1.2, 2.9, 3.2, 0.6, 1.5 and 

1.06 and total K (g/kg) was 2.4, 6.7, 10.4, 6.2, 5.3 and 29 in the biochars made from A, 

B, C, D and E biomass, respectively. 

Wu et al. (2012) characterized the rice straw-derived biochars produced at 

different temperatures (300, 400, 500, 600 & 700 °C) and residence time (1, 2, 3 & 5 h) 

and reported that 0.5 M NaHCO3 extractable P declined from 376.6 mg/kg to 138.2 

mg/kg with increase in charring temperature from 300 °C to 700 °C. The trends observed 

for elemental N (dry ash free basis) and extractable K (cmol/kg) were found to be 

changing with the temperature and residence time but a set pattern of change was not 

observed in these parameters. 

Yao et al. (2012) prepared biochar from sugarcane bagasse (BG), peanut hull 

(PH), brazilian pepperwood (BP), and bamboo (BB) at 300, 450 and 600 °C and 

analysed their effect on sorption and leaching of nitrate, ammonium, and phosphate in 

a sandy soil through a column leaching experiment. The biochars initially had 0.1 to 

1% N, 0.03 to 0.5% P and 0 to 0.94% K on the mass basis. Nutrient content was not 

found to be much affected by the pyrolysis temperature of the biochar. 

Huang et al. (2019) investigated short-term effects of organic amendments 

on soil fertility and root growth of rubber trees on Hainan Island, China and 

characterized these amendments. These workers observed the content of various macro-

nutrients as 10.38 g total N/kg, 1.97 g total P/kg and 28.75 g total K/kg in the peanut 

shell biochar. 

c) Functional group analysis 



 

Yao et al. (2011) studied the characteristics and phosphate removal potential of 

biochar derived from anaerobically digested sugar beet tailings at 600°C. The infrared 

spectra of the biochar showed three significant bands at wave numbers near 1427, 1049, 

874 cm-1 which could be attributed to O—H bending or C—O stretching vibration of 

phenol, C—O stretching vibrations of polysaccharides, and C—H bending vibration in a 

ß-glucosidic linkage, respectively. 

Cantrell et al. (2012) studied  the impact of pyrolysis temperature and manure 

source on physicochemical characteristics of biochars obtained from paved-feedlot 

manure (FL); dairy manure (MD); poultry litter (PL); and turkey litter (TL); separated 

swine solids (SW) at 350 and 700 °C. The biochars showed peaks at several wave 

numbers which showed the presence of characteristic vibrations as wave number 3500-

3200 for O–H, 2935 for C–H, 1740-1700 for C=O, 1653-1645 for N–C=O, 1600-1595 

for CC=C, C=O, C=N, 1514 for C=C, N–H and these functional groups were all seen to 

be decreasing with the increasing pyrolysis temperature from 350°C to 700°C. 

Wu et al. (2012) characterized the rice straw-derived biochars produced at 

different temperatures (300, 400, 500, 600 & 700 °C) and residence time (1, 2, 3 & 5 h). 

The FTIR analysis and NMR spectroscopy showed that aromatisation of the biochar 

increased with the increasing pyrolysis temperature, with little effect of the residence 

time on the FTIR spectral properties. The XRD patterns of the biochar revealed biochar 

to be an amorphous material having a poorly crystalline, carbon-rich phase. 

2. INFLUENCE OF BIOCHAR ON SOIL PROPERTIES 

a) Physical properties  

Cybulak et al. (2019) examined the changes in various properties of the soil due 

to amendment of the wood derived biochar under both the fallow and grassland 

condition. The doses of the biochar were 1, 2 and 3 kg m-2 as soil amendment. Although 

the soil bulk density had been reported to reduce slightly as reported by Pranagal et al. 

(2017), but their study didn’t show any significant changes in the bulk density of the soil 

due to the addition of the biochar which was attributed to very low dose of the biochar 

as compared to the soil mass. 

Khan et al. (2019) compared the effect of mesquite biochar, FYM and chemical 

fertilizers on soil fertility as well as growth of the onion crop. Mesquite biochar was 

prepared from the mesquite under slow heating at 575 °C for 3 h. A dose of biochar @ 



 

10 t/ha lowered the BD from 1.23 to 1.10 g cm-3 and increased the WHC from 0.46 to 

0.55 ml water per g dry soil. 

b) Chemical properties  

Abewa et al. (2013) studied the role of Eucalyptus biochar in reclamation of 

acidic soil. The higher pH values 5.67, 5.69 and 5.9 were obtained with application of 

4, 8 and 12 t ha-1 biochar, respectively as compared to control with  lowest pH (5.38). 

Higher organic carbon (1.84%) was observed under 12 t ha-1 biochar application as 

compared to lowest content (1.66%) observed in control plot. An increment of 6.13%, 

11.25% and 29.68% in soil CEC was also observed over the control with the application 

of 4, 8 and 12 t ha-1 of biochar, respectively. 

Agegnehu et al. (2019) studied the changes in plant growth and oil yield of 

Lemon Grass (Cymbopogon citratuc L.) as influenced by coffee husk and bagasse 

derived biochars application @ 5, 10, 15 and 20 t ha-1 and they observed improvement 

in soil pH from 6.4 to 6.8 and soil organic carbon (OC)  from 1.8 to 2.0%. 

Huang et al. (2019) investigated the short term effects of various organic 

amendments such as bagasse, coconut husk and biochar on soil fertility and root growth 

of rubber trees. Their study showed that soil organic matter (SOM) increased from 10.04 

g/kg to 46.35 g/kg and soil pH also increased from 4.73 to 6.20 by biochar amendment 

applied to soil @ 9:1 soil-amendment ratio on mass basis.  

Khan et al. (2019) compared the effect of mesquite biochar, FYM and chemical 

fertilizers on soil fertility as well as on growth of the onion crop. Mesquite biochar was 

prepared from the mesquite under slow heating conditions at 575 °C for 3 h. A dose of 

biochar @ 10 t/ha increased soil pH from 7.69 to 8.68, EC from 1.33 to 1.47 dS/m and 

SOM from 0.25 to 0.58 %. 

c) Soil extractable nutrients 

Abewa et al. (2013) studied the role of biochar on reclamation of acidic soil 

and reported that soil extractable P (by Bray’s P) increased from 12.75 ppm (control) 

to 18.92 ppm with the application of 12 t biochar ha-1. 

Agegnehu et al. (2019) studied plant growth and oil yield of Lemon Grass 

(Cymbopogon citratuc L.) as influenced by application of coffee husk and bagasse 

derived biochars @ 5, 10, 15 and 20 t ha-1. They observed an improvement in total 

nitrogen (N) (0.20 to 0.27%), soil extractable phosphorus (P) (9.0 to 24.7 mg/kg soil) 

and K (cmol/kg) (upto 1.32).  



 

Kamau et al. (2019) investigated the effect on soil nutrients, fauna and maize 

growth as influenced by application of biochar alone at a rate of 5 and 10 Mg ha−1 along 

with three fertilizer types applied separately (di-ammonium phosphate (18:46:0), urea 

(46:0:0) and composite NPK (23:23:0)); and six fertilizer + biochar blends of the three 

fertilizer types and two biochar rates (0.05 and 0.1 Mg ha−1 ). Their  results showed that 

the contents of total C and N were higher in soils where biochar or fertilizer + biochar 

was applied, and they recorded more than 15.0 g C and 1.9 g N kg−1 as compared to 10.4 

g C and 1.0 g N kg−1 in control plots. 

Khan et al. (2019) compared the effect of mesquite biochar, FYM and chemical 

fertilizers on soil fertility as well as growth of the onion crop. Mesquite biochar was 

prepared from the mesquite under slow heating conditions at 575 °C for 3 h. A dose of 

biochar @ 10 t/ha increased the contents of Nitrate-N from 0.73 to 2.02 mg/kg, Olsen-P 

from 5.25 to 5.35 mg/kg and extractable K from 13.8 to 17.1 mg/kg. 

3. EFFECT OF BIOCHAR ON PLANT NUTRIENT CONCENTRATION 

AND UPTAKE 

Ding et al. (2010) investigated  the effect of biochar on nitrogen retention and 

leaching in multi-layered soil columns by adding 0.5% BC to the surface soil layer. 

Their results revealed a reduction in overall cumulative losses of NH4+-N via leaching 

at 20 cm by a magnitude of 15.2%. 

Yao et al. (2012) analysed the effect of biochar amendment made from 

Brazilian pepperwood and peanut hull at 600°C (PH600 and BP600, respectively) on 

sorption and leaching of nitrate, ammonium, and phosphate in a sandy soil through a 

column leaching experiment. Their experiment concluded that the BP600 biochar 

effectively reduced the total amount of nitrate, ammonium, and phosphate in the 

leachates by 34.0%, 34.7%, and 20.6%, respectively relative to the soil alone. The 

PH600 biochar also reduced the leaching of nitrate and ammonium by 34% and 14%, 

respectively but caused an additional phosphate release from the soil columns which 

indicated that the effect of biochar on the leaching of agricultural nutrients in soils was 

not uniform and varies with the biochar and nutrient type. 

Badu et al. (2019) experimentally determined the synergistic effect of biochar 

and inorganic fertilizer on the nitrogen uptake, nitrogen use efficiency, and yield of maize 

in a field experiment by applying biochar @ 0, 5, 10, 15, and 20 t ha-1 and fertilizer N 



 

applied at 0, 45, and 90 kg ha-1. Their results revealed that biochar applied at 10 t ha-1 

supplemented with 45 kg N ha-1 increased N uptake by 200% relative to the control. 

Dong et al. (2019) carried out an experiment to get a view about the dynamic 

responses of ammonia volatilization under different rates of fresh and 3 years field-aged 

biochar treatments in a rice-wheat rotation system. Ammonia volatilization decreased by 

13.3% to 36.8% in the wheat season and by 17.6% to 20.8% in the rice season only by 

application of aged biochar at low N rate (250 kg N ha−1 per crop, 20 t ha−1 biochar). 

Mandal et al. (2019) investigated the effect of biochar amendment on NH3 

volatilization and plant N uptake from a calcareous soil using two well-characterized 

biochars prepared from poultry manure (PM-BC) and green waste compost (GW-BC) 

applied @ 0, 7.5, 15, 22 and 30 t ha−1 and the wheat (Triticum aestivum L., variety: 

Calingiri) crop was grown for 30 days. Their findings indicated that both PM-BC and 

GW-BC decreased NH3 volatilization to a similar degree (by 47 and 38%, respectively), 

in the soil-plant system compared to the unamended control. With the biochar addition,  

plant biomass production increased up to 70% and plant N uptake was improved by as 

much as 58%. 

4.  EFFECT ON GROWTH AND YIELDS 

Major et al. (2010) examined maize yield under application of wood biochar @ 

0, 8 and 20 t ha−1 to a Colombian savanna Oxisol for 4 years (2003–2006), in a maize-

soybean rotation and noted that maize grain yield did not increase significantly in the 

first year, but increased in treatments receiving 20 t ha−1; the magnitude of increase 

was 28, 30 and 140% for 2004, 2005 and 2006, respectively, over the control. 

Husk and Major (2010) determined the effect of application of biochar obtained 

by the fast pyrolysis of the wood waste in their commercial scale biochar on crop 

productivity of various crops in field trial experiment. The study indicated doubling of 

the fresh weight of the oat crop and the yield increase by 20% in soyabean crop with the 

application of the biochar @ 5.6 t/ha as compared to control.   

Abewa et al. (2013) studied the role of biochar on reclamation of acidic soil and 

yield of Teff (Eragrostis tef [Zucc] Trotter) in North-western Ethiopia and reported  

that incorporation of 12 t ha-1, 8 t ha-1 and 4 t ha-1 biochars increased the yields by 

85.66%, 70.63%, 37.79% and 19.97%, respectively over the untreated plots. 

Schulz et al. (2013) reported the positive impacts of application of mixture of 

biochar prepared from beech wood at 350–450 °C and compost prepared by 50 % sewage 



 

sludge, 25 % freshly chaffed lop and 25 % sieve leftovers of earlier composting on plant 

growth of Oat crop. The application of composted biochar significantly increased the 

plant height, above ground biomass (p< 0.01) and grain yield (p<0.001) as compared to 

control. This increase was only due to the addition of biochar while compost did not 

significantly contribute to this effect. 

Concilco et al. (2018) studied the influence of application of biochar along with 

the conventional fertilization on yield and quality attributes of fodder oat. The results 

indicated a statistically significant increase by 33 and 102% in the plant height and green 

matter of the forage oat crop, respectively by the application of 2.25 Mg biochar ha-1 

along with the conventional fertilization as compared to control with no application of 

biochar and fertilizers. 

Agegnehu et al. (2019) studied plant growth and oil yield of Lemon Grass 

(Cymbopogon citratuc L.) as influenced by coffee husk and bagasse derived biochars 

application @ 5, 10, 15 and 20 t ha-1. They observed the highest mean fresh biomass 

(7996 and 7898 kg/ha), total dry matter (2033 and 2050 kg/ha) and moisture content 

(75.3 and 75.2%) with the application of 15 t ha-1 coffee husk biochar and same rate of 

bagasse biochar. 

Badu et al. (2019) experimentally determined the synergistic effect of biochar 

and inorganic fertilizer on the nitrogen uptake, nitrogen use efficiency, and yield of maize 

in a field experiment receiving biochar @ 0, 5, 10, 15, and 20 t ha-1 and fertilizer N @ 0, 

45, and 90 kg ha-1. The results revealed that biochar applied at 10 t ha-1 supplemented 

with 45 kg N ha-1 increased grain yield by 213% and 160% relative to the control in the 

minor and major rainy seasons, respectively. 

Kamau et al. (2019) investigated the effect of biochar application alone at a rate 

of 5 and 10 Mg ha−1 along with three fertilizer types applied separately (di-ammonium 

phosphate (18:46:0), urea (46:0:0) and composite NPK (23:23:0)); and six fertilizer + 

biochar blends of the three fertilizer types and two biochar rates (0.05 and 0.1 Mg ha−1 ) 

on soil nutrients, soil fauna and maize growth. Their  results showed that six times higher 

maize grain yield(5.6 Mg ha−1) was obtained from plots amended with biochar (without 

fertilizer) than yield harvested from unfertilised control at 0.9 Mg ha−1 . 

Khan et al. (2019) compared the effect of mesquite biochar (MB, 10 tons ha−1 ), 

farmyard manure (FYM, 10 tons ha−1 ), and NPK fertilizers (120:80:80 kg ha−1 ) on soil 

fertility and growth of onion. The maximum bulb weight (6.13 kg per plot), leaf length 



 

(32.38 cm), total onion yield (268.55 kg ha−1 ) were observed in the plots treated with 

MB as compared with FYM and NPK fertilizers. 

Yan et al. (2019) experimentally determined the effects of maize straw-derived 

biochar application @ 0, 20, 40 and 60 t ha−1 on soil temperature, water conditions and 

growth of winter wheat. Their results indicated a difference in temperature range from 

−0.5°C to 1.75°C at the 20-cm depth and from −1.19°C to 2.66°C at the 40-cm depth. 

The aboveground biomass at tillering stage increased by 19.5, 25.5 and 27.0% in the 

treatments receiving 20, 40 and 60 t biochar ha−1, respectively as compared with the 

unamended controls. 

Kaur and Sharma (2020) evaluated the significance of mixed wood biochar 

application on the growth parameters of the berseem crop. Their study indicated that 

application of 5% biochar increased plant height by 28-50% and plant biomass by 30-

60% in a period of 180 days over no application of biochar. 
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MATERIALS AND METHODS 
 

The study “Characterization of biochars and use of a biochar as source of 

macronutrients” was conducted in 2019-2020 in the laboratory and net house of 

Department of Soil Science, G.B.P.U.A &T., Pantnagar. The details of the materials 

used and methodology followed during the study are embodied in this chapter. 

3.1 Collection and preparation of biochar samples 

 Various residues such as wheat straw, Lantana camara (a bushy weed) and 

dried pine needles were collected from N.B. Crop Research Centre and guest house. 

These residues were dried in an electric oven to remove the moisture content of the 

biomass. The dried materials were chopped into small pieces to make them ready for 

the biochar preparation. Thereafter, these materials were incinerated in the muffle 

furnace at controlled temperature of 300, 450 and 550°C under limited oxygen supply 

in the Micronutrient testing laboratory in Soil Science department, College of 

Agriculture, G.B.P.U.A&T, Pantnagar. The charred materials obtained after the limited 

oxygen incineration were crushed in a pestal and mortar to make them fine and 

homogenous powder-like material. Crushed samples were passed through 0.5 mm sieve 

and stored in plastic containers for subsequent analysis and use. 

3.2 Characterization of biochar 

3.2.1 pH 

 The pH of the biochar samples was determined by making a suspension of 

biochar in water (ratio 1:10) through a continuous stirring for 5 minutes and subsequent 

intermittent mixing for 15-20 minutes. This suspension was used for measuring pH by 

using the pH meter having a combined glass electrode with digital display (Jackson, 

1973). 

3.2.2 Electrical Conductivity (EC) 

 The biochar water suspension (ratio 1:10) used for measuring the pH was kept 

undisturbed for 30 minutes and then the electrical conductivity of the biochar was 

recorded on a conductivity meter (Bower and Wilcox, 1965) and the values were 

expressed in dSm-1 at 25 °C. 

Specific conductance = Conductance x cell constant x temperature correction factor (ft) 

3.2.3 Total Organic Carbon 
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 Organic carbon content of the biochar was determined by the colorimetric 

analysis of the biochar samples. For the determination, 0.05 g finely powdered biochar 

samples were taken, thereafter, 20 ml each of the 1 N K2Cr2O7 and H2SO4+Ag2SO4 

mixture (5 g Ag2SO4 /l). This mixture was heated on the hot plate for digestion of the 

biochar samples. After digestion, the volume was made to 100 ml with distilled water 

and the suspension was filtered with the help of Whatman No. 42 filter paper. The 

absorbance of the filtrate was recorded at 660 nm. A standard curve was also prepared 

in the range of 0 to 200 ppm C using glucose as C source. The final amount of the C in 

the biochar samples was expressed in g/kg. 

3.2.4 Total N in biochar 

 Twenty milligram of biochar was weighed and loaded in N analyzer (Elementar 

N). The results were expressed as N concentration (g/kg) in the biochar.  

3.2.5 Total P and K in biochar 

 One gram biochar was transferred to 150 ml conical flask. Then, 10 ml of di-

acid mixture (HNO3: HClO4 4:1 v/v) was added to it. The biochar samples were 

digested on the sand bath until the brown fumes subsidized and digestion was 

continued till a clear and colorless viscous liquid was obtained. After cooling of the 

digested sample, 2 ml of 6 N HCl was added to it and the volume was made up to 50 

ml in a volumetric flask with the help of distilled water.  

Five ml of di-acid digested material was taken in 25 ml volumetric flask and 5 

ml of ammonium molybovanadate reagent was added to it. This mixture was diluted to 

25 ml with the help of distilled water and mixed well. This mixture was kept 

undisturbed for 25-30 minutes till the complete development of yellow color in the 

solution. The absorbance of this yellow color was recorded at 420 nm (blue filter). The 

standard curve was prepared using the working standard solutions in the range of 0 to 

10 ppm and the final concentration of total P in the biochar samples was expressed in 

the terms of P/kg. 

 A 2 ml volume of the di-acid digested aliquot was taken in a 25 ml volumetric 

flask and the volume was made up to mark with distilled water. These flasks were then 

stoppered and mixed well. Then, the solutions were aspirated in the Flame Photometer 

and the readings were recorded. The standard curve was also prepared in the range of 

0-50 μg K/ml. 
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3.3 Pot culture experiment  

3.3.1 Selection of biochar for experiment 

 In Uttarakhand, pine forests cover a large area of about 3.43 lakh hectares in the 

hilly areas. These pine forests produce huge amount of dry biomass (about 20.58 lakh 

tonnes) every year in the state, which also becomes a huge problem as this biomass is 

highly inflammable and becomes a big reason for the common forest fires occurring in 

these areas during the summer season. This inflammable biomass, easily available in 

huge quantity can be used to prepare biochar for use as an amendment. Keeping this 

point in view, pine needles biochar was selected for use in the pot culture study. 

3.3.2 Collection and processing of soil samples 

 A bulk sample of surface (0-15 cm) soil was collected from E1 plot of the 

Norman E. Borlaug Research Centre of the University. This soil developed from 

calcareous alluvium has been classified as Typic Hapludoll. 

The detailed taxonomic classification of the soil is given as under: 

Order  : Mollisol 

Suborder : Udoll 

Great Group : Hapludoll 

Subgroup : Typic Hapludoll 

Family  : Fine, loamy, mixed hyperthermic 

Series  : Patharchatta sandy loam soil 

The collected soil was air dried under shade and crushed with a wooden roller to pass 

through a 2 mm sieve and stored in plastic bags for analyzing different soil properties. 

3.3.3 Estimation of soil properties   

3.3.3.1 Soil pH 

Soil pH was determined in 1:2 soil water suspension using a combined glass 

electrode on a digital pH meter (Jackson, 1958). 

3.3.3.2 Electrical Conductivity 

 The electrical conductivity (EC) of the soil sample was determined in soil-water 

suspension (1:2) using a conductivity meter. Electrical Conductance was expressed in 

dSm-1 at 25 °C (Bower and Wilcox, 1965). 
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Specific conductance (dSm-1) = Conductance x cell constant x temperature correction 

factor (ft) 

3.3.3.3 Organic Carbon 

The organic carbon content of the soil sample was determined following the 

modified Walkley and Black method (Jackson, 1967). One gram of the air dried soil 

sample was taken in a 500 ml conical flask and 10 ml of 1 N K2Cr2O7 was added to it. 

Further, 20 ml conc. H2SO4 was added to the flask and contents were swirled gently for 

about 1 minute. This flask was then left over for 30 minutes to allow oxidation of the 

organic matter. Then, the contents of the flask were diluted with the addition of 200 ml 

water. After this, 85% H3PO4, 0.2 g NaF powder and about 30 drops of the 

diphenylamine indicator were added to it. The contents were titrated with the 0.5 N 

Ferrous Ammonium Sulphate solution. Near the end point, the colour changed to turbid 

blue and finally to brilliant green. A blank sample was also run without the soil.  

Calculation: 

Organic	C	in	soil	(%) =
10(B − S)	x	0.003	x	100	x	1.3
B	x	Dry	weight	of	soil	(g)  

Where 

B = Volume (ml) of Ferrous Ammonium Sulphate consumed for Blank 

S = Volume (ml) of Ferrous Ammonium Sulphate consumed for Soil sample 

3.3.3.4 Mineralizable Nitrogen 

 The amount of the mineralizable N in the soil sample was determined by the 

KEL PLUS Automatic Nitrogen Estimation System. For this, 5 g of the soil sample was 

transferred to the digestion tube of the unit and 25 ml of the 0.32% KMnO4 was added 

to it. The contents were mixed with 25 ml of 2.5% NaOH solution and the mixture was 

simultaneously distilled. The released ammonia was trapped in 20 ml of 2% boric acid 

solution containing the mixed indicator. The color of the trapping solution was initially 

wine red, which changed to green after NH3 entrapment. The distillate was titrated with 

0.02 N H2SO4 and at the end point the color again changed to wine red. 

Simultaneously, a blank sample was also run in the same manner without the soil. 

Calculation: 

Available	N	in	soil	(kg/ha) =
(S − B)	x	0.02	x	14	x	2.24	x	10!

1000	x	Dry	weight	of	soil	(g)  
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Where 

B = Titration value of the Blank sample 

S = Titration value of the Soil sample 

3.3.3.5 Extractable soil Phosphorus 

The extractable soil P was estimated following the method of Olsen et al. 

(1954). One gram of air-dried soil sample was taken in a 150 ml conical flask, 0.2 g P 

free activated charcoal and 20 ml of 0.5 M NaHCO3 (extracting solution) were added to 

the it. Thereafter, the flask was shaken for 30 minutes on a mechanical shaker. The 

solution was then filtered after shaking with the help of Whatman No. 42 filter paper 

and the filtrate obtained was used for determination of P following Ascorbic acid 

method (Murphy and Riley, 1962). For the determination, 5 ml of the extract was 

taken in a 25 ml volumetric flask and 2-3 drops of p-nitrophenol indicator was added to 

it. The pH of the extract was then adjusted to 5.3 by adding dilute HCl drop by drop to 

finally make the solution colorless. Then, after making the solution colorless, 4 ml of 

Reagent B (1.056 g ascorbic acid in 200 ml of reagent A which was prepared by 

mixing solutions having 12.0 g ammonium paramolybdate/250 ml distilled water and 

0.2908 potassium antimony tartarate/100 ml distilled water to 5N H2SO4 and making 

volume to 2 litres) was added to it and mixed well. The volume was then made to 25 ml 

with the help of distilled water. After half an hour, the color intensity was recorded on a 

colorimeter at 882 nm wavelength by using red filter. A standard curve was also 

prepared by recording the absorbance of the standards of known P concentrations in the 

range of 0-0.4 ppm. Finally, the values of P as extracted by Olsen’s method were 

expressed in terms of mg/kg soil. 

3.3.3.6 Ammonium acetate extractable potassium 

 The soil sample was extracted by 1N ammonium acetate (pH 7.0) as described 

by Hanway and Hiedal, 1952. Five gram of the air-dried soil sample was taken in a 

100 ml conical flask and 25 ml of the extractant (1N ammonium acetate (pH 7.0)) was 

added to it. Thereafter, the flask was shaken on a mechanical shaker at 180 rpm for 5 

minutes. After shaking, the contents in the flask were filtered with the help of Whatman 

No. 42 filter paper and the filtrate was used for K concentration determination with the 

help of Flame Photometer. The values of soil extractable K were expressed in terms of 

mg/kg soil. 
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Table 1: Initial properties of soil taken for pot experiment 

S.No. Parameters Value 
obtained References 

1 pH (1:2 soil:water 
suspension) 7.90 Jackson (1958) 

2 EC (dS m-1) in 1:2 soil : 
water suspension at 25°C 0.998 Bower and Wilcox (1965) 

3 Organic carbon (g/kg 
soil) 5.85 Modified Walkley and Black 

method (Jackson, 1967) 

4 
Alkaline 
KMnO4hydrolyzable 
Nitrogen (mg/kg soil) 

33.59 Subbiah and Asija (1956) 

5 Olsen's phosphorus 
(mg/kg soil) 11.96 Olsen's extraction method (Olsen et 

al., 1954) 

6 NH4OAc-extractable 
potassium (mg/kg soil) 45.85 

Neutral 1N NH4OAc extraction 
method (Hanway and Hiedal, 
1952) 

3.3.4 Pot culture experiment: 

A pot experiment was carried out to assess the effect of graded levels of 

fertilizer and biochar (Pine needle biochar pyrolyzed at 450 °C) addition on the crop 

growth and soil properties. For this, 4 kg of air dry and clod free soil was filled in 

plastic containers (pots) of 5 kg capacity. Treatments applied to soil were as under: 

T1 : Control 

T2 : 0.5 t/ha biochar 

T3 : 1.0 t/ha biochar 

T4 : 2.5 t/ha biochar 

T5 : 5.0 t/ha biochar 

T6 : 75% Recommended fertilizer dose 

T7 : 75% Recommended fertilizer dose + 0.5 t/ha biochar 

T8 : 75% Recommended fertilizer dose + 1.0 t/ha biochar 

T9 : 75% Recommended fertilizer dose + 2.5 t/ha biochar 

T10 : 75% Recommended fertilizer dose + 5.0 t/ha biochar 

T11 : 100% Recommended fertilizer dose  

T12 : 100% Recommended fertilizer dose + 0.5 t/ha biochar 

T13 : 100% Recommended fertilizer dose + 1.0 t/ha biochar 
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T14 : 100% Recommended fertilizer dose + 2.5 t/ha biochar 

T15 : 100% Recommended fertilizer dose + 5.0 t/ha biochar 

Replication: 3 

• 100% Recommended fertilizer dose was equivalent to 120 kg N, 60 kg P2O5 and 

40 kg K2O ha-1 added in solution form through Urea, KH2PO4 and KCl. 

After application of treatments, the treated soil was thoroughly mixed, watered and 

left for equilibration. Four days after application of treatments when the soil moisture 

content was near field capacity, twenty seeds of Oat (Avenafatua L., Cv. UPO-212) 

were sown in all the pots. After emergence and establishment of seedlings, fifteen 

plants were maintained in each pot. All the pots were regularly watered to maintain soil 

moisture near field capacity. Plants were harvested at 60 DAS, washed and the dry 

matter yield was recorded after drying plant samples at 60°C for 48 hours. Soil samples 

were also collected after harvest and processed for determining important soil 

properties.  

3.3.5 Chemical analysis of plant samples 

 Finely ground plant sample (20 mg) was weighed and used to determine total N 

content in plant samples using N analyzer (Duma’s method). Nitrogen concentration in 

plant samples was expressed as g N/kg. 

3.3.6 Digestion of plant samples 

  The oven dried plant samples were chopped into small pieces and 1g of the 

sample was weighed and taken in 150 ml conical flask. Then, 10 ml of conc. HNO3 

was added to the flask and kept overnight. Next morning, the flask were placed on a 

sand bath. After the samples turn to brown color on the hot plate, di-acid mixture 

(HNO3 : HClO4  4:1 v/v) was added to the flask after cooling. The flask was then kept 

on the sand bath until the brown fumes changed to white, leaving a clear and colorless 

viscous residue, which marks the completion of the digestion. After cooling the 

digested sample, 5 ml of 6 N HCl was added and the contents were boiled, cooled and 

made up to 50 ml with the help of distilled water. The suspension was then filtered 

through Whatman No. 42 filter paper. The aliquot obtained was used for determining 

the available P and K for the plant samples. 

3.3.7 Analysis of P and K in plant digest 
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 Phosphorus in the acid digest of plant samples was determined colorimetrically 

following vanadomolybdate yellow colour method in HNO3 medium (Jackson, 1973). 

Potassium concentrations in the digested plant extracts were determined by a flame 

photometer (Jackson, 1973). 

 Total uptake of N, P and K by the plants under different treatments were 

computed by multiplying the nutrient concentration with total dry matter yield and 

expressed as mg nutrient/pot. 

3.3.8 Statistical analysis 

The data on greenhouse experiment were subjected to statistical analyses using 

two factorial completely randomized design as outlined by Snedecor and Cochran 

(1967). The significance of the data was tested by F-test at p £ 0.05. 
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noissucsid dna stluser  
 

 era hcihw ,yduts hcraeser tneserp eht ni deniatbo stluser eht htiw slaed retpahc sihT

.sdaehbus gniwollof eht rednu liated ni dessucsid dna debircsed  

1.4   tneirtun no secruos rahcoib dna erutarepmet noitarenicni fo tceffE

ocisyhp emos dna soitar tneirtun ,noitisopmoc -  fo seitreporp lacimehc

.srahcoib  

2.4   esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE

iy rettam yrd no srezilitref fo .stnalp taO fo noitisopmoc tneirtun dna dle  

3.4   esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE

.stnalp taO yb ekatpu tneirtun no srezilitref fo  

4.4   esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE

rezilitref fo  elbatcartxe lios fo tnuoma dna seitreporp lios suoirav no s

.tsevrah tnalp retfa stneirtun  

1.4   tneirtun no secruos rahcoib dna erutarepmet noitarenicni fo tceffE

ocisyhp emos dna soitar tneirtun ,noitisopmoc -  fo seitreporp lacimehc

srahcoib  

effe no atad ehT  ,tneirtun no secruos rahcoib dna erutarepmet noitarenicni fo tc

ocisyhp emos dna soitar tneirtun ,noitisopmoc -  era srahcoib fo seitreporp lacimehc

.2 elbaT ni detneserp  

  eht ni esaercni na taht 2 elbaT ni deniatnoc atad eht morf tnedive si tI

t noitarenicni  ,K ,P ,C fo noitartnecnoc egareva eht decneulfni yltnacifingis erutarepme

 egareva ehT .slairetam rahcoib ni ytivitcudnoc lacirtcele dna Hp ,soitar P:C ,N:C

 ylraluger dna yltnacifingis ,Hp muirbiliuqe fo eulav eht dna K ,C fo snoitartnecnoc

a htiw desaercni  .erutarepmet noitarenicni ni esaercni n hedazihgaT  .la te )2102(   osla

 nA .erutarepmet sisyloryp ni esaercni htiw rahcoib fo tnetnoc C ni esaercni na deton

 eht desaercni yltnacifingis C°054 ot 003 morf erutarepmet noitarenicni ni esaercni

itartnecnoc egareva  P:C egareva eht desaerced tub ytivitcudnoc lacirtcele dna P fo no

 ni esaercni na ,rehtruF .oitar N:C ni derrucco egnahc tnacifingis on revewoh ,oitar

 egareva eht desaerced yltnacifingis C°055 ot 054 morf erutarepmet noitarenicni

cele dna P fo noitartnecnoc  N:C egareva eht desaercni tub rahcoib fo ytivitcudnoc lacirt

 .oitar P:C dna  llertnaC  .la te )2102(   sisyloryp ni esaercni na taht devresbo osla

 retpahc 4 
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 fo tnetnoc K dna P desaercni tub tnetnoc N desaerced C°007 ot 053 morf erutarepmet

ereffid morf deraperp srahcoib  rahcoib fo tceffe eht sdrager sA .setsaw lamina tn

 ,oitar P:C ,N ,C fo snoitartnecnoc egareva tsewol eht dah rahcoib warts taehw ,secruos

 decudorp rahcoib ehT .oitar N:C ,K fo noitartnecnoc egareva tsehgih eht dah tub Hp

a tsehgih eht dah seldeen enip morf  tsewol eht tub P ,N na fo noitartnecnoc egarev

 decudorp rahcoib ehT .ytivitcudnoc lacirtcele dna Hp ,oitar N:C ,K fo noitartnecnoc

 lacirtcele dna oitar P:C ,C fo noitartnecnoc egareva tsehgih eht dah anatnal morf

tnecnoc egareva tsewol eht tub ytivitcudnoc .P fo noitar  

 tnacifingis a dah rahcoib dna erutarepmet noitarenicni fo tceffe noitcaretni ehT

 N fo noitartnecnoc eht tpecxe rahcoib fo seitreporp derotinom lla tsomla no ecneulfni

 noitarenicni ni esaercni na ,srahcoib ni noitartnecnoc C fo esac eht nI .oitar N:C dna

et  taehw ni tpecxe srahcoib lla ni C fo noitartnecnoc eht desaercni ylraluger erutarepm

 a ni detluser C°055 ot C°054 morf erutarepmet noitarenicni ni esaercni na erehw warts

 emos fo noisrevnoc ot eud ylbissop C fo noitartnecnoc eht ni esaerced tnacifingis

oib  .hsa otni ssam  uW  .la te )2102(   erutarepmet sisyloryp ni esaercni na taht detroper

 .warts ecir morf deraperp srahcoib eht fo noitazitamora eht desaercni  

 yltnacifingis desaercni rahcoib eldeen enip dna taehw ni P fo noitartnecnoc ehT

i ni esaercni eht htiw  tnacifingis on tub C°054 ot 003 morf erutarepmet noitarenicn

 noitarenicni ni esaercni na ,rehtruF .rahcoib anatnal fo esac eht ni deton saw esaercni

 dna warts taehw ni P fo noitartnecnoc eht desaerced C°055 ot 054 morf erutarepmet

n tub rahcoib eldeen enip  eb dluoc hcihw rahcoib anatnal rof deton saw tceffe hcus o

.ssamoib anatnal fo erutan ydoow ot detaler ylbissop  

 ni esaercni eht htiw yltnacifingis desaercni rahcoib lla ni K fo noitartnecnoc ehT

aercni rehtruf dna C°054 ot 003 morf erutarepmet noitarenicni  noitarenicni ni es

 ni yltnacifingis K fo noitartnecnoc eht desaercni C° 055 ot 054 morf erutarepmet

 taehw rof K fo noitartnecnoc ni  dedrocer esaercni eht elihw enola rahcoib anatnal

ifingis ton yllacitsitats eb ot dnuof saw srahcoib seldeen enip dna warts .tnac  

 yltnacifingis desaerced srahcoib eldeen enip dna warts taehw fo oitar P:C ehT

 saw tceffe hcus on tub C° 054 ot 003 morf erutarepmet noitarenicni ni esaercni eht htiw

 054 morf erutarepmet noitarenicni ni esaercni rehtruF .rahcoib anatnal rof dedrocer  ot

 srahcoib eldeen enip dna warts taehw rof yltnacifingis oitar P:C eht desaercni C° 055

.rahcoib anatnal rof dedrocer saw tceffe hcus on tub  
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ocisyhp emos dna soitar tneirtun ,noitisopmoc tneirtun no secruos rahcoib dna erutarepmet noitarenicni fo tceffE :2 elbaT -  lacimehc
srahcoib fo seitreporp  

)C°( erutarepmet noitarenicnI  ecruos rahcoiB  )gk/g( C  )gk/g( N  )gk/g( P  )gk/g( K  N:C  P:C  Hp   CE )mc/Sµ(  

003  
WARTS TAEHW  7.765  7.6  46.0  3.01  2.58  009  9.6  52.76  

ELDEEN ENIP  2.795  2.41  88.0  7.4  4.44  8.676  18.5  12.73  
ANATNAL  2.795  3.9  14.0  8.8  46  4541  28.5  46.85  

egarevA  4.785  1.01  46.0  9.7  5.46  3.0101  81.6  73.45  

054  
WARTS TAEHW  9.606  5.6  69.0  8.81  9.39  8.236  4.7  53.091  

ELDEEN ENIP  6.406  4.51  92.1  1.9  3.04  2.764  63.7  84.821  
ANATNAL  2.656  6.8  74.0  4.41  4.77  1.1931  40.9  16.433  

egarevA  6.226  2.01  19.0  1.41  5.07  4.038  39.7  18.712  

055  
WARTS TAEHW  1.575  8.5  87.0  8.71  9.99  4.547  78.8  84.021  

ELDEEN ENIP  6.366  4.21  53.0  9.01  3.35  1.7981  28.7  94.671  
ANATNAL  6.187  4.8  35.0  1.81  1.39  3.7641  58.7  30.191  

egarevA  4.376  9.8  55.0  6.51  1.28  9.9631  81.8  76.261  

revo degarevA  
WARTS TAEHW  2.385  3.6  97.0  6.51  39  4.957  27.7  30.621  

ELDEEN ENIP  8.126  41  48.0  2.8  64  7.3101  7 60.411  
ANATNAL  3.876  8.8  74.0  8.31  2.87  5.7341  75.7  67.491  

 p( .D.C )50.0 ≤  
)T( erutarepmet noitarenicnI  6.0  SN  40.0  3.1  2.6  3.26  71.0  91.0  

)B( ecruoS rahcoiB  6.0  7.1  40.0  2.6  2.6  3.26  71.0  91.0  
B x T  1.1  SN  70.0  2.2  SN  9.701  3.0  33.0  
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 eht htiw yltnacifingis desaercni srahcoib eerht lla fo Hp muirbiliuqe ehT

 .C° 054 ot 003 morf erutarepmet noitarenicni ni esaercni  kavoN  .la te 9002(  osla )

 .erutarepmet sisyloryp ni esaercni htiw desaercni Hp rahcoib taht devresbo  rehtruF

 eht desaercni yltnacifingis C° 055 ot 054 morf erutarepmet noitarenicni ni esaercni

 rahcoib anatnal fo esac ni tub srahcoib eldeen enip dna warts taehw fo Hp muirbiliuqe

 Hp muirbiliuqe ni esaerced a desuac erutarepmet noitarenicni ni esaercni hcus  ylbissop

.hsa ni sedixo sa slatem htrae enilakla dna enilakla fo ssol laitrap ot eud  

  eht htiw yltnacifingis desaercni srahcoib eerht lla fo CE muirbiliuqe ehT

 saw esaercni tsehgih eht dna C° 054 ot 003 morf erutarepmet noitarenicni ni esaercni

 deretsiger  ot 054 morf erutarepmet noitarenicni ni esaercni rehtruF .rahcoib anatnal ni

 warts taehw rof elihw rahcoib eldeen enip fo CE desaercni yltnacifingis osla C° 055

 ni esaercni hcus htiw yltnacifingis desaerced CE muirbiliuqe eht ,srahcoib anatnal dna

arenicni  yb dedrocer saw dnert ralimiS .erutarepmet noit hedazihgaT  .la te )2102(   rof

spihc doow eniP yeretnoM morf derutcafunam rahcoib  

2.4   fo esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE

sopmoc tneirtun dna dleiy rettam yrd no srezilitref .stnalp taO fo noiti  

1.2.4  dleiy rettam yrD  

 dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

.1 erugiF ni detneserp era taO fo dleiy rettam yrd no )FDR( srezilitref fo esod  
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 ecnamrofrep no rahcoib dna srezilitref fo esod dednemmocer fo slevel tnereffid fo tceffE .1 etalP
( taO reddof fo avitas anevA  .gniwos retfa syad 06 ta ).L  FDR -  rezilitref fo esod dednemmoceR

P 06 :N 021( 2O5 K 04 : 2 rahcoiB ,)O - .B  
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%57 fo noitacilppa taht atad eht morf tnedive si tI   yltnacifingis FDR %001 dna

 fo noitacilppa on revo tnecrep 2.42 dna 3.21 yb taO fo dleiy rettam yrd eht desaercni

 ah/t 5 dna 5.2 ,0.1 ot tnelaviuqe setar ta rahcoib fo noitacilppA .ylevitcepser ,rezilitref

 dleiy rettam yrd eht desaercni yltnacifingis osla  tnecrep 7.03 dna 3.91 ,2.8 yb taO fo

 .ylevitcepser ,noitacilppa rahcoib on revo uhengegA  .la te )9102(   na detroper osla

 ksuh eeffoc fo noitacilppa htiw ssarg nomel fo dleiy rettam yrd latot ni esaercni

.rahcoib  

evel rahcoib dna FDR fo tceffe noitcaretni ehT  decneulfni yltnacifingis osla sl

 ,)FDR %0( noitacilppa rezilitref fo ecnesba eht nI .taO fo dleiy rettam yrd eht

 yrd eht desaercni yltnacifingis ah/t 0.5 dna 5.2 ot tnelaviuqe esod rahcoib fo noitacilppa

on revo tnecrep 0.51 dna 6.01 yb taO fo dleiy rettam   %57 rednU .rahcoib fo noitacilppa

 ah/rahcoib t 0.5 dna 5.2 ,0.1 ot tnelaviuqe sesod rahcoib fo noitacilppa ,FDR

 revo tnecrep 4.52 dna 7.71 ,0.11 yb taO fo dleiy rettam yrd eht desaercni yltnacifingis

FDR %001 rednU .ylevitcepser ,rahcoib fo noitacilppa on  sesod rahcoib fo noitacilppa ,

 ,1.01 yb taO fo dleiy rettam yrd eht desaercni ah/ rahcoib t 5 dna 5.2 ,0.1 ot tnelaviuqe

 oitar N:C eht ecniS .ylevitcepser ,rahcoib fo noitacilppa on revo tnecrep 2.05 dna 9.82

il a saw ereht ,3.04 saw rahcoib eldeen enip fo  rahcoib siht fo noitacilppa taht doohilek

 yrd ni esaercni eht timil ot noitazilibommi N esuac thgim N rezilitref fo ecnesba eht ni

 %001 dna 57 fo noitacilppa htiw ,revewoH .noitacilppa rahcoib ot eud dleiy rettam

s a ni detluser rahcoib fo noitacilppa ,FDR  yrd ni esaercni laitnatsbus dna tnacifingi

.taO fo dleiy rettam  

2.2.4   noitartnecnoc N  

 dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

 elbaT ni detneserp era stnalp taO ni )gk/g( noitartnecnoc N no )FDR( srezilitref fo esod

.3  

  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

 on revo tnecrep 9.16 dna 6.26 yb stnalp taO ni )gk/g( noitartnecnoc N eht desaercni

 tnelaviuqe sesod rahcoib fo noitacilppa eht elihW .ylevitcepser ,rezilitref fo noitacilppa

 noitartnecnoc N eht esaerced yltnacifingis ot dnuof erew ah /rahcoib t 0.5 dna 0.1 ot

 ,noitacilppa rahcoib on ot derapmoc sa tnecrep 3.3 dna 2.8 yb stnalp taO ni )gk/g(

.ylevitcepser  
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 ulfni tnacifingis a dah slevel rahcoib dna FDR fo tceffe noitcaretni ehT  no ecne

 %0( noitacilppa rezilitref fo ecnesba eht nI .stnalp taO ni )gk/g( noitartnecnoc N eht

 eb ot dnuof erew ah/t 0.5 dna 0.1 ot tnelaviuqe esod rahcoib fo noitacilppa ,)FDR

 3.61 dna 9.3 yb tnalp taO ni )gk/g( noitartnecnoc N eht esaerced yltnacifingis  ni tnecrep

 eb dluoc tceffe devresbo ehT .ylevitcepser ,rahcoib fo noitacilppa on ot nosirapmoc

 erew hcihw seborcim yb lios ni N elbaliava tnalp fo noitazilibommi ot detaler

 fo noitacilppa ,FDR %57 rednU .C rahcoib fo noitisopmoced laitrap rof elbisnopser

b  noitartnecnoc N eht desaercni yltnacifingis ah/rahcoib t 5.0 ot tnelaviuqe sesod rahcoi

 ah /rahcoib t 5.2 dna 0.1 fo noitacilppa elihw ,tnecrep 1.9 yb stnalp taO ni )gk/g(

 5.21 dna 7.61 yb stnalp taO ni )gk/g( noitartnecnoc N eht desaerced yltnacifingis

ep  fo noitartnecnoc eht ni gnirewol A .rahcoib fo noitacilppa  on revo ylevitcepser ,tnecr

 N ot detubirtta eb ylbissop dluoc ah/rahcoib t 5.2 dna 0.1 ta stnalp taO ni N

 sesod rahcoib fo noitacilppa ,FDR %001 rednU  .lairetam rahcoib yb noitazilibommi

elaviuqe  yb stnalp taO ni )gk/g( noitartnecnoc N eht desaercni ah/ rahcoib t 5.2 ot tn

 ah/t 0.1 dna 5.0 ot tnelaviuqe esod rahcoib fo noitacilppa eht elihw ,tnecrep 5.31

 ,tnecrep 9.1 dna 9.8 yb stnalp taO ni )gk/g( noitartnecnoc N eht desaerced yltnacifingis

cepser  raluger on ,noitagitsevni tneserp eht nI .rahcoib fo noitacilppa on revo ylevit

 noitazilibommi N ot eud yltrap devresbo saw noitartnecnoc N tnalp ni egnahc rof dnert

 rettam yrd rehgih ot gniwo noitartnecnoc N no tceffe noitulid osla dna seborcim lios yb

rp .noitcudo  

 fo esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE :3 elbaT

.stnalp taO ni )gk/g( noitartnecnoc N no srezilitref  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 65.12  80.53  44.33  30.03  
5.0  70.22  82.83  54.03  72.03  
0.1  27.02  22.92  97.23  85.72  
5.2  34.12  07.03  49.73  20.03  
0.5  50.81  55.53  35.33  40.92  

naeM  77.02  77.33  36.33    
tceffE  FDR  B B x FDR    

E.S m± 80.0  11.0  91.0    
.D.C 50.0 ≤  42.0  13.0  45.0    
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3.2.4   noitartnecnoc P  

 dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

 elbaT ni detneserp era stnalp taO ni )gk/g( noitartnecnoc P no )FDR( srezilitref fo esod

.4  

 fo esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE :4 elbaT

ref .stnalp taO ni )gk/g( noitartnecnoc P no srezilit  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 87.1  48.1  70.2  09.1  
5.0  08.1  60.2  23.2  60.2  
0.1  99.1  30.2  33.2  21.2  
5.2  18.1  21.2  51.2  30.2  
0.5  39.1  70.2  81.2  60.2  

naeM  68.1  20.2  12.2    
tceffE  FDR  B B x FDR    

E.S m± 60.0  60.0  01.0    
.D.C 50.0 ≤  31.0  SN  SN    

 

  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

 on revo tnecrep 8.81 dna 8.8 yb stnalp taO ni )gk/g( noitartnecnoc P eht desaercni

 P gnisaercni ni depleh rahcoib fo esu eht hguohT .ylevitcepser ,rezilitref fo noitacilppa

cnoc  tnacifingis ton yllacitsitats saw esaercni fo edutingam eht tey stnalp ni noitartne

 ot dnuof saw stnalp taO ni )gk/g( noitartnecnoc P noitacilppa rahcoib fo tceffe eht dna

non yllacitsitats eb -  .tnacifingis  

4.2.4   noitartnecnoc K  

ffid fo tceffe no atad ehT  dednemmocer dna noitacilppa rahcoib fo slevel tnere

 elbaT ni detneserp era stnalp taO ni )gk/g( noitartnecnoc K no )FDR( srezilitref fo esod

.5  

  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

g( noitartnecnoc K eht desaercni  sa tnecrep 2.13 dna 7.91 yb stnalp taO ni )gk/

 esod rahcoib fo noitacilppA .ylevitcepser ,rezilitref fo noitacilppa on ot derapmoc

 K ni esaercni tnacifingis a dewohs ah/rahcoib t 0.5 dna 5.2 ,0.1 ot tnelaviuqe

22 ,0.31 yb stnalp taO ni )gk/g( noitartnecnoc  ylevitcepser ,tnecrep 7.02 dna 1.

 ylhgih eb ot nwonk si muissatoP .ylevitcepser ,noitacilppa rahcoib on ot derapmoc
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 /seudiser tnalp ni noitazilibommi laiborcim ot elbail ton dna tneirtun larenim elibom

leh rahcoib enip fo esu ,erofereht ,stnemdnema cinagro  K egareva gnisaercni ni dep

 .stnalp taO fo noitartnecnoc  

  tnacifingis yllacitsitats on dah slevel rahcoib dna FDR fo tceffe noitcaretni ehT

 .stnalp taO ni )gk/g( noitartnecnoc K eht no ecneulfni  

 noitacilppa rahcoib fo slevel tnereffid fo tceffE :5 elbaT  fo esod dednemmocer dna

stnalp taO ni )gk/g( noitartnecnoc K no srezilitref  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 8.11  3.61  4.81  5.51  
5.0  4.21  4.61  4.81  7.51  
0.1  6.41  6.81  4.91  5.71  
5.2  0.71  9.71  9.12  9.81  
0.5  1.81  2.91  9.81  7.81  

naeM  8.41  7.71  4.91    
tceffE  FDR  B B x FDR    

E.S m± 5.0  6.0  1.1    
.D.C 50.0 ≤  4.1  9.1  SN    

 

3.4   fo esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE

 stnalp taO yb ekatpu tneirtun no srezilitref  

1.3.4  ekatpu N  

 fo esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

 ekatpu N no )FDR( srezilitref .6 elbaT ni detneserp era stnalp taO yb )top/gm(  

  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

 on revo tnecrep 7.201 dna 7.28 yb stnalp taO yb )top/gm( ekatpu N eht desaercni

cilppA .ylevitcepser ,rezilitref fo noitacilppa  5.2 ot tnelaviuqe setar ta rahcoib fo noita

 dna 6.91 yb stnalp taO yb )top/gm( ekatpu N eht desaercni yltnacifingis osla ah/t 5 dna

.ylevitcepser ,noitacilppa rahcoib on revo tnecrep 2.92  

 yltnacifingis osla slevel rahcoib dna FDR fo tceffe noitcaretni ehT   decneulfni

 ,)FDR %0( noitacilppa rezilitref fo ecnesba eht nI .stnalp taO yb )top/gm( ekatpu N eht

 ekatpu N eht no ecneulfni tnacifingis on evah ot dnuof saw rahcoib fo noitacilppa

ceffe eht dna rahcoib fo noitacilppa on ot derapmoc stnalp taO yb )top/gm(  eb dluoc t

 N:C a dah hcihw rahcoib eldeen enip yb N fo noitazilibommi laiborcim ot debircsa

 desaercni yltnacifingis ah/rahcoib t 5.0 fo noitacilppa ,FDR %57 rednU .3.04 fo oitar
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 0.5 fo noitacilppa elihw ,tnecrep 1.41 yb stnalp taO yb )top/gm( ekatpu N eht  t

 tnecrep 0.72 yb stnalp taO yb )top/gm( ekatpu N eht desaercni yltnacifingis ah/rahcoib

 rahcoib t 0.5 dna 5.2 fo noitacilppa ,FDR %001 rednU .rahcoib fo noitacilppa on revo

on revo tnecrep 6.05 dna 3.64 yb stnalp taO yb )top/gm( ekatpu N eht desaercni ah/  

 .ylevitcepser ,rahcoib fo noitacilppa  

 fo esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE :6 elbaT

stnalp taO yb )top/gm( ekatpu N no srezilitref  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 2.631  5.632  0.532  6.202  
5.0  6.241  8.962  4.122  3.112  
0.1  9.441  7.812  8.352  8.502  
5.2  9.931  4.342  7.343  3.242  
0.5  1.131  3.003  0.453  8.162  

naeM  9.831  7.352  6.182    
tceffE  FDR  B B x FDR    

E.S m± 1.3  9.3  8.6    
.D.C 50.0 ≤  8.8  4.11  7.91    

 

2.3.4  ekatpu P  

 dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

.7 elbaT ni detneserp era stnalp taO yb )top/gm( ekatpu P no )FDR( srezilitref fo esod  

d dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE :7 elbaT  fo eso

stnalp taO yb )top/gm( ekatpu P no srezilitref  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 52.11  04.21  36.41  67.21  
5.0  36.11  15.41  19.61  53.41  
0.1  79.31  12.51  50.81  47.51  
5.2  18.11  68.61  44.91  40.61  
0.5  00.41  05.71  40.32  81.81  

naeM  35.21  03.51  14.81    
tceffE  FDR  B B x FDR    

E.S m± 64.0  95.0  30.1    
.D.C 50.0 ≤  33.1  17.1  SN    
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  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

taO yb )top/gm( ekatpu P eht desaercni   on revo tnecrep 0.74 dna 1.22 yb stnalp

 ,0.1 ot tnelaviuqe setar ta rahcoib fo noitacilppA .ylevitcepser ,rezilitref fo noitacilppa

 yb stnalp taO yb )top/gm( ekatpu P eht desaercni yltnacifingis osla ah/t 0.5 dna 5.2

ib on revo tnecrep 5.24 dna 7.52 ,4.32 .ylevitcepser ,noitacilppa rahco  

  tnacifingis yllacitsitats on dah slevel rahcoib dna FDR fo tceffe noitcaretni ehT

 .stnalp taO yb )top/gm( ekatpu P eht no ecneulfni  

3.3.4  ekatpu K  

 dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT  dednemmocer

.8 elbaT ni detneserp era stnalp taO yb )top/gm( ekatpu K no )FDR( srezilitref fo esod  

  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

n revo tnecrep 5.26 dna 1.43 yb stnalp taO fo )top/gm( ekatpu K eht desaercni  o

 5.2 ,1 ot tnelaviuqe etar ta rahcoib fo noitacilppA .ylevitcepser ,rezilitref fo noitacilppa

 ,3.42 yb stnalp taO yb )top/gm( ekatpu K eht desaercni yltnacifingis osla ah/t 0.5 dna

 .noitacilppa rahcoib on revo ,ylevitcepser ,tnecrep 1.65 dna 8.24  

 ni ehT  no ecneulfni tnacifingis on dah slevel rahcoib dna FDR fo tceffe noitcaret

 noitagitsevni tneserp eht ni deniatbo stluser ehT .stnalp taO yb )top/gm( ekatpu K eht

 eht ni rahcoib enip fo noitacilppa ,sutats K elbatcartxe wol fo lios a ni taht detacidni

nesba  ,revewoH .stnalp ot ylppus K evorpmi ot pleh thgim noitacilppa rezilitref fo ec

 eht hctam ot evitceffe ton erew )gk/K g 1.9( rahcoib enip fo )ah/t 5.0( etar rewol

.stnalp porc evisnopser rezilitref yb K fo dnamed desaercni  

evel tnereffid fo tceffE :8 elbaT  fo esod dednemmocer dna noitacilppa rahcoib fo sl

stnalp taO yb )top/gm( ekatpu K no srezilitref  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 8.47  1.011  4.031  1.501  
5.0  0.08  9.511  8.331  9.901  
0.1  1.201  4.931  3.051  6.031  
5.2  9.011  7.141  6.791  1.051  
0.5  3.131  2.261  8.891  1.461  

naeM  8.99  9.331  2.261    
tceffE  FDR  B B x FDR    

E.S m± 1.4  3.5  2.9    
.D.C 50.0 ≤  9.11  4.51  SN    
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4.4   fo esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE

 elbatcartxe lios fo tnuoma dna seitreporp lios suoirav no srezilitref

 tsevrah tnalp retfa stneirtun  

1.4.4  N elbatcartxe lioS  

 rahcoib fo slevel tnereffid fo tceffe no atad ehT  dednemmocer dna noitacilppa

 era tsevrah tnalp retfa )lios gk/gm( N elbatcartxe lios no )FDR( srezilitref fo esod

.9 elbaT ni detneserp  

  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

s gk/gm( N elbatcartxe lios eht desaercni  7.56 dna 8.23 yb tsevrah tnalp retfa )lio

 etar ta rahcoib fo noitacilppA .rezilitref fo noitacilppa on revo ylevitcepser ,tnecrep

 gk/gm( N elbatcartxe lios eht desaercni yltnacifingis osla ah/t 0.5 dna 5.2 ot tnelaviuqe

na 3.52 yb tsevrah tnalp retfa )lios  rahcoib on revo ylevitcepser ,tnecrep 6.63 d

 .noitacilppa  nahK  .la te )9102(   ni N etartin fo tnetnoc eht ni esaercni na detroper osla

.porc noino rednu ah /rahcoib t 01 fo noitacilppa htiw gk/gm 20.2 ot 37.0 morf lios  

  tnacifingis yllacitsitats on dah slevel rahcoib dna FDR fo tceffe noitcaretni ehT

 .tsevrah tnalp retfa )lios gk/gm( N elbatcartxe lios no tceffe  

 fo esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE :9 elbaT

tcartxe lios no srezilitref tsevrah tnalp retfa )lios gk/gm( N elba  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 2.52  7.13  9.24  3.33  
5.0  2.52  7.13  9.24  3.33  
0.1  0.82  7.13  8.44  8.43  
5.2  9.92  7.64  5.84  7.14  
0.5  6.33  7.64  0.65  4.54  

naeM  4.82  7.73  0.74    
tceffE  FDR  B B x FDR    

E.S m± 2.1  5.1  6.2    
.D.C 50.0 ≤  3.3  3.4  SN    

 

2.4.4  P elbatcartxe lioS  
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 dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

 gk/gm( P elbatcartxe lios no )FDR( srezilitref fo esod  era tsevrah tnalp retfa )lios

.01 elbaT ni detneserp  

  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

 7.91 dna 9.31 yb tsevrah tnalp retfa )lios gk/gm( P elbatcartxe lios eht desaercni

oitacilppa on revo ylevitcepser ,tnecrep  on dah rahcoib fo noitacilppA .rezilitref fo n

 .tsevrah tnalp retfa )lios gk/gm( P elbatcartxe lios eht no tceffe tnacifingis yllacitsitats

 lios fo tnetnoc rehgih dah noitagitsevni tneserp eht ni desu lios eht ,lareneg nI

oib fo setar eht dna P elbatcartxe  eht ,erofereht ,wol osla erew yduts eht ni desu rahc

 did rahcoib fo sesod wol fo noitacilppa eht htiw P elbatcartxe lios ni esaercni evitaler

.tnetnoc P elbatcartxe lios no tcapmi tnacifingis yllacitsitats yna ecudorp ton  

 dna FDR fo tceffe noitcaretni ehT   decneulfni yltnacifingis osla slevel rahcoib

 rezilitref fo ecnesba eht nI .tsevrah tnalp retfa )lios gk/gm( P elbatcartxe lios eht

 yltnacifingis ot dnuof saw ah/rahcoib t 0.5 fo noitacilppa ,)FDR %0( noitacilppa

lios gk/gm( P elbatcartxe lios eht esaercni  sa tnecrep 0.91 yb tsevrah tnalp retfa )

 ton saw rahcoib fo noitacilppa ,FDR %57 rednU .rahcoib fo noitacilppa on ot derapmoc

 tsevrah tnalp retfa )lios gk/gm( P elbatcartxe lios eht ecneulfni yltnacifingis ot dnuof

001 rednU .rahcoib fo noitacilppa on revo  ah/ rahcoib t 0.1 ylno fo noitacilppa ,FDR %

 6.91 yb tsevrah tnalp retfa )lios gk/gm( P elbatcartxe lios eht desaercni yltnacifingis

 ni dnert raluger on ,noitagitsevni tneserp eht nI .rahcoib fo noitacilppa on revo tnecrep

P elbatcartxe lios fo pudliub eht  .lios ni dedrocer saw tsevrah porc retfa  

 esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE :01 elbaT

tsevrah tnalp retfa )lios gk/gm( P elbatcartxe lios no srezilitref fo  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

itref fo esod dednemmoceR )% ,FDR( rezil  
0 57  001  naeM  

0 41.81  86.22  14.22  80.12  
5.0  42.91  26.02  88.42  85.12  
0.1  43.02  14.02  18.62  25.22  
5.2  83.91  90.32  17.32  60.22  
0.5  85.12  75.52  43.02  05.22  

naeM  47.91  74.22  36.32    
tceffE  FDR  B B x FDR    

E.S m± 64.0  95.0  20.1    
.D.C  ≤ 50.0  23.1  SN  59.2    
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3.4.4  K elbatcartxe lioS  

 dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

 era tsevrah tnalp retfa )lios gk/gm( K elbatcartxe lios no )FDR( srezilitref fo esod

.11 elbaT ni detneserp  

 fo tceffE :11 elbaT  esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid

tsevrah tnalp retfa )lios gk/gm( K elbatcartxe lios no srezilitref fo  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 74.82  51.82  59.72  91.82  
5.0  07.82  51.62  01.92  89.72  
0.1  22.82  34.52  76.62  77.62  
5.2  55.82  84.03  24.72  28.82  
0.5  39.13  54.13  30.92  18.03  

naeM  71.92  33.82  30.82    
tceffE  FDR  B B x FDR    

E.S m± 24.0  45.0  39.0    
.D.C 50.0 ≤  SN  55.1  SN    

 

  ot deliaf FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

 .tsevrah tnalp retfa )lios gk/gm( K elbatcartxe lios eht ecneulfni yltnacifingis

 gk/gm( K elbatcartxe lios eht desaercni yltnacifingis ah /rahcoib t 0.5 fo noitacilppA

p retfa )lios  .rahcoib fo noitacilppa on revo tnecrep 3.9 yb tsevrah tnal  

  tnacifingis yllacitsitats on dah slevel rahcoib dna FDR fo tceffe noitcaretni ehT

 lios eht ,lareneg nI .tsevrah tnalp retfa )lios gk/gm( K elbatcartxe lios eht no ecneulfni

i tneserp eht ni desu  %001 dna %57 fo noitacilppa eht dna K ni wol saw noitagitsevn

 sA .tsevrah porc retfa lios eht ni K elbatcartxe lios fo pudliub a timrep ton dluoc FDR

 fo esod tsehgih eht ,revewoH .K fo tnetnoc tsewol eht dah rahcoib eldeen enip hcus

esu rahcoib eldeen enip  )FDR %0( noitacilppa rezilitref on rednu yllaicepse )ah/t 5( d

.tsevrah porc retfa lios eht ni tnetnoc K elbatcartxe lios ni esaercni tnacifingis a thguorb  

4.4.4  Hp lioS  

 dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

 fo esod  era tsevrah tnalp retfa )noisnepsus retaw lios ,2:1( Hp lios no )FDR( srezilitref

.21 elbaT ni detneserp  
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  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

 tsevrah tnalp retfa )noisnepsus retaw lios ,2:1( Hp lios eht desaerced  edutingam eht dna

 fo noitacilppa on ot derapmoc tnecrep 3.5 dna 7.2 eb ot dnuof saw esaerced fo

 yltnacifingis ah/t 0.1 ot tnelaviuqe etar ta rahcoib fo noitacilppA .ylevitcepser ,rezilitref

rah tnalp retfa )noisnepsus retaw lios ,2:1( Hp lios eht desaerced  rahcoib on revo tsev

 .noitacilppa  

  tnacifingis yllacitsitats dah slevel rahcoib dna FDR fo tceffe noitcaretni ehT

 on ro FDR %0 tA .tsevrah tnalp retfa )noisnepsus retaw lios ,2:1( Hp lios eht no tceffe

fe saw rahcoib fo level on ,rezilitref fo noitacilppa  lios eht retla yltnacifingis ot evitcef

 ah/ rahcoib t 5.2 dna 0.1 fo noitacilppa ,FDR %001 rednU .tsevrah tnalp retfa Hp

 yb yltnacifingis tsevrah tnalp retfa )noisnepsus retaw lios ,2:1( Hp lios eht desaerced

ot derapmoc ylevitcepser ,tnecrep 31.2 dna 98.3   lareveS .rahcoib fo noitacilppa on

 srekrow awebA(  ,.la te uhengegA ,3102  ,.la te )9102   lios ni esaercni na detroper osla

 a rof nevE .slios cidica ni )ah/t 02 ot 5( setar rehgih ta rahcoib fo noitidda nopu Hp

 ,)96.7 Hp( lios lartuen  nahK  .la te )9102(  vresbo  ah/rahcoib t 01 fo noitacilppa taht de

 lios ni esaercni na deton ew ,seiduts eseht ot tsartnoc nI .86.8 ot Hp lios eht desaercni

 lios ni dnert raluger on ,noitagitsevni tneserp eht ni Hp lios laitini eht ot derapmoc Hp

etaler eb dluoc tsevrah porc retfa Hp  dna esu rahcoib enip fo setar wol ot yltrap d

.Hp ni egnahc tnacifingis yna tsiser ot lios eht fo rewop gnireffub hguone  

 esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE :21 elbaT

)noisnepsus retaw lios ,2:1( Hp lios no srezilitref fo  tsevrah tnalp retfa  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 82.8  70.8  79.7  11.8  
5.0  32.8  30.8  69.7  70.8  
0.1  33.8  01.8  66.7  30.8  
5.2  93.8  61.8  08.7  21.8  
0.5  63.8  31.8  99.7  61.8  

naeM  23.8  01.8  88.7    
tceffE  FDR  B B x FDR    

E.S m± 20.0  30.0  50.0    
.D.C 50.0 ≤  60.0  80.0  41.0    

 

5.4.4  CE lioS  
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 dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

m Sd( CE lios no )FDR( srezilitref fo esod -1  )noisnepsus retaw lios ,2:1 ,  tnalp retfa

.31 elbaT ni detneserp era tsevrah  

  yltnacifingis FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

m Sd( CE lios eht desaercni -1  2.02 yb tsevrah tnalp retfa )noisnepsus retaw lios ,2:1 ,

pa on revo ylevitcepser , tnecrep 8.37 dna  rahcoib fo noitacilppA .rezilitref fo noitacilp

m Sd( CE lios eht desaercni yltnacifingis ah/t 0.5 dna 5.2 ,0.1 ot tnelaviuqe etar eht ta -1  ,

 ,tnecrep 6.03 dna 7.23 ,8.13 yb tsevrah tnalp retfa )noisnepsus retaw lios ,2:1

fo noitacilppa on revo ylevitcepser   neeb osla dah .C .E lios ni esaercni hcuS .rahcoib

 yb detroper  nahK  ,.la te )9102(   morf stlas elbulos fo esaeler ot debircsa eb dluoc dna

.lairetam rahcoib eht  

  tnacifingis yllacitsitats dah slevel rahcoib dna FDR fo tceffe noitcaretni ehT

s eht no tceffe m Sd( CE lio -1  lios ekiL .tsevrah tnalp retfa )noisnepsus retaw lios ,2:1 ,

 lios no deton saw noitacilppa rahcoib fo slevel tnereffid fo tceffe tnacifingis on ,Hp

 ,noitacilppa FDR %001 rednU .FDR %57 dna %0 rednu htob tsevrah tnalp retfa .C.E

e esod rahcoib  lios eht desaercni noitacilppa ah/rahcoib t 0.5 dna 5.2 ,0.1 ot tnelaviuq

m Sd( CE -1  3.88 ,3.38 yb yltnacifingis tsevrah tnalp retfa )noisnepsus retaw lios ,2:1 ,

.rahcoib fo noitacilppa on revo ylevitcepser ,tnecrep 7.64 dna  

l tnereffid fo tceffE :31 elbaT  esod dednemmocer dna noitacilppa rahcoib fo sleve

m Sd( CE lios no srezilitref fo -1 tsevrah tnalp retfa )noisnepsus retaw lios ,2:1 ,  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

)% ,FDR( rezilitref fo esod dednemmoceR  
0 57  001  naeM  

0 690.0  511.0  321.0  111.0  
5.0  601.0  121.0  421.0  711.0  
0.1  201.0  311.0  022.0  541.0  
5.2  301.0  901.0  622.0  641.0  
0.5  211.0  341.0  671.0  441.0  

naeM  401.0  021.0  471.0    
tceffE  FDR  B B x FDR    

E.S m± 700.0  900.0  510.0    
.D.C 50.0 ≤  020.0  620.0  540.0    

 

6.4.4  C cinagro lioS  



 

noissucsiD dna stluseR .………  
 
 

 dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffe no atad ehT

 detneserp era tsevrah tnalp retfa )lios gk/g( C cinagro lios no )FDR( srezilitref fo esod

 .41 elbaT ni  

 on dah FDR %001 dna %57 fo noitacilppa taht atad eht morf tnedive si tI

 .tsevrah tnalp retfa )lios gk/g( C cinagro lios eht no tceffe tnacifingis yllacitsitats

 ot dnuof saw ah/rahcoib t 0.1 dna 5.0 htob ot tnelaviuqe sesod ta rahcoib fo noitacilppA

ngis eb  2.2 yb tsevrah tnalp retfa )lios gk/g( C cinagro lios eht gnisaercni yltnacifi

 lios eht desaercni yltnacifingis ah/rahcoib t 0.5 ot tnelaviuqe esod rahcoib elihw tnecrep

hcoib fo noitacilppa on revo tnecrep 53.4 yb tsevrah tnalp retfa )lios gk/g( C cinagro  .ra

 srekrow rehtO awebA(  ,la te uhengegA ;3102  ,.la te  gnauH ;9102  ,.la te )9102   dah

 rahcoib ot eud tnetnoc C cinagro lios ni esaercni rehgih hcum ylevitaler detroper

 naht rehgih dlof ynam erew srekrow eseht yb desu rahcoib fo sesod eht sa noitacilppa

od eht noitagitsevni tneserp eht ni desu es  

 esod dednemmocer dna noitacilppa rahcoib fo slevel tnereffid fo tceffE :41 elbaT

tsevrah tnalp retfa )lios gk/g( C cinagro lios no srezilitref fo  

 ni( esod rahcoiB
)ah/t ot ecnelaviuqe  

FDR( rezilitref fo esod dednemmoceR )% ,  
0 57  001  naeM  

0 29.5  58.5  29.5  09.5  
5.0  50.6  50.6  89.5  30.6  
0.1  89.5  50.6  50.6  30.6  
5.2  89.5  29.5  11.6  00.6  
0.5  81.6  50.6  42.6  61.6  

naeM  20.6  89.5  60.6    
tceffE  FDR  B B x FDR    

E.S m± 30.0  40.0  70.0    
.D.C 50.0 ≤  SN  11.0  SN    

 

  tnacifingis yllacitsitats on dah slevel rahcoib dna FDR fo tceffe noitcaretni ehT

 .tsevrah tnalp retfa )lios gk/g( C cinagro lios eht no ecneulfni  
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CHAPTER-5   SUMMARY AND CONCLUSION  
      
 The present research study was conducted during 2019-20 in the Department of 

Soil Science, G.B.P.U.A.&T., Pantnagar which includes laboratory studies and pot 

culture experiment. In the laboratory studies three residues (Wheat straw, Pine needles 

and Lantana camara) were pyrolyzed at three temperatures (300, 450 and 550 °C) 

producing nine biochars. All these biochars were characterized for various physico-

chemical properties and nutrient compositions. In pot culture experiment, Oat crop was 

grown with pine needle biochar prepared at 450 °C at five biochar rates (equivalent to 0, 

0.5, 1.0, 2.5 and 5.0 t biochar/ha) and three fertilizer rates (0, 75 and 100% RDF). Crop 

yield and nutrient uptake was determined. Soil after harvest of Oat crop was analyzed to 

assess the impact of different treatments on extractable nutrients and various physico-

chemical properties. Salient experimental findings of the present investigation are 

summarized below: 

Biochar characterization 

• Among the biochars prepared from different residues, pH ranged from 5.81 to 

9.04 and decreased in the following order: L 450 > WS 550 > L 550 > PN 550 > 

WS 450 > PN 450 > WS 300 > L 300 > PN 300. 

• The L 450 biochar had the highest EC (334.61 μS/cm) among all the biochars 

followed by L 550, WS 450, PN 550, PN 450, WS 550, WS 300, L 300 and PN 

300 biochars, respectively in a range of 191.03 to 37.21 μS/cm. 

• On overall basis, the pH and EC of the biochars was found to be significantly 

increasing on increasing the incineration temperature from 300 to 450 °C, but the 

values decreased on further increasing the incineration temperature from 450 to 

550 °C. Also, the change in residues significantly influenced the pH and EC of 

the biochars. 

• The total C content was found in the range of 567.7 g/kg (WS 300 biochar) to 

781.6 g/kg (L 550 biochar). The average values of the total C were found to 

significantly increase with increasing incineration temperature. The C content 

was also found to significant change with the change of residue used for biochar 

preparation. 



 

Summary and Conclusion……….? 
 

• The total N content ranged from 5.8 g/kg in WS 550 to 15.4 g/kg in PN 450 

biochar. The N content varied significantly with change in residue used for 

biochar preparation. 

• Among all the biochars prepared from different residues, the trend for the total P 

(g/kg) was as follows: PN 450 > WS 450 > PN 300 > WS 550 > WS 300 > L 550 

> L 450 > L 350 > PN 550 in a range from 1.29 to 0.35 g/kg. The values of total 

P (g/kg) varied significantly with change in incineration temperature, residue 

used and also with the interaction effect of these variables. 

• Among all the biochars prepared from different residues, the trend for the total K 

(g/kg) was as follows: WS 450 > L 550 > WS 550 > L 450 > PN 550 > WS 300 

> PN 450 > L 350 > PN 300 in a range from 18.8 to 4.7 g/kg. The values of total 

K (g/kg) varied significantly with change in incineration temperature, residue 

used and also with the interaction effect of these variables. 

• The C:N ratio of the biochars ranged from 99.9 for WS 550 to 40.3 for PN 450 

biochar. The values of the C:N ratio increased significantly with increase of 

incineration temperature and varied significantly with change in biochar source 

and interaction effect of incineration temperature and biochar source. 

• The C:P ratio of the biochars ranged from 1897.1 for PN 550 to 467.2 for PN 450 

biochar. The values of the C:P ratio increased significantly with increase of 

incineration temperature only from 450 to 550°C and varied significantly with 

change in biochar source. While the interaction effect of incineration temperature 

and biochar source had no statistically significant effect on C:P ratio of the 

biochars. 

Oat yield, nutrient composition and nutrient uptake 

• The dry matter yield was found to be significantly increasing with the application 

of the fertilizer doses (75 and 100% RDF) and biochar (0.5, 1.0, 2.5 and 5.0 t/ha). 

Among all the treatments the maximum dry matter yield was obtained in 

treatment with application of 100% RDF + 5.0 t biochar/ha. 

• The fertilizer application of both 75 and 100% RDF significantly increased the N 

concentration in plants. No regular trend was observed for change in N 

concentration with the application of biochar. 



 

Summary and Conclusion……….? 
 

• The P concentration in plants increased significantly only with the application 75 

and 100 % RDF, but there was no statistically significant effect of biochar 

application and interaction effect of biochar and fertilizer application on the P 

concentration in plants. 

• Both the fertilizer (75 and 100% RDF) and biochar application rates (1.0, 2.5 and 

5.0 t/ha) were found to significantly increase the K concentration in plants as 

compared to control. There was no statistically significant effect of interaction of 

biochar and fertilizers on the K concentration in plants. 

• Among all the treatments highest N uptake was found in treatment under 

100%RDF + 5.0 t biochar/ha. The N uptake was found to be significantly 

influenced by the fertilizer and biochar application interaction. 

• Phosphorus uptake by Oat plant increased with fertilizer application and biochar 

addition @ 1.0, 2.5 and 5.0 t/ha. However, the interaction of RDF and biochar 

rates had no significant effect on P uptake by Oat plants 

• The K uptake by the Oat plants was seen to be significantly increasing by the 

increasing doses of the fertilizer and biochar application of 1.0, 2.5 and 5.0 t/ha.  

The maximum K uptake was found in treatment with application of 100%RDF + 

5.0 t biochar/ha. The interaction effect of fertilizer dose and biochar rates had no 

statistically significant influence of K uptake of Oat plants. 

Properties of soil after crop harvest 

• The soil pH significantly decreased with the application of fertilizer and 1.0 t 

biochar/ha. The interaction effect of biochar and fertilizer application 

significantly decreased the soil pH in case of application of 1.0 and 2.5 t 

biochar/ha with 100% RDF. 

• Both the fertilizer (75 and 100% RDF) and biochar application rates (1.0, 2.5 and 

5.0 t/ha) were found to significantly increase the soil EC compared to control. 

The interaction effect of biochar and fertilizer application significantly increased 

the soil EC in case of application of 1.0, 2.5 and 5.0 t biochar/ha with 100% RDF. 

• Soil organic C was not significantly affected by the fertilizer application. The 

application of biochar at rates 0.5, 1.0 and 5.0 t/ha were only effective to 

significantly increase the soil organic C after crop harvest. 
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• Both the fertilizer (75 and 100% RDF) and biochar application rates (2.5 and 5.0 

t/ha) were found to significantly increase the soil extractable N compared to 

control. There was no significant effect of fertilizer and biochar interaction on 

soil extractable N in the present study. 

• Soil extractable P significantly increased with the application of 75 and 100% 

RDF compared to control. There was no significant influence of biochar 

application on the soil extractable P in the current study. 

• The biochar dose of 5.0 t/ha was only found to be significantly increasing the 

extractable K in soil as compared to control. The application of fertilizer at any 

rate or the interactive effect of biochar and fertilizer had no statistically 

significant influence on the soil extractable K in soil. 

 

Thus based on the results it is concluded that biochar properties change with the 

nature of source and also with increase in incineration temperature. Biochars are the 

materials with wide C:N ratio so these may be used conjointly with 100% RDF to 

achieve higher forage production. The conjunctive use of biochar and chemical 

fertilizers helps to maintain soil fertility. 

Since these conclusions are based on a short-term pot culture experiment and 

therefore, field experiments need to be planned for the verification and further 

recommendation to the farmers. 

 



 

 

Literature Cited 



Literature Cited……….? 
 
 

     LITERATURE CITED 
Abewa, A., Yitaferu, B., G. Selassie, Y., and Tadele-Amare, T. 2013 The Role of Biochar  

on      Acid Soil Reclamation and Yield of Teff (Eragrostis tef [Zucc] Trotter) in 

Northwestern Ethiopia. Journal of Agricultural Science, 6(1): 1.  

Agegnehu, G., Jemal, K., Abebe, A. and Lulie, B. 2019. Plant growth and oil yield 

response of lemon grass (Cymbopogon citratuc L. ) to biochar application. Ethiopian 

Journal of Agricultural Sciences, 29(3): 1-12.  

Ahmad, M., Rajapaksha, A.U., Lim, J.E., Zhang, M., Bolan, N., Mohan, D.,Vithanage, 

M., Lee, S.S. and Ok, Y.S. 2014. Biochar as a sorbent for contaminant management in 

soil and water: A review. Chemosphere, 99: 19-33. 

Asai, H., Samson, B. K., Stephan, H. M., Songyikhangsuthor, K., Homma, K., Kiyono, 

Y., Inoue, Y., Shiraiwa, T. and Horie, T. 2009. Biochar amendment techniques for 

upland rice production in Northern Laos: 1. Soil physical properties, leaf SPAD and grain 

yield. Field Crops Research, 111: 81-84.  

Badu, E., Kaba, J. S., Abunyewa, A. A., Dawoe, E. K. Agbenyega, O. and Barnes, R. 

V. 2019. Biochar and inorganic nitrogen fertilizer effects on maize (Zea mays L.) 

nitrogen use and yield in moist semi-deciduous forest zone of Ghana. Journal of Plant 

Nutrition, 42(19): 2407-2422. 

BlueLeaf Inc., Canada. 2010. Commercial scale agricultural biochar field trial in Québec, 

Canada over two years: effects of biochar on soil fertility, biology and crop productivity 

and quality. Husk, B. and Major, J., 38p. 

Bower, C.A. and Wilcox, L.V. 1965. Soluble salts. In: Black, C.A. ed. Methods of soil 

analysis. Part 2. American Society of Agronomy, Inc., Madison, U.S.A. pp. 933-951. 

Brewer, C. E., Chuang, V. J., Masiello, C. A. Gonnermann, H., Gao, X., Dugan, B., 

Driver, L. E., Panzacchi, P., Zygourakis, K. and Davies, C. A. 2014. New approaches 

to measuring biochar density and porosity. Biomass Bioenergy, 66: 176–185.  

Cantrell, K. B., Hunt, P. G., Uchimiya, M., Novak, J. M. and Ro, K. S. 2012. Impact of 

pyrolysis temperature and manure source on physicochemical characteristics of biochar. 

Bioresource Technology, 107(2012): 419-428.  

Carter, S., Shackley, S., Sohi, S., Suy, T., and Haefele, S. 2013. The Impact of Biochar 

Application on Soil Properties and Plant Growth of Pot Grown Lettuce (Lactuca sativa 

L. ) and Cabbage (Brassica chinensis L. ). Agronomy, 3(2): 404–418.  



Literature Cited……….? 
 
 

Chan, K. Y., Van Zwieten, L., Meszaros, I., Downie, A. and Joseph, S. 2008. Using 

poultry 

litter biochars as soil amendments. Australian Journal of Soil Research, 46: 437-444.  

Concilco, A. E., Moreno, R. A., Garcia, C. M., Quiroga, G. H. M. and Angel, G. O. 

2018. Influence of biochar applied to soil on yield and quality attributes of fodder oats. 

Terra Latinoamericana. 36(3): 221-228.  

Cybulak, M., Sokołowska, Z. and Boguta, P. 2019. Impact of Biochar on 

Physicochemical Properties of Haplic Luvisol Soil under Different Land Use: A Plot 

Experiment. Agronomy, 9: 531.  

Ding, Y., Liu, Y. X., Wu, W. X., Shi, D. Z., Yang, M., and Zhong, Z. K. 2010. Evaluation 

of Biochar Effects on Nitrogen Retention and Leaching in Multi-Layered Soil Columns. 

Water, Air, and Soil Pollution, 213(1-4): 47–55.  

Dong, Y., Wu, Z., Zhang, X., Feng, L., and Xiong, Z. 2019. Dynamic responses of 

ammonia volatilization to different rates of fresh and field-aged biochar in a rice-wheat 

rotation system. Field Crops Research, 241: 107568.  

Downie, A., Munroe, P., Cowie, A., Van Zwieten, L., and Lau, D. M. S. 2012. Biochar 

as a Geoengineering Climate Solution: Hazard Identification and Risk Management. 

Critical Reviews in Environmental Science and Technology, 42(3): 225-250. 

Eunice, B., James, S. K., Akwasi, A., Abunyewa, E. K., Dawoe, O., Agbenyega and 

Rex, V. B. 2019. Biochar and inorganic nitrogen fertilizer effects on maize (Zea mays L. 

) nitrogen use and yield in moist semi-deciduous forest zone of Ghana, Journal of Plant 

Nutrition, 42(19): 2407-2422.  

Faloye, T. O., Alatise, O. M., Ajayi, E. A. and Ewulo, S. B. 2019. Effects of biochar and 

inorganic fertilizer applications on growth, yield and water use efficiency of maize under 

deficit irrigation. Irrigation Water Management, 217: 165-178.  

Getachew, A., Kedir, J., Asegedech, A. and Belstie, L. 2019. Plant Growth and Oil Yield 

Response of Lemon Grass (Cymbopogon citratuc L. ) to Biochar Application. Ethiopian 

Journal of Agricultural Sciences, 29(3): 1-12.  

Hanway, J. J. and Hiedel, H. 1952. Soil analysis method used in Iowa State Soil Testing 

Laboratory. Iowa agric. Methods of soil analysis, part 2 Ed. C.A. Black, Medison Wisconsin. 

American Society of Agronomy. 57: 1025-1027.  



Literature Cited……….? 
 
 

Huang, Y., Jing, Y., Bei, M., Yang, H., Cha, Z., Lin, Q. and Luo, W. 2019. Short-term 

effect of organic ammendments on soil fertility and root growth of rubber trees on Hainan 

Island, China. Journal of Forestry Research, https://doi.org/10.1007/s11676-019-01023-

7.  

India. Ministry of New and Renewable Energy. Government of India. 2020. Annual 

Report 2019-20. New Delhi, Paromita Advertising Agency Pvt. Ltd. 192p.  

Jackson, M.L. 1956. Soil Chemical Analysis: Advanced course. Dept. of Soil science, 

Univ. of Wisconsin, Madison, WI.  

Jackson, M.L. 1958.  Soil Chemical Analysis. Prentice -Hall of Inc., Englewood Cliff, New 

Jersey. pp. 498.  

Jackson, M.L. 1967.  Soil Chemical Analysis. Prentice Hall of India. Pvt. Ltd., New Delhi.   

Jackson, M.L. 1973. Soil chemical analysis. New Delhi. Prentice hall of India Pvt. Ltd. 

Kamau, S., Karanja, N. K., Ayuke, F. O., and Lehmann, J. 2019. Short-term influence 

of biochar and fertilizer-biochar blends on soil nutrients, fauna and maize growth. 

Biology and Fertility of Soils. 55(7): 661-673.  

Karhu, K., Mattila, T., Bergström, I., and Regina, K. 2011. Biochar addition to 

agricultural soil increased CH4 uptake and water holding capacity results from a short-

term pilot field study. Agriculture Ecosystems and Environment, 140: 309-313. 

Kaur, V. and Sharma, P. 2020. Application of Biochar as an Adsorbent and Its 

Significance on Berseem (Trifolium alexandrinum L.) Growth Parameters in Farm Soil 

Contaminated with PAH. Journal of Soil Science and Plant Nutrition. 

doi:10.1007/s42729-019-00167-z.  

Keri, B. C., Patrick, G. H., Minori, U., Jeffrey, M. N. and Kyoung, S. R. 2012. Impact 

of pyrolysis temperature and manure source on physicochemical characteristics of 

biochar, Bioresource Technology, 107: 419-428.  

Khan, M., Fatima, K., Ahmad, R., Younas, R., Rizwan, M., Azam, M. and Ali, S. 2019. 

Comparative effect of mesquite biochar, farmyard manure, and chemical fertilizers on 

soil fertility and growth of onion (Allium cepa L. ). Arabian Journal of Geosciences, 

12(18): 563. 

Lehmann, J. and Joseph, S. 2015. Biochar for Environmental Management: Science, 

Technology and Implementation. Routledge, 1: 448. 



Literature Cited……….? 
 
 

Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J., O’Neill, B., 

Skjemstad, J.O., Thies, J., Luiza, F. J., Petersen, J. and Neves, E. G. 2006. Black 

carbon increases cation exchange capacity in soils. Soil Science Society of America 

Journal, 70: 1719-1730. 

Liu, X., Zhang, A., Ji, C., Joseph, S., Bian, R., Li, L., Pan, G. and Paz-Ferreiro, J. 2013. 

Biochar’s effect on crop productivity and the dependence on experimental conditions – 

a meta-analysis of literature data, Plant and Soil, 373: 583-594. 

Major, J., Rondon, M., Molina, D., Riha, S. J., and Lehmann, J. 2010. Maize yield and 

nutrition during 4 years after biochar application to a Colombian savanna Oxisol. Plant 

and Soil, 333(1-2): 117–128.  

Mandal, S., Donner, E., Smith, E., Sarkar, B., and Lombi, E. 2019. Biochar with near-

neutral pH reduces ammonia volatilization and improves plant growth in a soil-plant 

system: A close chamber experiment. Science of The Total Environment, 697: 134114. 

Murphy, J. and Riley, J. P. 1962. A modified single solution method for determination of 

phosphate in natural waters. Analytica Chimica Acta, 27: 31-36.  

Novak, J. M., Lima, I., Xing, B., Gaskin, W. J., Steiner, C., Das, C. K., Ahmedna, M., 

Rehrah, D., Watts, W. D., Busscher, J. W. and Schomberg, H. 2009. Characterization 

of designer biochar produced at different temperatures and their effect on a loamy sand. 

Annals of Environmental Science, 3: 195-206. 

Olsen, S. R., Cole, C. V., Watanabe, F. S. and Dean, L. A. 1954. Estimation of Available 

Phosphorus in Soils by Extraction with Sodium Bicarbonate. United State Department of 

Agriculture, Circular No. 939: 1-19.  

Peterson, S., Appell, M., A. Jackson, M., and A. Boateng, A. 2012. Comparing Corn 

Stover and Switchgrass Biochar: Characterization and Sorption Properties. Journal of 

Agricultural Science, 5(1): 1.  

Pranagal, J., Oleszczuk, P., Tomaszewska–Kroja, D., Kraska, P. and Rozylo, K. 2017. 

Effect of biochar application on the physical properties of Haplic Podzol. Soil & Tillage 

Research, 174: 3-10.  

Purakayastha, T. J., Pathak, H. and Kumari, S. 2013. Stability of biochar carbon – Its 

implication on carbon sequestration and microbial activities in soil. In: Proc. 100th 

Indian Science Congress, Part II, Abstracts of Oral Presentation, University of Calcutta, 

Kolkata, January, 2013 , pp. 287-288.  



Literature Cited……….? 
 
 

Schulz, H., Dunst, G. and Glaser, B. 2013. Positive effects of composted biochar on plant 

growth and soil fertility. Agronomy for Sustainable Development, 33(4): 817–827. 

Shenbagavalli, S. and Mahimairaja, S. 2012. Production and characterization of biochar 

form different biological wastes. International Journal of Plant, Animal and 

Environmental Sciences, 2(1): 197-201.  

Smider, B. and Singh, B. 2014. Agronomic performance of a high ash biochar in two 

contrasting soils. Agriculture, Ecosystems and Environment, 191: 99-107. 

Snedecor, G. W. and Cochran, W. G. 1967. Statistical Methods. 6th edition, The Iowa 

State University Press, Ames. 

Sohi, S., Krull, E., Lopez-Capel, E. and Bol, R. 2010. A review of biochar and its use and 

function in soil. Advances in Agronomy, 105: 47-82.  

Spokas, K. A., Cantrell, K. B., Novak, J. M., Archer, D. A., Ippolito, J. A., Collins, H. 

P., Boateng, A. A., Lima, I. M., Lamb, M. C., McAloon, A. J., Lentz, R. D., and 

Nichols, K. A. 2012. Biochar: A synthesis of its agronomic impact beyond carbon 

sequestration. Journal of Environmental Quality, 41: 973–989.  

Steiner, C., Teixeira, W. G., Lehmann, J., Nehls, T., de-Macêdo, J. L. V., Blum, W. E. 

H. and Zech, W. 2007. Long term effects of manure, charcoal and mineral fertilization 

on crop production and fertility on a highly weathered Central Amazonian upland soil. 

Plant Soil, 291: 275–290.  

Subbiah, B.V. and Asija, E.C. 1956. A rapid procedure for estimation of available nitrogen 

in soil. Current Science, 25: 259-260. 

Taghizadeh, T. A., Clough, T. J., Condron, L. M., Sherlock, R. R., Anderson, C. R. 

and Craigie, R. A. 2011. Biochar incorporation into pasture soil suppresses in situ 

nitrous oxide emissions from ruminant urine patches. Journal of Environmental Quality, 

40: 468-476. 

Taghizadeh, T. A., Clough, T. J., Sherlock, R. R., and Condron, L. M. 2012. Biochar 

adsorbed ammonia is bioavailable. Plant and Soil, 350(1-2): 57–69.  

Tisdale, S. L. and Nelson, W. L. 1975. Soil fertility and fertilizers. 3rd edition. New York, 

Macmillan. 694p. 

Woolf, D., Amonette, J. E., Street-Perrott, F. A., Lehmann, J. and Joseph, S. 2010. 

Sustainable biochar to mitigate global climate change. Nature Communications, 1: 56. 



Literature Cited……….? 
 
 

Wu, W., Yang, M., Feng, Q., McGrouther, K., Wang, H., Lu, H., and Chen, Y. 2012. 

Chemical characterization of rice straw-derived biochar for soil amendment. Biomass 

and Bioenergy, 47: 268–276.  

Yadav, V., Karak, T., Singh, S., Singh, A. K., and Khare, P. 2019. Benefits of biochar 

over other organic amendments: Responses for plant productivity (Pelargonium 

graveolens L. ) and nitrogen and phosphorus losses. Industrial Crops and Products, 131: 

96–105.  

Yan, Q., Dong, F., Li, J., Duan, Z., Yang, F., Li, X., Lu, J. and Li, F. 2019. Effects of 

maize straw‐derived biochar application on soil temperature, water conditions and 

growth of winter wheat. European Journal of Soil Science, 2019: 1-10.  

Yao, Y., Gao, B., Inyang, M., Zimmerman, A. R., Cao, X., Pullammanappallil, P., and 

Yang, L. 2011. Biochar derived from anaerobically digested sugar beet tailings: 

Characterization and phosphate removal potential. Bioresource Technology, 102(10): 

6273-6278. 

Yao, Y , Gao, B , Zhang, M, Inyang, M, Zimmerman, A. 2012. Effect of biochar 

amendment on sorption and leaching of nitrate, ammonium, and phosphate in a sandy 

soil. Chemosphere, 89: 1467-71.  

Yargicoglu, E. N., Sadasivam, B. Y., Reddy, K. R., and Spokas, K. 2015. Physical and 

chemical characterization of waste wood derived biochars. Waste Management, 36: 256-

268. 

Zhang, A., Bian, R., Pan, G., Cui, L., Hussain Q., Li, L., Zheng, J., Zheng, J., Zhang, 

X., Han, X. and Yu X. 2012. Effects of biochar amendment on soil quality, crop yield 

and greenhouse gas emission in a Chinese rice paddy: A field study of 2 consecutive rice 

growing cycles. Field Crops Research, 127: 153-160. 

 



 

 

  



Appendices……….? 
 
 

APPENDICES 
Appendix I 

 Effect of different levels of biochar application and recommended dose of fertilizers 

on dry matter yield of Oat (g/pot) 

Biochar dose 
(in equivalence 
to t/ha) 

Recommended dose of fertilizer (RDF, %) 

0 75 100 Mean 

0 6.32 6.74 7.03 6.70 
0.5 6.46 7.05 7.27 6.93 
1 6.53 7.48 7.74 7.25 
2.5 6.99 7.93 9.06 7.99 
5 7.27 8.45 10.56 8.76 
Mean 6.71 7.53 8.33   
Effect RDF B RDF x B   
S.Em± 0.10 0.12 0.21   
C.D.≤ 0.05 0.28 0.36 0.62   
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