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ABSTRACT

In this study, the effect of corn cob biochar on the soil physico-chemical and
biological properties were investigated on a highly weathered tropical sandy
loam. The study comprised four treatments with four replicates established in
a randomized complete block design. Biochar was applied in two batches;
corn cob biochar was first incorporated at rates of 10 t ha™! (BC-10), 20 t ha':
(BC-20), and 20 t ha™' + triple super phosphate (BC-20+P) to study its effects
on aggregate characteristics, water retention, gas transport and pore structure
characteristics. Minimally disturbed soil samples from each of the 16 plots
were sampled from the plots treated with the first batch of biochar at a depth
of 0-20 cm. Metal core samplers were used for intact soil sampling.
ration of biochar decreased the tensile strength of the large aggregat:s

Incorpo
(4-8 mm and 8—16 mm), but increased same in the smaller aggregates (1 2
Il = -

mm). Soil {r
and BC-20+P treatments. Soil water retention was measured within a pF r.
ange

of 1 to 6.8. Ap

retention. The sec

jability and workability were significantly improved in the BC-20

plication of 20 t ha™' led to significant increase in soil water
ond batch had 50% of the first batch added to the respective

initial biochar treatments. Thus, the total biochar application rates were 15 t
re

-1 -1 - -1 i
ha”' (BC-15), 30 t ha (BC-30), and 30 t ha™ + triple super phosphate (BC-

30+P). Soil samples were randomly collected from 20 different spots of the

plots treated with the s
m each treatment were analyzed. Biochar amendment

econd batch of biochar at 0 to 20 cm depth and the

bulked soil samples fro

resulted in a significant increase in the carbon lability index in the labile C
aplle

pools. The carbon and nitrogen pool indices, as well as carbon and nit
rogen

management indices Were increased with biochar amendment, especially in th
3 n the

BC-30 and BC-30+P treated plots. Incorporation of biochar at 30 t ha”! had

. <onificant effects on soil microbial communi .\ )
significant ommunity composition, diversity and

total PLFA. Dehydrogenase and urease enzyme activities increased with the

increase of biochar application rate. In perspective, incorporation of biochar
improved the soil physical, chemical and biological quality of the soil. This
was manifested in the enhanced generic soil quality index calculated based on

the integration of all the measured properties in the soils treated with the

second batch of biochar application.
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CHAPTER ONE

GENERAL INTRODUCTION
1.1 Background and justification

In tropical regions, particularly sub-Saharan Africa (SSA), the
problems which limit crop production including soil and water constraints
remain unchanged. Biochar application for soil quality improvement is a
relatively new concept in Ghana. Therefore, it is worthwhile to assess the
impact of biochar on soil quality.

In the wake of rapid population growth and growing economies,
topical issues including soil degradation, poor yields, food insecurity, climate
change and energy demand necessitate identification and development of
innovative ideas of sustainable management of farm lands. Expectations for
agricultural soils to support plant growth and increase yields, whiles
sequestering carbon (C) and producing biofuels are challenged by incessant
heavy demands of the projected population increases (United Nations, 2011).
According to FAO (2011), approximately 1 in 7 people are already food
insecure. From the perspective of food production, the term ‘food insecurity’
simply implies to an urgent need to safeguard and effectively manage one of
the most valuable resources in the world, “the soil”.

Generally, most soils in Ghana are highly weathered and very
susceptible to erosion. These weathered red soils are typical of similar highly
weathered soils that occur throughout southern China (Zhang et al., 2017),
tropical and sub-tropical South America, most parts of Africa and South East
Asia. Therefore, if the weathered and degraded soils of Ghana can be

successfully restored, managed and utilized for enhanced crop production, it



would have wider implications for enhanced crop production in other
countries.

Soils in the humid tropics have high productivity potential. However, the long-
term inappropriate management of these soils has caused severe physical and
chemical degradation, with a subsequent resultant effect on yields. High soil
acidity (low pH), depletion of soil organic matter, soil erosion and
deterioration in soil structure are the major degradative processes. To
effectively restore and improve the physical and chemical fertility of these
soils, and sustain arable cropping systems, environmentally sound and cost-
effective soil management strategies need to be implemented to forestall
further degradation of the soils. Quite recently, considerable attention has been
focused on the restoration and management of soil organic matter and soil
structure in degraded soils worldwide. Degraded red soils of the humid tropics
could be greatly ameliorated through increasing the content of organic carbon
(C) (Du, Zhao, Wang, & Zhang, 2017) and improving soil aggregation. Since
the launching of the Freedom from Hunger campaign by the FAO iin the early
1960s, maintainance of soil fertility through the use of imorganic fertilizers
has now been rendered unsustainable due to its increasing cost. The use of
organic wastes to improve and maintain soil fertility has been long
emphasized to improve soil productivity.

Direct incorporation of plant residues into these soils may only have
short-term impacts due to the relatively fast decomposition rate of fresh plant-
derived organic matter in soils of the humid tropics. Accordingly, many
scientists have recommended the conversion of crop residues and other

agricultural waste products to biochar as a strategy to enhance the stock of soil



organic matter (Li et al., 2016) to restore the fertility status of degraded soils,
with multiple benefits for soil quality, enhanced crop yield and mitigation of
greenhouse gases (Lehmann & Joseph, 2015).

Biochar is highly recalcitrant due to its high aromaticity and can
sequester C for very long periods (Domingues et al., 2017; Qadeer et al.,
2017). Therefore, application of biochar to soils as an amendment can be a
potential pathway to improve and increase native soil organic carbon (SOC)
and black C stabilization in cropping systems. The effect of comcob biochar
application on aggregate-associated C concentration in an experimental field
was studied by (Zhang ct al., 2017). Their experiment lasted for a period of
twelve months, and they observed a substantial accumulation of carbon in
large macro aggregates, implying that biochar-derived C can be physically
protected within these aggregate sizes. Many authors have studied the effect of
biochar application on SOC decomposition in their quest to find solutions for
enhancing soil C sequestration (Wang, Xiong, & Kuzyakov, 2016; Yang,
Zhao, Gao, Xu, & Cao, 2017). That notwithstanding, previous studies have
shown that biochar may both suppress and stimulate native SOC
decomposition (Wang et al., 2016; Luo, Lin, Durenkamp, Dungait, &
Brookes, 2017).

In this study, com cob was pyrolyzed to produce comn cob biochar. In
Ghana, more corn is produced annually than any other grain. After harvesting,
residues such as corn cobs, corn husks, and stovers are either left on the farms
to dry after which they are set ablaze yielding smoke-related environmental
consequences. A better approach to solving this environmental challenge is to

pyrolyze and convert these crop residues to biochar for subsequent application



to soil. This approach offers not only an attractive solution to reducing air
pollution from the burning of the corn residues, but it also promotes climate
smart agriculture, and therefore serves as a favorable agricultural sustainability
model for reutilizing crop residues. It also serves as a critical alternative
strategy for improving waste management especially in Ghana.

1.2 Objectives

The main objective of the study was to assess the impact of corn cob
biochar additions on the physico-chemical and biological properties of
weathered tropical soil.

The specific objectives were to:
e determine the effects of biochar on aggregate characteristics strength,
water retention and gas transport parameters in a biochar amended soil
e assess the impact of biochar on soil microbial community structure and
diversity through phospholipid fatty acid profiling
e assess the impact of biochar application on soil carbon and nitrogen
pools, as well as C and N management indices
e develop soil quality index following corn cob biochar application
The proposed project highlighted the significance of biochar application
on the properties of a highly weathered tropical soil and soil quality that will
help in a comprehensive soil management towards improved soil fertility and
productivity. This will go a long way to improve agricultural production,
enhance food security and improve the living standard of smallholder farmers
living in rural areas where food production is predominantly their major
source of income and livelihood. Extreme poverty and hunger will be reduced

if agricultural production is enhanced. This PhD dissertation research may



potentially contribute to ensuring sound soil management practices which may

help in restoring the productivity and fertility status of the highly weathered
soils in Ghana.
1.3 Hypotheses

The following hypotheses were tested:

e Hypothesis 1: Application of biochar improves the physical fertility of
soils by increasing aggregate characteristics strength, water retention
and pore structure characteristics.

e Hypothesis 2: Incorporation of biochar increases soil microbial
biomass, microbial C and N, diversity and total phospholipid fatty
acids.

e Hypothesis 3: Addition of biochar to soils increases microbial C and N
pools as well as the quality of total organic carbon.

1.4 Dissertation outline

This thesis is organised in eight chapters. Chapter 1 comprises the background
and justification as well as the objectives and the hypotheses of the study.
Chapter 2 gives a general overview of some information by some authors
(literature review) that is relevant to this study. Chapter 3 presents the site
description, preparation and application of treatments, sampling and the
general laboratory methods. Chapter 4 starts the discussion with the effect of
biochar on soil physical properties. This chapter looks at how corn cob biochar
affects aggregate characteristics of a tropical sandy loam. Chapter 4 further
discusses the gas phase (pore size distribution) and soil moisture
characteristics in the wet and dry regions of the soil moisture characteristics

curve. The chapter further explains how corn cob biochar affects diffusive and



convective gas flow. Chapter 5 focuses on how corn cob biochar affects soil

biological and chemical properties. The chapter explains the effects of corn
cob biochar on carbon and nitrogen labile pools, as well as carbon and
nitrogen management and lability indices. Chapter 6 presents the effects of
biochar on soil enzymes (urease and dehydrogenase enzyme activities) and
microbial properties. The chapter further explains how microbial community
structure, abundance and diversity are affected by corn cob biochar. Chapter 7
finalises the synthesis between the various experimental chapters, where a
generic soil quality index is calculated based on all the measured soil
properties (physical, chemical and biological) to elucidate the overall effect of
comn cob biochar on the quality of a highly weathered soil of the humid
tropics. The summary, conclusions and recommendations for further research
are addressed in chapter 8.

There are two published papers (Appendix B) and three published

conference posters (Appendix C) to support this thesis.



CHAPTER TWO
LITERATURE REVIEW
2.1 What is Biochar?

Biochar as a carbon-rich product made from the pyrolysis of biomass
under oxygen-limited conditions and relatively low temperatures (Lehmann &
Joseph, 2015). Owing to its inherent properties, scientific consensus exists that
incorporation of biochar into soils can sustainably sequester carbon (C) and
improve ancillary soil functions. Weng et al., (2017) describe biochar as a C-
rich organic material produced during slow exothermic decomposition of
biomass at temperatures <700 °C under zero oxygen or low oxygen
conditions.

The use of biochar as a soil amendment has been suggested as a
potential means to concomitantly improve soil functions and reduce emissions
of greenhouse gases that would otherwise deplete the ozone layer, by
converting a portion of biomass C into stable carbon fraction that has carbon
sequestration value (International Biochar Initiative, 2012). The peculiar
characteristics and usability of biochar depend largely on the feed stock used
and also the pyrolysis conditions, such as temperature, time, heating rate, and
level of oxygen (Calvelo Pereira et al., 2011). The by-products of pyrolysis of
the biomass are biochar, syngas and bio-oil (Figure 1). These by-products are
all potentially valuable; whereas the syngas and the bio-oil can be used as fuel,

the biochar can be used as soil additive (Hansen et al., 2015).
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Figure I: Biochar production process adapted from International Biochar
Initiative (2012).

Biochar can be produced from a wide range of feedstock types such as
woody materials, e.g., pine chips (Ronsse, van Hecke, Dickinson, & Prins,
2013); agricultural wastes, e.g., olive husk, corn cob, peanut hulls, and crop
residues (Llorach-Massana, et al., 2017); green waste (Van Zwieten et al.,
2010); animal waste (Lin et al., 2017); paper mill waste (Van Zwieten et al.,
2010); and sewage sludge (Arazo, Genuino, de Luna, & Capareda, 2017).
However, the pyrolysis temperature has an enormous effect on the stability of
C in biochar than with the type of feedstock (Calvelo Pereira et al., 2011).

2.1.1 Properties of biochar

2 1.1.1 Chemical structure and surface characteristics

The arrangement of C in pyrogenic compounds formed during the thermal
degradation process gives biochar its molecular structure. According to Xiao
and Chen (2017), biochars contained highly condensed graphite-like
structures, however, few clusters of aromatic rings have been observed in

some other biochars. (Novak et al., 2014) posited that, due to the recalcitrant
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nature attributed to biochar by virtue of its condensed-chemical structure,

biochar may have a less active role in the soil C and N. That notwithstanding,
biochar may potentially involve in some chemical reactions presumably due to
the presence of some unstable C groups, mainly at the surface of its chemical
structure. Gaining an insight into the dominant forms of C in biochar is key to
knowing the chemical behavior of biochars and its reactivity in the soil
environment (Calvelo Pereira et al., 2011). The various C forms that are
dominant in biochar include aliphatic, aromatic, carboxylate, and carbonyl
forms (Novak, et al., 2009).

Table 1: Total C Distribution (%) among Structural Groups in Biochars
Pyrolysed from Different Feedstocks and at Different Temperatures as

adapted from (Novak et al., 2009)

Feedstock  Pyrolysis Total C (%) Carboxylate  Carbonyl Sum

Temperature .

©C) Aliphatic Aromatic
Peanut 400 35 57 5 3 100
hull

500 12 82 3 3 100
Peacan 350 49 42 4 5 100
shell

700 29 58 14 0 100
Poultry 350 36 57 4 3 100
litter

700 n.a’ na na na na
Switch 250 63 29 5 3 100
grass

500 12 82 3 3 100

°h.a. — not determined



Undoubtedly, a strong relationship exists between the pyrolysis

temperature, and the chemical structure of biochars. Several authors (Kloss et
al., 2012; Schimmelpfennig & Glaser, 2012) have affirmed that at high
pyrolysis temperatures (400 — 700 °C), feedstock is converted into poly-
condensed aromatic structures that contain high recalcitrant C. The
concentration of C has been established to be directly proportional to pyrolysis
temperature, thus, C concentration increases as pyrolysis temperature
increases, whereas H and O concentrations gradually decrease (Novak et al.,
2009). Therefore, an inverse relationship has been found to exist between
pyrolysis temperatures and between H and O. Conversely, pyrolysis
temperature also increases the ash (Kloss et al., 2012). On the other hand,
biochar rich in C=0 and C-H functional groups is formed at lower pyrolysis
temperatures (250 — 400 °C). Comparatively, the yield recovery is high when
pyrolysis occurs at lower temperature range, and the dominant organic
compounds found in the biochar are aliphatic or less stable cellulose-like
structures, which can easily be degraded by soil microbes.

The stability of biochar in the soil environment has been reported to
have a positive correlation with the pyrolysis temperature (Wang et al., 2015).
This finding was substantiated by Nguyen et al. (2008) who observed that, the
loss of C from biochar produced at pyrolysis temperature of 350 °C during an
incubation study was greater than that at 600 °C. This observation is attributed
to the fact that, higher pyrolysis temperatures have the potential to
increasingly change O-alkyl C to aryl and O-aryl furan like structures which
would subsequently result in enhanced condensation of C structures (Kaal,

Martinez Cortizas, & Nierop, 2009), and thus increase the stability of the
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biochar in the soil medium. More importantly, Nguyen et al., (2012) reported

higher aromaticity and lower H/C and O/C ratios of both corn-derived and
oak-derived BC at 600 °C than at 350 °C as a consequence of the peak
pyrolysis temperature of pyrolysis (Table 2). Singh, Cowie, & Smernik (2012)
studied the effect of pyrolysis temperature on biochar chemistry, and the
authors reported that faster mineralization occurred in biochars produced at
400°C than in biochars produced at 550 °C.

The surface C of biochars is reportedly prone to conversion into
nutrient exchange sites (Domingues et al., 2017) upon activation or weathering
irrespective of the pyrolysis temperature. Thus, the propensity of the surface C
of biochars to act as an exchange complex for cation exchange reactions is not
altered or affected by pyrolysis temperatures.

Table 2: Properties of Biochar depending on the Pyrolysis Temperature as

adapted from Nguyen et al., (2012)

Biomass type  Pyrolysis C/N 0/C H/C Aromaticity”
temperature

Corn stover 350°C 73 0.37 0.07 77.6
600°C 86 0.21 0.03 85.2

Oak wood 350°C 759  0.26 0.06 61.8
600°C 737 0.10 0.12 68.4

3Quantified using X-ray diffraction (XRD)
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A wide range of functional groups such as heteroatoms (hydrogen,

oxygen, nitrate, phosphorus and sulfur), acidic carboxyl groups and other
basic functional groups (chromenes and pyrenes) can be found on the surface
of biochar (Oh, Seo, Ryu, Park, & Lee, 2017). The presence of functional
groups on the surface of biochar is largely dependent on feedstock type. Due
to the presence of functional groups on biochar surface, most biochars have a
strong surface area charge and therefore, a high cation exchange capacity
(CEC) (Gai et al., 2014). This property makes biochar essentially useful in
contaminant control and the release and retention of nutrients (Domingues et
al., 2017).
The behavior of biochars relative to its polarity and, thus, its ability to
potentially interact with water can be inferred by calculating the atomic ratios
of C, H and O (Schimmelpfennig & Glaser, 2012). More importantly, these
ratios have been set by International Biochar Initiative (2012) to standardize
biochars where <0.7 for H/Coy is taken into consideration, Coy is the C
associated to the charred structure (in this instance, inorganic C, if present, is
not considered). Charred materials with (H/C) >0.7 are categorised as non-
condensed aromatic structures like lignin (Schimmelpfennig & Glaser, 2012).
A relatively small variability in pH has been reported between
biochars, with typical values above pH 7 (Zhelezova, Cederlund, & Stenstrém,
2017). The pH and electrical conductivity (EC) of biochars have been reported
to be directly proportional with pyrolysis temperatures, and this is attributed to
the accumulation of oxides of alkaline metals during the pyrolysis process

(Gai et al, 2014). The high pH of biochar makes it potentially useful to raise
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the pH of acidic soils when incorporated into the soil (Chintala, Mollinedo,

Schumacher, Malo, & Julson, 2014).
2.1.1.2 Physical characteristics

The physical characteristics of biochar is dependent on factors such as
pyrolysis temperature, heating rates, and feedstock type and the pre- and post-
handling of biochar, (Rafiq, et al., 2016). According to Lehmann & Joseph,
(2009), the peak treatment temperature is the most important factor for
physical alterations of the biochar product, followed by the heating rate and
pressures.

The structure of biochar is amorphous, containing local crystalline
structures of joint aromatic compounds (Han et al., 2017). The carbon skeleton
formed during pyrolysis of organic materials gives biochar a distinct feature of
having a high porosity, as a result of its sponge-like structure (Figure 2)
(Zuolin Liu, Dugan, Masiello, & Gonnermann, 2017). The voids are formed in
biochar as pores are categorized as macro- (>50pm), meso- (2-50pm) and
micropores (<2um) as seen in Figure 2. Comparatively, biochar has a large
proportion of micropores (<2 x 10-3pm in diameter), and these micropores are
responsible for the increasing surface area, that can reduce the mobility of soil
water (Lehmann & Joseph, 2009). The high porosity results in biochar having
a low bulk density than mineral soil, which when applied to the soil in
sufficient rates can potentially reduce the total bulk density of the soil
(Rogovska, Laird, Leandro, & Aller, 2017). Surface areas of biochar have
been reported to range from 20 ng_' up to 3000 m> g'l (Guo, et al., 2002).
The large surface area of biochar gives it the ability to enhance the ion

exchange capacity and the sorption of nutrients (Sizmur, Fresno, Akgiil, Frost,
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& Moreno Jiménez, 2017). Moreover, the high surface area gives biochar the

potential to adsorb large quantities of water due to the directly proportional
relationship between water adsorption and surface area. The adsorption of
water on the surface area of biochar is governed by the functional groups
found in biochar (Sizmur et al., 2017). When incorporated into the soil, it is
expected that biochar will increase the total soil surface area to enhance its

water adsorption and ion exchange potential.
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Figure 2: Scanning electron micrographs of biochar showing the highly

porous structure, adapted from Lehmann & Joseph (2009).
The particle size distribution of biochar depends mostly on the
feedstock type used in the pyrolysis process. Generally, wood-based biochars
are reported to be of coarser structure than biochars obtained from crop

residues which are of finer structure (Verheijen et al., 2014).

2.2 Effects of biochar on soil physical properties

The effects of biochar on soil physical properties depend on several
factors, such as biomass or feedstock type, pyrolytic condition, application
rate, and environmental condition (Mukherjee & Lal, 2013a). Soil physical
properties such as aggregate characteristics, surface area, bulk density, soil

structure, water holding capacity, pore volume and pore distribution
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(Mukherjee & Lal, 2013) are key factors to soil fertility and plant growth and

can be altered significantly by biochar amendment.

2.2.1 Soil tensile strength and friability

Tensile strength (TS) is the force per unit area required to fracture soil
aggregates into smaller sizes. The tensile strength of soil is defined as the
stress or force per unit area needed to cause soil to succumb to tension (Dexter
& Kroesbergen, 1985). It is considered to be the most usefil indicator of soil
structural stability (Imhoff, da Silva, & Dexter, 2002). Tensile strength is a
crucial and important mechanical property for investigating the structural
stability of soil and thereby the resistance of soil aggregates against erosive
forces (Dexter & Kroesbergen, 1985). It is a key soil physical property that
determines the ease of producing a favorable seed-and root beds during tillage
operations (Munkholm, 2011). The impact of biochar on soil strength is
believed to emanate from the improved C storage potential of biochar
amended soils due to a higher aromatic character and high C concentrations of
biochar (Domingues et al., 2017). Several authors (Baranian Kabir, Bashari,
Mosaddeghi, & Bassiri, 2017) have reported positive effects of organic carbon
content on the strength of soil aggregates. In their studies, Blanco-Canqui &
Lal (2007) observed that application of an organic amendment can increase
the strength of soil aggregates in the 0- to 5-cm soj] layer.

However, other authors have reported an inverse or no relationship
between soil organic carbon content and aggregate tensile strength (Abid &
Lal, 2009). Soil tensile strength is reported to decrease with increasing biochar
concentration, evident in a hard-setting Australian Alfisol (Chan, Zwieten,

Meszaros, Downie, & Joseph, 2008).
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2.2.2 Soil aggregation

Soil aggregation is a natural process that involves the construction of
secondary soil particles from primary particles exposed to physico-chemical
and biological processes. The continuous bonding of soil particles by clay
domains, polyvalent cations, and organic matter (OM), results in hierarchical
soil aggregation. Incorporation of organic material causes an increased
proportion of macro-aggregates and decreased proportion of micro-aggregates,
resulting in increased water retention at low pF (suction) values (Gonzalez-
Pelayo, Andreu, Campo, Gimeno-Garcia, & Rubio, 2006). Biochar is reported
to be an effective amendment to induce soil aggregation (Busscher et al.,
2010) and increase soil aggregate stability.

Soil aggregate stability is defined as the ability of soil aggregates to
resist disruption when external forces are applied (Cosentino, Chenu, &
Bissonnais, 2006). The stability of soil aggregates is key towards remediation
of soils that are physically degraded. The organic carbon in soils with high
aggregate stability does not easily succumb to decomposition and this
promotes the sequestration of carbon in the long-term with a subsequent
improvement in soil structural stability (Ouyang, Yu, & Zhang, 2014). Studies
elucidating effects of biochar on soil aggregation are scarce (Mukherjee &
Lal, 2013b). From literature, the existing studies have focused on soil stability
of soil aggregates within different soils and for various types of biochar
(Soinne, Hovi, Tammeorg, & Turtola, 2014). In a greenhouse experiment
conducted by Hua, Lu, Ma, & Jin (2014), a significant increase in soil
aggregate stability following the incorporation of biochar produced from straw

was reported. On the contrary, Busscher, Novak, & Ahmedna (2011) reported
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a significant decrease in soil aggregation when biochar produced from peacan

shells was applied, whereas Fungo et al. (2017) reported no effect of biochar
on soil aggregate stability following an application of eucalyptus wood
biochar pyrolyzes at 550°C to a Typic Kandiudults at a rate of 2.5 t ha”'. No
effect on aggregate stability has also been reported when rice-straw biochar
was applied to an Ultisol (Peng, Ye, Wang, Zhou, & Sun, 2011). Undoubtedly,
the above enumerated findings on biochar effects on soil aggregate stability
are contrasting, thus emphasizing the need to quantify distinct soil and biochar
properties for every situation (Khademalrasoul et al., 2014).
2.2.3 Water dispersible clay

According to Calero, Barron, & Torrent (2008), clay dispersibility is
the amount of clay that can be dispersed by water, which can subsequently
affect the formation of soil aggregates and, in turn, promote soil erodibility.
Application of organic amendments has been observed to decrease clay
dispersibility (Paradelo, Oort, & Chenu, 2013). Increasing in soil pH,
decreasing ionic strength of soil solution, the presence of monovalent cations
(Na*, K*), and increasing soil water content are major factors that facilitate
clay dispersion in soils (Soinne et al., 2014). Clay dispersibility has the
potential to enhance the transportation of pollutants and nutrients that are
attached to dispersed clay-sized particles to long distances, thus contributing
to contamination of groundwater and eutrophication of receiving waterways
(Soinne et al., 2014). Application of biochar to soils could influence clay
dispersibility both negatively and positively (Khademalrasoul et al., 2014).
Through its influence on soil moisture content, pH, zeta potential and ionic

strength, biochar has the potential to speed up the dispersion of clay particles
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in soils. On the other hand, aging biochar forms biochar-mineral complexes

(Lin, Munroe, Joseph, Kimber, & Van Zwieten, 2012) that enhance soil

structural stability, which subsequently decreases the dispersion of clay
particles in the soil environment.

2.2.4 Soil specific surface area

Specific surface arca (SA) is critical with respect to the improvements
in cation exchange capacity and sorption dynamics in soils. The surface area
of soils is determined by soil particle size distribution, and mainly the clay
content, and it can be estimated from the dry end of the soil water retention
curve (Arthur et al., 2018; Arthur et al,, 2013; Tuller & Or, 2005) or by the
use of ethylene glycol monoethyl ether (EGME). Biochar has abundance of
micropores (Fidel, Laird, & Parkin, 2017) that tend to increase the total
specific surface area, which can facilitate nutrient and water retention, and
filtering capacity of soils (Gamage, Mapa, Dharmakeerthi, & Biswas, 2016).
The large surface area exhibited by biochar ultimately can result in an increase
in total soil-surface area with positive effects on soil water- and nutrient-
retention (Mia et al., 2017). The high surface area of biochar provides space
for formation of bonds and complexes with cations and anions with metals and
elements of soil on its surface which improves the nutrient retention capacity
of soil (Domingues 2017; Mia, 2017). The total surface area of soil is an
important physical parameter which controls essential functions of soil fertility

such as water and nutrient holding capacity, aeration, and microbial activity
(Jien & Wang, 2013). While many studies have reported on the surface area of
biochars pyrolized from different feedstock types under 2 wide range of

pyrolysis conditions, data available on surface area of biochar-amended soils
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is scanty. A long-term soil column incubation study indicated increases in

specific surface area of an amended clayey soil from 130 to 150 m* g~ when
biochar derived from mixed hardwoods was applied at rates of 0 to 20 g kg™
(Laird et al., 2010). Improvement in agronomic productivity of biochar-
amended soils may be related to the higher surface area of the biochar-soil
mixtures. Especially pores in the size of >0.2 um on the inner biochar surface
may host and retain plant available water and therefore increase the field
capacity of the amended soil, resulting in a higher resilience of a soil against
drought (Kammann & Graber, 2015).
2.2.5 Soil moisture retention

Soil moisture characteristics are among key indicators of soil physical
quality. Laboratory procedures to measure soil moisture retention, involve
intact soil cores either taken from the field or packed using bulk soil. Soil
cores taken from the field are considered to have a more representative of the
pore size distribution of the bulk soil, and therefore, reflect more realistic
changes in moisture retention of the whole soil. Newly pyrolyzed biochar is
initially hydrophobic (Xiao & Chen, 2017), as observed by hydrophobic
molecule sorption, caused by chemical reactions during the pyrolysis process.
As biochar undergoes oxidation, negatively charged functional groups bond to
the surface of the biochar particle (Cheng et al., 2007), hence mitigating the
hydrophobic behavior. Potential improvements in water holding capacity in
biochar amended soils likely depend on biochar feedstock, charring conditions
and soil properties (Novak et al., 2009). Barnes, Gallagher, Masiello, Liu, &
Dugan (2014) found an improvement in water retention in sandy soil while

improving drainage of clayey soil, by water movement through biochar pores
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or creation of interstitial biochar-soil space. However, blocking ot pores by

particulate soil organic matter may sometimes overlay these benefits (Prost et
al., 2013).

In general, the application of all biochars increased the water holding
capacity in all soils, indicating that the application of biochar can alter the soil
physical properties. The addition of biochar to soils can have direct and
indirect effects on the water retention. The soil pore network will especially
determine the dimension of water retention in the soil, and will be affected by,

for example, the inherent porosity of biochar, creating micropores (<0.002) in

the soil (Baiamonte et al., 2015).

Studies revealed that the high inner surface area is one explanation for
increasing soil water retention. An increased trend in the soil water retention
capacity was found to have a positive correlation with pyrolysis temperature,
and a higher water retention capacity was also found in woodchip biochar
compared to biochar derived from dairy manure (Lei & Zhang, 2013). It is
concluded, that a lower bulk density and higher surface area contributed to
higher porosity and adsorption of water. Sun, Arthur, de Jonge, Elsgaard, &

Moldrup, (2015) found an increasing water retention capacity in birch wood

biochar treated sandy loam soil and attributed this phenomenon indirectly to
the modified soil pore structure after biochar application. Sohi, Krull, Lopez-
Capel & Bol (2010) pointed out that the increased water retention is one of the
main reasons for increasing crop yields after biochar application.

2.2.6 Soil bulk density and total porosity

During pyrolysis of feedstocks, increasing temperature causes volatile

organic compounds to be forced out (volatilized) by the rising temperature,
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resulting in significant increases in porosity and surface area (Huang et al.,

2017) of the produced biochar. Comparatively, biochar is lightweight and less

voluminous (with a bulk density of 0.3 and 0.43 Mg m™ (Baronti et al., 2014)

than agricultural soils with a bulk density of 1.0 — 1.5 Mg m™ (Lal & Shukla,

2004). This property of biochar enhances its potential to decrease soil bulk

(pb) density (Wang et al., 2017). Several authors have reported well-

established trends of decreasing bulk density with increasing rates of biochar
application (Ahmed et al, 2017; Liu et al., 2017; Wang et al., 2017).
Therefore, biochar, as an effective soil conditioner, has the potential to
effectively provide relief for compacted agricultural soils. Reductions in the
bulk density of soil following biochar amendment have been shown to be most
distinctive in loamy or clayey soil, prone to soil compaction (Laird et al.,
2010), with positive effects on the resilience of crops to drought (Baronti et
al., 2014).

The total porosity and pore size distribution of soils are key soil
characteristics with respect to water transmission and retention, soil aeration,
and provision of habitat for soil microorganisms. With decreased soil pb
following biochar application, total porosity is hypothesized to increase
(Rawal et al., 2016). Oguntunde, Fosu, Ajayi and van de Giesen (2004)
reported over 10% increase in total porosity in twelve charcoal kiln sites
relative to surrounding soils. A 6-week incubation study showed 6% and
12.7% reductions in pb and the attendant increases in total porosity by 3% and
10.8% with biochar rates of 40 and 80 Mg ha! (Jones, Rousk, Edwards-Jones,
DeLuca, & Murphy, 2012). Similar amendment rates of biosolids, mushroom

compost, and green waste compost resulted in similar effects, but the biochar
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amendment produced the greatest impact on shifting the pore size distribution

from macropores (> 30 um) to micropores (0.1 — 29 pm).

With reduced bulk density and increased porosity, biochar has the
potential to increase exchange of gases between the soil and the atmosphere.
Zhang et al., (2012) reported a significant improvement in soil aeration when
they amended a clayey soil with wheat straw biochar pyrolysed at 350-550 °C.
Arthur & Ahmed (2017) reported an increase in relative gas diffusivity
following an application of 3% w/w of rice straw biochar to a coarse-textured
tropical soils three months after the incorporation of rice straw biochar. Due to
its porous nature, incorporation of biochar into soils may increase the soils
total pore space and subsequently influence other pore structure characteristics
(Sun et al., 2015) such as pore connectivity and tortuosity and pore
organization.

2.3 Effects of biochar on soil chemical and microbiological properties

The effects of biochar on some soil chemical, microbial and biological
properties are numerated below:

2.3.1 Biochar and soil carbon dynamics

There are variations with regards to the effects of biochar application
on soil carbon dynamics both in terms of magnitude of impact and the timing
of impact. Despite the fact that some feed stock material may result in
significant changes in soil carbon, there is the possibility that these changes
may be mitigated over time, and their significance reduced in the soil
ecosystem, barring any further disturbance over time. This, therefore, points to
the fact that it is critically important to consider the feed stock type used in the

production of biochar and time between disturbances to obtain a true picture of
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soil carbon dynamics, since a lot of processes in an intact agro ecosystem

affect soil carb;)n storage, and with time will mitigate effects of disturbance.
There is no uniformity relative to the effects of the application of biochar on
carbon dynamics in every scenario. This is due to the fact that there are
variations in different ecosystems with respect to soil type, type of feedstock
material used and biochar application rates and to a large extent, the rate of
soil disturbance. Moreover, soil carbon exists in multiple forms. Some forms
of soil carbon are more sensitive to both disturbance and recent inputs (labile
carbon), while others take a much longer time to replenish (recalcitrant

carbon) (Gershenson, Bader, & Cheng, 2009)

Several distinct pools of soil carbon exist, and these pools are called
fractions, with the shortest-lived carbon (<l-year-old) represented by
microbial biomass and labile root exudates, which are easily decomposable
simple organic compounds released by roots into soil. Medium-term carbon,
several years to decades old, is represented by more complex organic
materials. Ancient carbon, hundreds to thousands of years old, is represented
by humins and humic acids, among other materials (Gershenson et al., 2009).

The effects of the application of biochar as an amendment on soil
carbon dynamics relates specifically to how management practices influence
the net balance of carbon inputs and losses. To commence this analysis,
highlighting the mechanisms though which carbon enters and exits the soil
carbon pool is critical. Two main processes have been identified through
which carbon enters the soil pool, and one principal process for soil carbon
loss also observed. Carbon can either enter the soil through litter fall

(decomposing woody and leafy material); a result of natural deposition or
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management activities where it is incorporated directly into mineral soil

horizons or indirectly by way of surface organic matter, or it can enter the soil
pool through rhizosphere processes, which include fine root death and root
exudation (Gershenson et al., 2009). Microbial decomposition, which is
largely dependent on temperature, moisture, and substrate availability, plays a
primary role in the loss of carbon from the soil (Wu et al., 2017).

A complex set of factors can affect soil carbon dynamics within soils.
Potential exists for biochar to affect soil carbon dynamics by changing the
rates of microbial decomposition, changing environmental conditions such as
temperature and moisture, and changing the quality of litter inputs (more labile
versus more recalcitrant inputs). Another important factor in decomposition of
carbon in the context of biochar soil management is the stabilization of
biochar carbon, which is becoming an interesting management practice
worldwide (Gershenson et al., 2009). If biochar is incorporated into soils, it
can serve as an important long-term soil carbon pool, as well as increase
overall soil quality (Randolph et al., 2017). Allaire et al., (2015), reported an
increase in the overall soil C content after an incorporation of biochar into the
soil. Biochar as a pure C source has the tendency to increase soil C stocks
when applied to soil. Providing a rich source of C for microbes is another
possible reason for observed increases in biological activities in salt-affected
soils after biochar addition (Dai, Barberan, Li, Brookes, & Xu, 2017).
However, previous studies on the effects of biochar on microbial biomass
carbon (MBC) are inconsistent. While in some studies, biochar application
significantly decreased soil MBC (Dempster, Gleeson, Solaiman, Jones, &

Murphy, 2012), in other studies, there was no significant effect of biochar
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addition on soil MBC (Zavalloni et al., 2011). In contrast to the above

mentioned observations, some other authors have found positive effects of
biochar addition on microbial biomass studies (Gomez, Denef, Stewart,
Zheng, & Cotrufo, 2014; Mierzwa-Hersztek, Klimkowicz-Pawlas, & Gondek,
2017). Generallyy, MBC highlights changes in SOC content and
decomposition. Therefore, it can be stated that any processes and materials
(inputs) which increase or decrease soil C content have the potential to
influence soil microbial biomass and activity. Therefore, biochar, as a pure C
source, can provide more C for the soil microbial community and increase
MBC. Application of biochar to agricultural soils has been proposed as a
means of increasing C storage in soil (that are inherently low in organic
matter) and minimizing leaching of nutrients from these agricultural soils that
are highly weathered (Domingues et al., 2017; Mia et al., 2017). Observed
interaction effects between biochar C and available C (glucose C and plant
residue C) on C mineralization have also been reported. The rate of
decomposition of biochar is reported to increase after glucose addition (Luo et
al., 2017). However, Liang, et al., (2010) and Zavalloni et al., (2011) reported
no effect on biochar C mineralization with addition of plant residues. Other
studies have reported relatively slow decomposition of added C in biochar-
amended soils, which was attributed to decreasing C-use efficiency by soil
microorganisms (Quilliam, Glanville, Wade, & Jones, 2013) and to
stabilization of labile C.

Interestingly, application of fertilizer has also been found to greatly
increase soil C content. A significant interaction between biochar and

fertilization almost always gives a synergistic relationship between both
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treatments. For instance, in studying the effect of biochar on C dynamics,

Allaire et al. (2015) observed that, full-N fertilization favored higher increases
in soil C content. This finding was attributed to the fact that, the fertilizer
application may have probably activated microbial activity and root
development, both increasing biomass turnover. Another point worthy to be
mentioned is that soil carbon is sensitive to soil type, (as higher clay content
increases amounts of carbon adsorbed to soil surfaces), and soil structural
characteristics, (such as soil aggregation, which provides physical protection
from decomposition of soil organic matter) (Gershenson et al., 2009). All the
above-mentioned factors enumerated can affect soil carbon dynamics in
multiple, interrelated, and competing ways.

2.3.2 Biochar and soil nitrogen dynamics

In addition to the propensity to sequester C, biochar has been found to have
agronomic benefits and to change the nitrogen (N) dynamics in soils (Fidel et
al., 2017). There has been a growing interest in the potential of biochar on
nitrogen dynamics since the biochar and N cycling review of Galloway et al.,
(2008). The anthropogenically induced global N cascade is resulting in
enhanced fluxes of nitrous oxide (N20), ammonia (NH3), and nitrate (NO3-)
leaching (Galloway et al., 2008) as a consequence of the increasing
intensification of agricultural systems. Therefore, in recent times, there has
been a heightened interest in mitigation options to reduce environmentally
harmful N fluxes. Biochar has been shown over the years to have potential in
reducing inorganic-N leaching (Mia et al., 2017), N20 emissions (Yi et al.,
2017), and ammonia volatilization, while also increasing biological nitrogen

fixation (Rondon, Lehmann, Ramirez, & Hurtado, 2007).
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2.3.2.1 Mitigation of nitrogen leaching using biochar

A lot of mechanisms have been proposed to throw more light on the
apparent retention of N in soils amended with biochar and the reduction of N
leaching. These mechanisms include adsorption of NHz or organic-N onto
biochar, cation or anion exchange reactions, and enhanced immobilization of
N as a consequence of labile C addition in the biochar (Clough, Condron,
Kammann, & Miiller, 2013).

Current scientific research has given clarity on potential role of
biochars with respect to NO; adsorption. Yao et al., (2010) evaluated 13
biochar materials to determine their potential to remove NOj; from solution.
They observed that four biochars (bagasse, bamboo, peanut hull, and Brazilian
pepperwood) produced at high temperature (600 °C) were able to remove
between 0.12% to 3.7% of NO; from a solution with variation in removal due
to species of feedstock used. The potential biochars produced at higher
temperature to remove NO3 ™ as observed by Yao et al (2012) substantiates the
earlier findings of Mizuta, Matsumoto, Hatate, Nishihara, & Nakanishi, (2004)
who found that bamboo biochar produced at 900 °C had a high NOj;
adsorption capacity.

A very informative study was undertaken by Kameyama, Miyamoto,
Iwata, & Shiono, (2016) using sugarcane bagasse, where they determined
NO;~ adsorption properties of bagasse biochar produced at five pyrolysis
temperatures (400-800 °C). A significant NO;~ adsorption occurred at
pyrolysis temperatures >700 °C. At high pyrolysis temperatures the biochars
had high pH (8.7-9.8) and Kameyama ef al. 2016 reasoned that the adsorption

of NO;~ was a result of base functional groups and not a result of physical
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adsorption since surface area and micropore volumes followed difterent trends

when compared to observed NO;™ adsorption. A similar study by Dempster et
al., (2012) also showed that a Eucalyptus sp. biochar produced at 600 °C could
adsorb NO3;~ when placed in an ammonium nitrate solution (10 g:100 mL),
with up to 80% adsorbed after 24 h when the NO3 N concentration was 2.5 —
5 mg NO;-N I'' (0.02 — 0.04 mg NO3;—N per g biochar), decreasing to 38% at
50 mg NO; —N ™! although the adsorbtion rate had increased to 0.19 mg
NO; —N per g biochar.

From the afore-mentioned research works carried out by the various
authors, it can be said that for a biochar to have the potential to adsorb NO; ,
then the biochar feedstock material needs to be pyrolised at a temperature of at
least 600 °C. Obviously, there is also a feedstock type effect on NO3-
adsorption potentials and further research is needed to bring to light exactly
how feedstock characteristics determine NO3  adsorption potentials given that
high pyrolysis temperatures are deemed a prerequisite.

The practical implications of adding such a NO;' retentive biochar to a
soil relative to reducing NO;3™ leaching needs to be queried. The significance
of NO;™ retention mechanism was studied by Yao et al., (2010) with respect to
NO;~ leaching, using two biochars with good NO; retention properties
(peanut hull and Brazilian pepperwood biochars made at 600 °C). These
biochars were incorporated (2% by weight) into a sandy soil, in columns, and
a nutrient solution (34.4, 10.0, and 30.8 mg I”' of NO;~, NH,4*, and phosphate
(PO4%") was respectively applied. When the columns were flushed with 4 pore
volumes of water over 4 days, it was observed that the biochar materials

reduced NO;~ leaching by 34% (Yao et al., 2010). Thus biochars produced at
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high temperature can reduce NO;™ leaching. The disparities in the magnitude

of the reduced NO;  leaching between laboratory and column studies may be
possibly ascribed to the fact that column studies contain soil, with rates of
biochar and NO;~ concentrations that differ from the laboratory studies, and
they have the potential for other loss pathways such as immobilisation and
denitrification of NOs~ to occur (Clough et al, 2013). That notwithstanding,
other critical issues with respect to the potential for biochar to reduce NO3 ~
leaching were also raised in the study of Kameyama et al., (2016). The authors
interrogated if adding biochar could significantly change a soil’s physical
characteristics relative to the hydraulic conductivity of the soil, and if so,
could this affect the rate of NO3~ leaching, negating or amplifying any effect
of NO;~ adsorption? And they also asked how permanent the adsorption of
NO; on to biochar was when incorporated in a soil?

The biochars physico-chemical characteristics such as pore size
distribution, hydrophobicity and the rate of biochar addition can be used to
answer the first question. Application of a bagasse biochar produced at 800 °C
at a rate >5% by weight to a calcaric dark red soil increased the saturated
hydraulic conductivity, with the effect likely to also be a function of the meso-
and micro-pore fractions in the soil and biochar (Kameyama et al., 2016).
Thus, application of biochar as a soil amendment could potentially increase
the hydraulic conductivity of the soil, or preferential flow around larger
particles, and thus lead to enhanced leaching of NO;~. Some authors, on the
other hand have found that, amendment of soil with biochar increases water
retention capacity and this may decrease leaching of NO3~ (Dempster, ef al.,

2012). Ideally, the water-holding properties of the soil should be known, and
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a biochar of suitable pore size distribution should be selected and applied at a

rate not likely to enhance leaching (Clough et al, 2013). The permanence of
adsorbed NO;~ was also examined by Kameyama ef al. (2016) by measuring
NO;™~ transport in soil columns amended with the same NO; adsorbing
bagasse biochar (0%, 5%, or 10% by weight). They observed that when a 20
mg N 17! solution of KNO; was applied to the soil columns the maximum
concentration of NO;~ in the effluent was approximately 5% less than in
control (unamended soil), but the cumulative discharge of NO;~ was similar in
all treatments (Kameyama et al. 2016). The authors therefore concluded that
NO;~ was only weakly adsorbed onto biochar, that it could be desorbed by
water infiltration, and that the net result may be an increased residence time
for NO;~ in the soil. Consequently, this may allow a greater opportunity for
plant uptake of NO; . Conclusively, the influence of biochar in curtailing
NO;~ leaching will primarily depend on its NO3~ adsorption capacity (initial
pyrolysis temperature and feedstock) and if anion or cation exchange
capacities evolve with time in the soil, the biochar rate applied, the resulting
rate of NO;~ adsorption, the N loading of the given ecosystem, the resulting
soil hydraulic characteristics, precipitation/irrigation events, soil type, plant
and microbial N demand and potential biochar effects on these (e.g., changes
in nitrification rates) (Clough et al., 2013).
2.3.2.2 Immobilisation and ammonia volatilisation

A reduction in leaching of N has also been found in the absence of
increased ion retention by biochars. Two switchgrass (Panicum virgatum L.)
biochars produced at either 250 or 500 °C were placed in an Aridosol by

Ippolito, Stromberger, Lentz & Dungan (2014) and subsequently, the
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cumulative NO;3~ leaching was determined at 34, 62, 92, and 127 days after the

initiation of the experiment. Ippolito et al. (2014), found that less NOs;
leached when biochar produced at the lowest temperature biochar was applied.
This observation was attributed to the presence of more easily degradable C
compounds at the lowest temperature and greater N immobilisation, thus
reducing NO;~  leaching (Ippolito ct al., 2014). A 2M KCI extract of the
incubated biochar-soil matrix also substantiated this reasoning with less NO3~
present in the low temperature biochar-treated soils (Ippolito et al., 2012). Five
biochar materials were incorporated into soil by Schomberg et al., (2012), and
after a 127-day incubation period, reduced N leaching was observed. The
observation was ascribed to the promotion of NHj losses by the biochar as a
consequence of the elevated soil pH resulting from biochar addition
(Schomberg et al., 2012). It is, therefore, considered worthwhile to examine
the long-term net outcome of biochar in reducing leaching via N
immobilisation, changes in nitrification, N sorption onto biochar or promotion
of NHj; volatilisation. Immobilisation of N may only happen for a short term
following biochar application, and may lead to a delay in leaching of N
(Clough et al., 2013).
2.3.2.3 Ammonium Adsorption and Leaching

Adsorption of NH," by biochar has been examined in a lot of scientific
studies. For instance, Yao et al. (2012) observed that 9 of the 13 biochars
tested in their sorption studies could remove NH," from solution (0.1 g
biochar in 50 mL of 10 mg NH,* L_'), with removal rates ranging from 1.8% —
15.7% (0.05 to 0.79 mg NH," per g biochar). Dempster et al. (2012) used

Eucalypt sp. biochar pyrolysed at 600 °C and they observed that, the Eucalypt
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sp. biochar could adsorb 75% of the NH," in solution at 2.5 and 5 mg NHy —N

L™ (0.02 — 0.04 mg NH,'—N per g biochar) but this was reduced to 54% at 50
mg NH,'=N L', irrespective of the fact that the adsorption rate had increased
to 0.25 mg NH4*—N per g biochar. Placing NH," retentive biochars into soil
has also been shown to affect the leaching of NH,' (Clough et al., 2013).

Soil solution NH," concentrations were found to have been affected at
20 cm depth when Ying Ding et al., (2010) added a bamboo charcoal
(pyrolysed at 600 °C and added at 0.5% by weight to 0-10 cm depth) at a rate
of 400 kg N ha™' to a sandy silt soil, but no differences were observed at 40
cm depth after 70 days. Dempster et al. (2012) observed that when a biochar
with cation exchange capacity (CEC) of ~10 cmolc kg™' was added to a sandy
soil (CEC of ~2 cmol (4, kg™') NH4" leaching was reduced (15.0 to 12.9 mg
pot™") 21 days after fertilization with ((NH4);SOs; 40 kg N ha™'). The
explanation generally attributed to the adsorption of NH4" onto biochar and
the observed reductions in NH," leaching is the cation exchange capacity
(CEC) of the biochar. The above-mentioned NH," retention was performed on
fresh biochar materials which had relatively low CEC. In practical field
applications, cation retention increases with biochar age and depends on
climatic conditions (Zhelezova et al., 2017). The practical long-term
importance of freshly made biochar in reducing NH," leaching therefore ought
to be tested. However, the short-term practical impact of incorporating a new
biochar material into soil on the total (soil + biochar) CEC can be inferred if
both the soil’s CEC, and the biochar’s CEC and application rate are known
(Clough et al., 2013). For instance, no effects of biochar (50 t ha™') on NH4"

adsorption was observed by Jones et al. (2012) in a three-year field trial. In
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sandy soils this biochar input may be signiticant in terms of CEC, but may

also be insignificant, while for many soils that already contain higher levels of
organic matter and clay the impact of biochar may be inconsequential (Clough

et al., 2013).

Theoretically, ammonium held onto biochar surfaces due to cation
exchange should be readily displaced with potassium chloride extraction.
However, this was not observed when peanut hull biochar was exposed to
NH,"* solutions, with <0.39% of the total sorbed NH;" released (Prommer et
al., 2014). Despite the fact that the exact mechanism for the retention of NH4"
was not identified, it was suggested in this study that physical entrapment of
NH.," in biochar pore structures may have been responsible (Saleh, Mahmoud
& Rashad, 2012). With NH4" ion having a diameter of 286pm and considering
the fact that there is wide range of pore sizes in biochar materials, this
observed phenomenon is entirely possible (Spith & Kénig, 2010). It will,
therefore, be imperative to study the mechanisms responsible for the
adsorption of the various forms of N onto biochar surfaces and if possible, the
effect of time on these mechanisms.
2.3.2.4 Dissolved Organic Nitrogen Retention and Leaching

Arguably, just a hand-full studies have critically examined dissolved
organic-N (DON) leaching from soil and fewer still have paid attention to the
role of biochar on this. No effect of biochar was observed on levels of DON
leached from a sandy soil, which initially contained 18.8 mg N kg™ in the 0 -
10 cm depth (actual values measured in treatments were not reported) in a

study conducted by Dempster et al. (2012). It must, however, be emphasized
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that DON mainly carries a net negative charge. This, therefore, weakens the

case for biochar having the potential to reduce leaching via adsorption of NO;~
as argued by Dempster et al. (2012). The authors attributed the observed
reductions in NO3 leaching to reduced rates of nitrification rather than NO3~
adsorption, since the biochar was also known to inhibit nitrification (Dempster
et al. 2012). This observation concurs with the findings of Kameyama et al.
(2012), who found no differences in cumulative NOs~ leaching from a sandy
soil treated with a biochar known to be NO; retentive over a shorter
experimental duration.
2.3.2.5 Impacts of Biochar on Nitrogen Mineralization, Immobilisation and
Nitrification

Soil car'bon and nitrogen pools have a major impact on the rates of
mineralization and immobilization in the soil. Generally, immobilization of N
occurs as C:N ratio increases. Integration of biochar into the soil, therefore,
adds another complexion to both the C and N pools in the soil. Slower
mineralization of the biochar materials has been observed than the uncharred
biomass (Knoblauch, Maarifat, Pfeiffer, & Haefele, 2011). Furthermore,
application of biochar has been shown to decrease net N mineralization
(Prommer et al., 2014), cause increased net N mineralization (Mia et al.,,
2017), have no effect on mineralization (Schomberg et al., 2012), decrease
dissolved organic nitrogen (DON) or have little effect on DON (Prommer et
al., 2014). Moreover, addition of biochar has been reported to have no effect
on soil-N immobilization (Cheng, Cai, Chang, Wang, & Zhang, 2012) or

promote immobilization (Wang et al., 2017).
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Plant derived biochar embodied N has previously been assumed to be

of low availability (Alburquerque et al., 2013) due to it being in heterocyclic
structures. In an experiment conducted by Wang, Camps-Arbestain, Hedley, &
Bishop, (2012), it was reported that acid hydrolysable N (amino acids, amino
sugars and ammonia) found in manure-derived biochars decreased as pyrolysis
temperature increased (from 250 to 550 °C) with a strong correlation between
this acid hydrolysable N and CO, respiration, following biochar addition to
soil, indicating that the total acid hydrolysable N represented the available N
in the biochar.

According to Dai, Barberan, Li, Brookes & Xu (2017), fresh low
pyrolysis temperature biochars can contain significant amounts of labile C that
can be readily utilized by soil microorganisms which, when incorporated into
the soil may have the tendency to render the microbially available soil N
immobilized in the short term. This observation was demonstrated by Bruun,
Miiller-Stéver, Ambus & Hauggaard-Nielsen (2011) in an experiment in
which wheat straw was pyrolysed at slow and fast temperatures. The wheat
straw biochar produced at fast pyrolysis temperature resulted in a biochar that
still contained a labile, un-pyrolysed carbohydrate fraction. When the slow and
fast pyrolysis temperature biochars were applied to the soil the fast pyrolysis
temperature biochar resulted in immobilisation of mineral N while the slow
pyrolysis temperature biochar resulted in net N mineralization over a 65-day
incubation period. Due to the fact that integration of biochar into soil involves
multiple N pools, tracer studies are needed to study the gross N
immobilisation and mineralization rates. '’N labelling-tracing was used by

Nelissen, Saha, Ruysschaert & Boeckx, (2014) to elucidate and model gross N
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dynamics following biochar (maize pyrolysed at 350 °C or 550 °C, C:N = 43

and 49, respectively) addition (10 g kg™' soil) to a loamy sand (C:N = 9). In
this study, the authors reported that gross N mineralization was stimulated by
the application of biochar, with most of the N coming from a more recalcitrant
fraction, whereas mineralization in the control was mainly from a labile N
pool. This observation was ascribed to the biochar having a priming effect, i.e.
stimulating microorgansims to mineralize recalcitrant soil organic matter
(SOM) (Luo, et al., 2017). The authors finding was in accordance with the
results of Schomberg et al. (2012) who also found differences in a recalcitrant
N fraction when incubating several different biochars over 127 days. Increased
turnover of SOM can emanate from the application of biochar as a result of
priming effects, most likely induced by labile components of the biochar, and
this may increase with increasing soil pH and decreasing pyrolysis
temperature (Luo et al., 2017). Thus, while biochar may contain bioavailable
form of N, its mineralization and release will be dependent on how recalcitrant
the biochar and soil N and C pools are, on the soil and biochar C:N ratio, the
relative magnitude of the soil and biochar C and N pools, and the studied
ecosystems (Clough et al., 2013).

Application of biochar to soils may have no effect on gross or net
nitrification rates in agricultural soils (Cheng et al., 2012), but biochar addition
to soils has been reported to enhance net nitrification in natural ecosystems as
a result of the liming effects of biochar or the removal of inhibiting substances
such as polyphenols or tannins (Castaldi et al., 2011). Volatile organic
compounds associated with a biochar production can decrease nitrification

activity (Clough & Condron, 2010). Wang et al. (2017) reported reduced
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nitrification in a peanut shell biochar amended agricultural soil because of the

enhanced microbial activity and reduced the abundance of ammonia-oxidizing
bacteria. In agricultural ccosystems, the lack of positive effects on net
nitrification rates in biochar amended soils may be ascribed to the fact that,
agricultural ecosystems are already characterized by high nitrification rates
(DeLuca, MacKenzie, Gundale, & Holben, 2006). A study conducted by
Nelissen et al., (2014) reported that addition of biochar stimulated gross
nitrification in an agricultural soil. The authors attributed this observation to
increased mineralization of NH," from the recalcitrant soil N pool, where the
emission was larger than the simultaneous incorporation of NH," into the
labile soil N pool. The authors, therefore, reasoned that the stimulation in
gross nitrification was mainly due to an increase in the NH," substrate supply.
2.2.3 Effects of biochar on microbial biomass and activity in soils
2.2.3.1 Soil microbial biomass

The effects of biochar on soil microbial biomass (SMB) and activity
can influence N transformations (Kammann et al., 2017). However, the
impacts of biochar on soil microbial biomass and activity are still poorly
understood, particularly beyond initial, short-term laboratory studies. Biochar
has been reported to have induced large changes in SMB composition and
activity, with beneficial effects on soil and/or plant productivity in the short
term term (< one year) (Dai et al.,, 2017; Mierzwa-Hersztek et al., 2017).
Biochar-induced changes in pH-value, generation of carbon-nutrient
agglomerates in soil (Castaldi ef al., 2011) and sorption of toxic substances
such as heavy metals or provision of an additional C-source

(Mierzwa-Hersztek et al., 2017) may have resulted in these positive effects on
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soil microbial biomass following biochar application. Furthermore, biochar is

observed to provide a habitat for mycorrhizal fungi, particularly by deliberate
inoculation in the laboratory compared to the field (Quilliam et al., 2013).
However, a decrease of microbial biomass following the soil application of
biochar has also been observed, resulting in lower soil C and N turnover rates

(Dempster et al., 2012).

Several authors have found positive effects of biochar on growth, root
colonization and spore germination of mycorrhizal fungi (Salem, Kohler,
Wurst, & Rillig, 2013) as well as on the activity and abundance of SMB
(Bargmann, Martens, Rillig, Kruse, & Kiicke, 2014). Conversely, negative
effects of biochar application as an amendment to soils on mycorrhiza have
also been reported, pointing to the occurrence of toxic compounds, mostly
present in the water soluble carbon fraction (George, Wagner, Kiicke, &
Rillig, 2012). Corn cob derived biochar has been reported to increase
microbial biomass and activity in soils, indicating the importance of biochar
feedstock material for any effects on microorganisms (Steinbeiss, Gleixner, &
Antonietti, 2009).

Apart from the feedstock material, the effect of biochar on SMB
depends on the production process conditions, the time following the addition
to soil and soil fertility status (Muhammad et al., 2014). The variations in
biochar amelioration effects on SMB also depend on soil C content (Kimetu &
Lehmann, 2010), soil texture, and soil management practices. Similarly, the
response of soil microorganisms to biochar addition may vary with land use

and agricultural management practices. Biochar application has been assessed
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for a wide range of soils including sands, sandy loams and sandy clay loams.

Mixed responses from biochar application in soils that differed in soil fertility
status and textural class include reductions in microbial biomass (Dempster et
al., 2012), transient variation in bacterial or fungal growth, and increased
microbial activity (Rutigliano et al., 2014). Inconsistent responses have been
reported in microbial biomass and some components of microbial activity to
the incorporation of biochar in soil (Dempster et al., 2012).

Considering the wide influence of SMB on the soil nutrient cycling
and on plant growth, it is imperative to identify the effects of biochar on soil
microorganisms more succintly. However, there is limited scientific
knowledge of the long-term effects of biochar on SMB to precisely predict
SMB responses to biochar addition.
2.2.3.2 Soil microbial activity

Incorporation of biochar into soils promotes soil biological activity. In
spite of the fact that biochar contains more recalcitrant C than other organic
substrate such as compost and crop residues it has been shown that temporary
release of labile C following biochar addition can considerably promote soil
biological activity, but this effect could be short lived (Lehmann et al., 2011a).

The observed effects of biochar on soil microbiological activity are
reported to result from at least three effects: alteration of phyico-chemical
interactions, such as increased water and nutrient retention; electron donor
provision; and provision of micro habitat that protects some microorganisms

from predation.
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2.2.3.2.1 Physico-chemical interactions

The incorporation of biochar into soil enhances the water holding
capacity of the soil (Arthur and Ahmed 2017; Liu et al.,, 2017), nutrient
adsorption capabilities (Zygourakis, 2017), dissolution-precipitation, acid-base
reactions, redox reactions (Cayuela, et al., 2013) and cation retention
(Domingues et al., 2017). The surface characteristics of biochar may exert
positive impacts on soil nutrients and cations (Domingues et al., 2017), and
the adsorption of nutrients onto biochar surface can lead to increased local
nutrient concentrations for microbial community species (Yang Ding et al.,,
2016) and enhanced water retention which provide a conducive environment
for microbes and enzymes to thrive and flourish to enhance soil ecosystem
functionality.
2.2.3.2.2 Substrate provision

Generally, biochar is perceived as an inert soil material but evidence
exists to show that biochar decomposes on two different timescales. In the
initial stage, the labile C in biochar acts as substrates for soil biota.
Consequently, soil microbial populations are affected by the quality of the
applied biochar. The quality of biochar, in turn, depends on feedstock and
pyrolysis conditions (Pandit, Mulder, Hale, Schmidt, & Cornelissen, 2017).
Low molecular weight oxygenated volatile organic compounds (acids,
alcohols and carbonyls) serve as substrates (Domingues et al., 2017) in low
concentrations, but are toxic to microorganisms at higher concentrations (Zhu,
Xiao, Shen, & Li, 2017) as are polycyclic aromatic hydrocarbons, cresols and

xylenols (Xu & Zhou, 2017).
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Enhanced microbial biomass respiration and respiration etficiency

have been reported in response to biochar treatment (Mierzwa-Hersztek et al.,
2017). Lower temperature biochars were observed by Dai et al., (2017) to
have resulted in enhanced CO, evolution as a result of higher amounts of
water-extractable organic carbon. Biochar mediated CO» evolution must also
be considered in the context of greenhouse gas emissions with reports of
increased methane and decreased nitrous oxide releases from rice paddy
(Wang et al., 2017).

Remarkable differences in soil microbial community composition have
been recorded in biochar amended soils, compared to similar, adjacent native
soils (Mia et al., 2017; Mierzwa-Hersztek et al., 2017). Therefore, it is clear
that application of biochar as a soil amendment affects microbial ecology
beyond the timescale of adsorbed residuals metabolism. It must be emphasized
that, changes in the soil microbial population following applications of biochar
as an organic amendment varies according to biochar type (electron donors),
rate of application, frequency of application and duration of application
(longer term effects) (Johannes Lehmann et al., 2011b).
2.2.3.2.3 Habitat provision

Pores in biochar can provide support surfaces for microbial
colonisation which, together with enhanced water holding capacity, can afford
a suitable habitat for microorganisms (Dai et al., 2017; Yang, Zhao, Gao, Xu,
& Cao, 2016). The ability of biochar to support larger numbers of microbes
with higher respiration rates was studied by Jien & Wang, (2013) and
Domingues et al., (2017). In their study, the authors observed a significant

positive response from biochar, with its relatively high surface area and

41




adsorption capacity. These observations made by the authors therefore

presuppose that, a high surface area in combination with high water retention
serve as a panacea for an increased microbial abundance. Also, the two
materials supported distinct population types as demonstrated by phospholipid
fatty acid analysis. The disparities reported in the biochar and activated carbon
with respect to microbial ecology remain unresolved although they may result
from pore size variations affording protection from fungal grazers (Warnock et
al., 2010), or effecting pH and local concentrations of pore gases.

Enzyme activities should be considered paramount in reviewing soil
microbial responses to biochars. Bailey, Fansler, Smith & Bolton Jr, (2011)
examined enzyme activity (B-glucosidase, B-N-acetylglucosaminidase, leucine
aminopeptidase and lipase) in the presence of Panicum virgatum biochar in
three soil types (Palouse silt loam, Quincy sand and Warden sandy loam). The
authors, however, recorded inconsistent results with both increased (enzyme
function chemical enhancement) and decreased (substrate sorption) activities.
A lot of studies, therefore, have to be done to elucidate the activities of
enzyme and their effects on soil microbial response following biochar
additions to soils of the humid tropics.

2.4 Biochar Management and Soil Nutrient Availability

Applications of biochar to soils have been reported to substantially
increase the availability of total nitrogen concentrations and phosphorus as
well as other major cations (Lehmann, Gaunt, & Rondon, 2006). The
application of bio-char (charcoal or biomass-derived black carbon (C)) to soil
is proposed as a novel approach to establish a significant, long-term, sink for

atmospheric carbon dioxide in terrestrial ecosystems. Apart from positive
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effects in both reducing emissions and increasing the sequestration of

greenhouse gases, the production of biochar and its application to soil will
deliver immediate benefits through improved soil fertility and increased crop
production. Conversion of biomass C to biochar C leads to sequestration of
about 50% of the initial C compared to the low amounts retained after burning
(3%) and biological decomposition (< 10-20% after 5-10 years), therefore
yielding more stable soil C than burning or direct land application of biomass.
This efficiency of C conversion of biomass to biochar is highly dependent on
the type of feedstock, but is not significantly affected by the pyrolysis
temperature (within 350-500 oC common for pyrolysis). Existing slash-and-
burn systems cause significant degradation of soil and release of greenhouse
gases and opportunies may exist to enhance this system by conversion to
slash-and-char systems. Our global analysis revealed that up to 12% of the
total anthropogenic C emissions by land use change (0.21 Pg C) can be off-set
annually in soil, if slash-and-burn is replaced by slash-and-char. Agricultural
and forestry wastes such as forest residues, mill residues, field crop residues,
or urban wastes add a conservatively estimated 0.16 Pg C yr'. Biofuel
production using modern biomass can produce a bio-char by-product through
pyrolysis which results in 30.6 kg C sequestration for each GJ of energy
produced. Using published projections of the use of renewable fuels in the
year 2100, bio-char sequestration could amount to 5.5-9.5 Pg C yr“‘ if this
demand for energy was met through pyrolysis, which would exceed current
emissions from fossil fuels (5.4 Pg C yr''). Bio-char soil management systems
can deliver tradable C emissions reduction, and C sequestered is easily

accountable, and verifiable (Lehmann et al.,, 2006). The Cation exchange
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capacity and soil pH have been found to increase following the application of

biochar (Pandit et al., 2017; Wang et al., 2017: Zhelezova et al., 2017).
Increases in the availability of nutrient for plants is the result of both the direct
nutrient additions by the biochar and greater nutrient retention (Domingues et
al., 2017), but it can also be inferred that partly, the higher nutrient availability
of nutrients in biochar amended soils is a resultant effect of changes in soil
microbial dynamics (Degrune et al., 2017).

The availability of nutrients in biochar amended soils will culminate
into increases in crop yield. Increases in yield have frequently been reported
that are directly attributable to the addition of biochar over a control without
biochar (Xiao et al., 2016). The immediate beneficial effects of biochar
additions for nutrient availability are largely due to higher potassium,
phosphorus, and zinc availability, and to a lesser extent, calcium and copper
(Johannes Lehmann et al., 2011a). The long term beneficial effects of biochar
applications on plant nutrient availability include an improvement in the
stabilization of soil organic matter, concurrent slower release of nutrient from
added organic matter, and an improvement in the cation exchange capacity of
the soil which ultimately results in better retention of all cations, which
subsequently increases crop productivity.

The effect of biochar applications on crop productivity depends on the
rate of biochar application. Invariably, nitrogen limitation is the reason for a
substantial decrease in yields at high application rates, as nitrogen availability
decreases through immobilization by microbial biomass at high C:N ratios
(Lehmann et al., 2006), although other growth-limiting factors may be

responsible as well. With increasing rates of application, plant response at a
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given site is positive until some maximum is reached, above which growth

response is negative (Lehmann et al., 2006).

Moreover, the response of plant yields to biochar applications is
dependent on the properties of the biochar, soil properties (greater response
occurs on nutrient-deficient, sandy soils), concurrent nutrient and organic
matter additions, and plant species. Leguminous crops have been reported to
thrive well under greater biochar applications as compared to gramineae
species, since they can compensate for limited nitrogen availability by
increased biological nitrogen fixation (BNF) (Lehmann et al, 2006).
Incorporations of nutrients into the soil from inorganic or organic sources
(fertilizers) are usually significant for high plant productivity and enhance the
positive response of the bio-char amendment.

Biochar soil management, with associated increases in nutrient
availability and pH, not only enhances crop yields and decreases risk of crop
failure, but also opens new possibilities for cropping, i.e., high-value crops can
be produced on sites that would normally not be suitable for production
(Lehmann et al., 2011). Improving soil health by applying biochar to highly
weathered soils in the humid tropics that are inherently low in soil fertility will
result in having nutritious and easily marketable produce. This resultant
positive effect can improve cash retums which will ultimately enhance the
livelihood resilience and health of peasant farmers who currently only have
access to poor soils. Enhancement of the livelihood resilience of small holder
farmers in rural areas who depend solely on agricultural for their livelihood is
possible not only through increased plant yields, but also through increased

quality and variety of the crops grown.
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2.5 Soil Fertility and Crop Productivity in Soils Amended with Biochar

A number of soil properties have a major impact on soil fertility. Soil
fertility involves a complex balance of biotic and abiotic factors that are
spatially and temporally dynamic. Application of biochar to soils may produce
immediate effects on soil properties such as water retention, or microbial
activity (Domingues et al., 2017; Arthur and Ahmed 2017; Dai et al., 2017),
but the magnitude of the effect depends on soil type (Mia et al., 2017).

For biochar added to soil to adequately revitalize nutrient-
impoverished soils, there should be noted increases in the quantities of plant-
available nutrients and the nutrition retention capacity of the soil (Sohi et al.,
2010). To elucidate the interactions between soil and biochar, there is the need
to critically consider how these effects of biochar on the soil ecosystem vary
geographically and temporally. Microbial diversity changes when organic
amendments are added to the soil (Zheng et al., 2016a). The turnover
processes of soil microbial communities and their interaction with organic and
inorganic plant nutrient are complex (Zak, Holmes, White, Peacock, &
Tilman, 2003) and have a profound effect on soil functions and its fertility.
Research has suggested that incorporation of biochar into soil can have a
significant impact on microbial C metabolism and population dynamics
(Jaiswal et al., 2017). Several explanations for these effects have been
reported, such as biochar sorption, including the presence of volatile organic
compounds (VOCs) that can inhibit or stimulate microbial mineralization
reactions or affect plant-microbial interactions (Spokas et al., 2012),
variability in biochar’s susceptibility to mineralization (Zimmerman, Gao, &

Ahn, 2011), microbial habitat through pH modifications, beneficial
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micropores on the biochar for microbial habitat (Warnock et al., 2010), or the

presence of critical nutrients for microbial growth and metabolic energy
transfer reactions. The above-mentioned explanations highlight the importance
of understanding the biochar-soil microbes interactions, and this knowledge is
fundamental in enhancing soil health with subsequent increase in crop
production. There are a greater number of increased yield results reported
following the incorporation of biochar into highly weathered or degraded soils
having limited fertility and productivity (Jeffery et al., 2017). A majority of
the yield improvements have been realized from traditional kiln-formed
hardwood charcoal or chars that possess plant nutrients (e.g., high N content in
poultry manure biochar) (Spokas et al., 2012). Several potential reasons exist
for this apparent improved performance of traditional hardwood charcoal
biochar. Firstly, biochars from fast pyrolysis units have been extremely
variable (Spokas et al., 2012). It has been suggested that incomplete
conversion of the biomass feedstock due to thermal limitations and
irreproducibility of heat transfer is the cause of this variability (Bruun et al.,
2011). Deenik, McClellan, Uehara, Antal, & Campbell (2010) also reported
variable volatile matter content in fast pyrolysis biochars. This therefore
translates to differences between batches of biochar produced, rendering them
potentially unique irrespective of the fact that similar production conditions
are used in producing the batches of biochar. Furthermore, there are variations
that exist not only in biochar quality as a function of the production process,
but also these variations are linked to the post-production storage or activation
(Nuithitikul, Srikhun, & Hirunpraditkoon, 2010). Activation can occur when

the biochar is cooled with water or when the hot biochar is exposed to
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atmospheric oxygen during cooling. Surface oxidation of biochar, even at -

ambient conditions, alters surface chemical groups (Cheng et al., 2012), which
subsequently influences the potential interactions with soil nutrient. It must
however be emphasized that, more often than not, the post-production
handling of the biochar is not reported. There is therefore the need to
effectively report biochar post-production handling and storage conditions.

A lot of authors have reported positive responses for net primary crop
production, grain yield and dry matter following biochar applications to soils
(Xiao et al., 2016). Two recent meta-analyses revealed an overall 10-12 %
increase in plant and crop productivity due to biochar addition to soil with the
most positive results for soils with a coarse texture and neutral to acidic pH
(Biederman & Harpole, 2013; Jeffery, Verheijen, van der Velde, & Bastos,
2011). This is consistent with other findings, indicating that biochar has the
most positive effects on plant yield in soils exhibiting a low cation exchange
capacity, low carbon content and low pH (Crane-Droesch, Abiven, Jeffery, &
Torn, 2013).

The impact of biochar on crop productivity largely depends on the
characteristics of soil, the climate of the planting area, feedstock type,
pyrolysis conditions, and dosage of biochar addition (Jeffery et al., 2017). This
actually accounts for the reason why researchers find different results in some
field experiments. For instance, positive results suggested that application of
biochar as an organic amendment improved crop yield (Zheng, Wang, Deng,
Herbert, & Xing, 2013). Olive-tree pruning-derived biochar amendment
positively correlated with a higher yield but the nutrient content was not

obviously affected (Olmo, Alburquerque, Barrén, Campillo, Gallardo et al.,
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2014). In a study conducted in Kaoma, Zambia, application of maize cob-

derived biochar significantly increased maize yield by over 100% in different
soils (Comelissen, et al., 2013). Oguntunde et al. (2004), investigated the
effect of charcoal residue on maize yield in Ghana, and they reported that
grain and biomass yield of maize increased by 91% and 44%, respectively on
charcoal site soils compared to adjacent field soils.

Contrary to the above-mentioned observations, some authors suggested
that the application of biochar to soil did not promote plant yields. Low
charcoal additions (0.5 t ha") have shown marked impact on various plant
species, whereas higher rates seemed to inhibit plant growth (Ogawa,
Okimori, & Takahashi, 2006). A substantial decrease in crop yield has been
reported by some authors when a higher dosage of biochar was applied
(Borchard, Siemens, Ladd, Mdller, & Amelung, 2014). For instance,
Rajkovich et al. (2012) carried out a pot experiment in a greenhouse and
observed that animal manure biochar and food waste biochar decreased the
yield of corn at a high application rate (7%), while lower rates of application
(2%, 0.5%) of biochar could increase the yield. A study conducted in Mkushi
in Zambia, revealed that neither maize cob nor wood biochar affected the
maize yields (Cornelissen et al. 2013). A three-year field experiment was
conducted by Jones et al. (2012) and they reported that biochar made from
commercial wood chip had a little effect on maize yield in the first year, but
enhanced maize yield in the third year.

The impact of biochar application is seen most in highly degraded

acidic or nutrient depleted soils (Jeffery et al., 2017). Crop yields, particularly
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on tropical soils can be increased if biochar is applied in combination with

inorganic or organic fertilizers.
2.6 Potential Responsible Mechanisms for Biochar Yield Responses

A complex interaction between biochar and fertilizer relative to yield
response has been reported (Yu et al., 2016). Applications of biochar as an
organic soil amendment to poor soils have been cited to enhance soil cation
exchange capacity (CEC) properties (Jeffery et al., 2017). It must however be
emphasized that, not all biochar—soil interactions cause an increase in CEC
because little or no changes in CEC have also been reported after certain
biochar additions to soils (Nguyen et al., 2008) that have been linked to other
parameters along the biochar production chain. Some studies have found that
application of biochar to soils may alter pH levels and the availability of soil
nutrients such as Ca or Mg, which were found to limit maize growth in highly
weathered tropical soils (Major, Rondon, Molina, Riha, & Lehmann, 2010), or
the availability of Boron and Molybdenum, which are important cofactors in
biological N fixation, while decreasing the concentrations of acidic cations
(exchangeable AI’" and H"). Other explanations for biochar’s crop yield
impact have ranged from N immobilization leading to decreased N availability
due to the high C:N biochar ratios (Fidel et al., 2017), liming effects of the
biochar (Jeffery et al., 2017), reduced plant availability of macronutrients due
to pH changes, and direct sorption of soil nutrients (Gai et al., 2014).

The impact of biochar applications on a variety of soil types at ten
different locations was studied by Insam (2001). In their study, the authors
observed increases in yield in soils with low P availability and improved plant

response to additional fertilizers with biochar additions. However, these
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findings are not universal; even fertilizer plus biochar additions have resulted

in suppressed yields in some cases (Spokas el al., 2012). It can, therefore, be
inferred that, soil nutrient status alone will not suffice to explain all the crop
responses observed following biochar application. However, it could be
important after biochar amendments to weathered and low N- and P-
containing soils due to fertilization (Spokas el al., 2012).

Other potential mechanisms responsible for the impact of biochar on
agronomic yield have also been documented. Studies have shown altered rates
and timing of seed germination as a function of biochar additions (Rillig et al.,
2010). Variations in germination and consequentially emergence of new
seedlings that are capable of independent existence could influence plant
growth and yield due to the timing of precipitation and accumulation of
thermal time. In other words, plant seeds that are concomitantly sown in
biochar-amended and non-biochar-amended soils that emerge at different
times are also temporally equivalent to a varying planting date (Spokas et al.,
2012). Variations in planting date in field plots have been observed to have an
effect on plant growth and yield due to the timing of precipitation and
accumulation of growing degree days (Egli & Bruening, 1992). Biochar can
also sorb, release, or catalyze transformations of compounds that affect plant
and microbial growth (Spokas el al., 2012). Quite recently, much attention is
focused on the role of volatile organics (VOCs) in soil microbial and plant
signaling which is seen as an emerging field of study (Insam & Seewald,
2010). In some cases, these VOCs may be sorbed by biochar particles (Dutta
et al., 2017), whereas at other times VOCs may be emitted from biochars

(Ghidotti, Fabbri, & Hornung, 2017). Plant allelopathic reactions are reported
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to emanate from this release or sorption of VOCs, and may inhibit or stimulate

microbial functionality and positive or negative plant effects (Deenik er al.,
2010). However, these chemical effects are reported to be dependent on the
properties of soil, soil microbes, plant, and the applied biochar (Spokas el al.,
2012). This, therefore, implies that, the role of biochar in sorbing or releasing
inhibitory chemicals could then be used to explain seemingly contradictory
results observed in yield responses to biochar application, because the yield
response can be inferred to be a function of the respective concentration
thresholds for the specific soil microbe or plant.

Improvements in plant yield induced by biochar additions are further
complicated by the occasional delayed response, with negative or no impact in
the initial year (Sorensen & Lamb, 2016) followed by yield increases of
varying degrees in subsequent years. These declayed responses are
hypothesized to occur due to aging of the biochar (e.g., oxidation or other
chemical alteration) (Singh, Hatton, Singh, Cowie, & Kathuria, 2010).
Chemical or thermal biochar activation significantly changes the surface
chemistry of biochar (Nuithitikul et al., 2010). Chemisorption of oxygen by
biochar particles also alters the surface chemistry and microbial degradability
(Cheng et al,, 2007), which could potentially affect biochar nutrient
availability. These abiotic chemisorption reactions occur at ambient conditions
which have only received limited attention in the biochar literature (Jones et
al., 2012; Zimmerman et al., 2011). These reactions that are observed in the
post processing of biochar can, therefore, have the potential to immensely
change the ‘potency’ of the biochar and resulting observed impacts. This,

again, highlights the need to report postproduction handling and storage of the
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biochar material. From the afore mentioned reactions, it can be said that the

impact of biochar on soil fertility may be either positive or negative depending
on the soil type, quality of the feedstock and rate of the biochar applied. An
application of high-nutrient biochar that exceeds recommended fertilization
rates may unbalance soil nutrient levels (Ippolito et al., 2014), produce little
improvement in soil nutrient retention, and increase nutrient leaching
potentials. Improvements in soil nutrient following biochar applications may
take some time to be observed. It is most likely to envision a delay in soil
improvements if a particular element is enclosed in a chemical ring structure
because the kinetics of surface functional group oxidation and cleavage of ring
structures would be rate limiting (Yao et al., 2010). However, a majority of the
existing studies have been limited to less than 3 years, which may not be
enough time for the soil nutrient cycle to be affected (Spokat et al., 2012).
Conclusively, it can be summarized that the responses of plants to the
application of biochar are the net result of production (e.g., feedstock and
pyrolysis conditions) and postproduction (storage or activation) conditions.
The production and post-production processes have the potential to impart
unique properties to each batch of biochar, irrespective of the fact that the
batches of biochar are produced from the same pyrolysis unit and biomass
feedstock. As a result of the lack of universal biochar properties and
characterization reported in biochar studies, full elucidation of the processes
responsible for yield response following biochar additions from literature
studies is unfeasible and requires additional detailed studies (Lehmann et al.,
2011a), particularly highlighting biochar production and postproduction

handling. The processes or mechanisms by which biochar enhances the growth
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and yield of plants are debatable, but this knowledge gab needs to be filed

since it is crucial to fully optimize the use of biochar for agronomic purposes.
2.7 Summary

Biochar has the potential to increase crop yield and provide ancillary
benefits of increasing fertilizer use efficiency and microbial community
structure to enhance soil biota for efficient ecosystem functionality.
Application of biochar to soils also has the potential to promote climate-smart
agriculture through carbon sequestration and mitigation of greenhouse gas
emissions. The use of iocally produced agricultural waste-recycled biochar
can, therefore, be used as an amendment to improve soil quality and support
economic crop production in the higly weathered tropical soils. Potential
research opportunities, therefore, exist with respect to the effect of biochar on
soils of the humid tropics, with special emphasis on the stability of biochar in
tropical soils, incorporation method, feedstock type, pyrolytic temperature,

and fertilizer application rate and fertilizer use efficiency.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Description of the Study Area

The research was conducted at the University of Cape Coast Teaching
and Research farm in the coastal savanna agro ccological zone of Ghana
(Figure 3). The area is characterized by high rainfall (1400 mm per annum)
with a bimodal pattern. The major rainy season starts in April and ends in mid-
July with a peak in the month of June. The minor season commences from
September to mid-November with a peak in the month of September. A short
dry spell separating the two rainy seasons occurs from mid-July to mid-
August. The main dry season is from November to March. Temperatures are
high throughout the year with mean monthly temperatures ranging from 20 °C
in June to 28 °C in April. The soil is a well-drained sandy loam developed on
sandstones, shales and conglomerates and classified as a Haplic Acrisol
(WRB, 2015). Soil chemical properties prior to establish the experiment were
pH 6.1, electrical conductivity 200 pS cm’’, total organic carbon 9.3 g kg‘l,
total nitrogen 0.73 g kg, with total phosphorus, potassium and magnesium
contents of <0.4, 11.9, and 9.3 mg 100 g, respectively, (Amoakwah,

Frimpong, & Arthur, 2017).
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Figure 3: Location of the study area.

3.2 Production and Basic Properties of Biochar

The biochar that was used in the experiment was produced from waste
corn cob feedstock pyrolyzed at 500-550 °C in a Lucia stove reactor for a
period of 48 hours. The biochar particles were homogenized by milling to a <2
mm particle size. Biochar chemical properties include: 85.3% dry-matter,
38.8% total carbon, 0.9% total nitrogen, 10.2 pH, 3.31 mg kg polycyclic
aromatic hydrocarbons, 3150 mg kg'] phosphorus, with calcium, magnesium,
potassium, and sodium of 8.7, 4.5, 31.8 and 2.2 g kg, respectively
(Amoakwah et al., 2017).
3.3 Field Layout

The study involved sixteen (16) plots each measuring 3 m x 6 m (18
m?), with pathways of 0.6 m between plots and 1 m between blocks. The study
prised four treatments with four replicates established in a randomized

com

complete block design. The field was ploughed and then harrowed to achieve

56



fine tilth, followed by the removal of stubble and weeds. On each plot, beds

were raised up to 15 cm above the soil surface to facilitate drainage.

The 2-mm sieved biochar was applied to the field plots at rates of 0, 10
t ha™' and 20 t ha', and 20 t ha™ with P (P-enriched biochar). These rates
corresponded to 0, 0.34 and 0.68% (w/w) of biochar for the respective plots.
Due to the low pH levels in most tropical soils, AI’" and Fe*' (sesquioxides)
predominate in the soil solution. These acidic cations have the tendency to
sorb available P, making P unavailable in the soil solution. The P-enriched
biochar was added as a treatment primarily to protect the added P from being
sorbed by the P-sorbing constituents in the soil solution. The P-enriched
biochar was prepared by mixing 50 kg P,Os ha™ (Triple super phosphate) with
0.34% (w/w) of biochar. The mixture was stored for seven days before it was
applied to the field. The treatments are denoted by CT, BC-10, BC-20, and
BC-20+P for the 0, 10 t ha™' and 20 t ha™', and 20 t ha" with P (P-enriched
biochar), respectively.

Biochar (with and without P fertilizer) was broadcast on the soil
surface of the treatment plots and incorporated into the soil by ploughing with
a hoe to a depth of about 20 cm on 7" November 2015. To maintain
consistency, ploughing (the same hoe treatment) was done on the control plots
each time biochar was incorporated in the biochar treatment plots. Three
weeks after biochar application to the soil, okra seeds were sown directly by
putting two seeds in each hole created with a dibber at a depth of 4 cm and at a
spacing of 60 cm x 60 cm. Two weeks after germination when the plants were
about 8 cm tall, the plants were thinned to one plant per stand. Pre-planting

fertilizer application of 50 kg P>Os ha™ in the form of triple superphosphate
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was done directly on the plots with the treatments without the P slurry. The

plants were side dressed with 100 kg N ha™ (sulphate of ammonia) and 100 kg
K5O ha™' applied in two splits, two weeks after germination and at fruit set.

After the end of one growing season, 50% of the biochar application
rate for the respective treatments was added to the initial application rates on
25" September 2016. Thus, 5 t ha™' of corn cob biochar was added to the plot
treated with 10 t ha”', and 10 t ha” was applied to the plots treated with 20 and
20 + P treated plots, yielding a total of 15 t ha™ (0.51% w/w), 30 t ha™ (1.03%
w/w) and 30 t ha™! (1.03% w/w) + P respectively. The treatments after the end
of the okra growing season are accordingly denoted as CT, BC-15, BC-30 and
BC-30+P for the 0, 15 t ha™', 30 t ha"' and 30 t ha™ + P (P-enriched biochar).
The basis for the split application was because the amount of biochar received
at the beginning of the experimental period was not enough to achieve the full
respective application rates. Hence, the biochar was applied in batches.
3.5 Soil Sampling

Soil samples were collected on 21* May, 2016 from the plots that
received the first batch of biochar, when the okra plants had reached
physiological maturity. A spade was used to extract bulk, minimally disturbed
soil samples from each of the 16 plots (four replicates from each of the CT,
BC-10, BC-20 and BC-20+P treated plots) at a depth of 0-20 cm for aggregate
characteristics measurements. In addition, bulk samples from each plot were
taken from the middle of each plot, avoiding visibly compacted areas of the

field due to human traffic for soil texture, pH, electrical conductivity and total

organic carbon analyses.
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On 16" January, 2017, soil samples from a depth of 20 cm soil layer

were randomly collected by soil auger (5 cm diameter) from the sixteen plots
that received the second batch of corn cob biochar (four replicates from each
of the CT, BC-15, BC-30 and BC-30+P treated plots). From each
corresponding plot, a spade was used to sample soil aggregates to determine
the aggregate protected carbon and nitrogen and water stable aggregate
measurements. The soil samples were sealed in plastic ziploc bags and
transported to The Ohio State University within 2 days after sampling. In the
laboratory, the aggregates were carefully spread on clean sheets and were

allowed to air-dry at room temperature.

59



CHAPTER FOUR

EFFECTS OF BIOCHAR ON SOIL PHYSICAL PROPERTIES

4.1 Aggregate Characteristics, Water Retention and Gas Transport
4.1.1 Introduction

Soils of the humid tropics are often highly weathered and are typically
characterized by low pH, low cation exchange capacity, and low inherent soil
fertility. The problem is further exacerbated by intensive and long-term
cultivation, which results in soil degradation due to soil acidification, soil
organic carbon (SOC) depletion and severe soil erosion (Meyer, Poesen,
Isabirye, Deckers, & Raes, 2011). The decrease in SOC caused by long-term
cultivation decreases thc aggregate stability of the soil and increases its
erosivity (Annabi, Bissonnais, Villio-Poitrenaud, & Houot, 2011) and
degradation of soil structure. These negative impacts may be aggravated if
crop production is conducted on lands with low productivity and high
proneness to soil physical degradation, a frequent situation in many
agroecosystems of Ghana. There is, therefore, the need to improve aggregate
strength and soil structural complexity of soils of the humid tropics through
the incorporation of soil organic amendments. Soil aggregation is a key
indicator of soil quality because it mediates microbial feedbacks of C and N
cycling in soils (Demisie, Liu, & Zhang, 2014). Similarly, soil structure is an
important soil quality factor that can influence crop productivity as it affects
storage and movement of soil water, nutrients, and gases within the soil
matrix. For agriculture purposes, a healthy soil structure is viewed as that
which shows a combination of well-developed soil aggregates and pore

systems (Bronick & Lal, 2005), enhancing the exchange of gases between soil
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and atmosphere. Soil structure also determines the ability of soils to carry out

essential ecosystem functions and services such as turnover of organic matter,
provision of optimal conditions for microbial activity, and C sequestration
(Gregory, et al., 2007; Lal & Shukla, 2004). Application of biochar to soil has
been reported in previous studies to improve soil aggregate stability (Obia,
Mulder, Martinsen, Cornelissen, & Berresen, 2016) by increasing the cation
exchange capacity of soils (Jien & Wang, 2013), thereby preventing clay
dispersion and associated disruption of soil aggregates (Fungo et al., 2017).
In a study conducted by Obia et al. (2016), application of corn cob biochar at
rates of 0.8 to 2.5 w/w% to a tropical sandy soil increased total porosity and
available water capacity by 2 to 3% respectively. Studies by Sun et al. (2013)
showed that birchwood biochar improved soil pore structure indices such as
pore tortuosity and pore organization by enhancing convective gas transport
and increasing the ratio of macroporosity to total porosity.

Although, previous studies have reported the effect of biochar application
on the volume and architecture of soil pores, the mechanisms underlying these
changes are yet to be fully understood (Atkinson, Fitzgerald, & Hipps, 2010;
Lehmann et al., 2011). Further, for soils of the humid tropics, research on the
effects of biochar on gas transport parameters and soil water retention
characteristics is relatively limited (Mukherjee & Lal, 2013a). Moreover, there
is paucity of information regarding the effects of biochar application on soil
aggregate characteristics in highly weathered soils of the humid tropics. Thus,
there is a knowledge gap on the effect of biochar application on aggregate

tensile strength, aggregate stability, soil friability, soil workability and clay

61



dispersibility of soils of the humid tropics under field conditions. Therefore,

the objectives of the study were:
e to elucidate the effect of corn cob biochar (with or without
phosphorus) on the aggregate characteristics: soil tensile strength,
friability, soil aggregate stability, clay dispersibility and soil
workability of a highly weathered tropical sandy loam.
e to examine the mechanisms underlying the effect of corn cob biochar
on soil water retention, air flow by convection and diffusion, and
derived soil structure indices under a series of controlled matric
potentials.
4.1.2 Materials and methods
4.1.2.1 Determination of soil aggregate characteristics
4.1.2.1.1 Soil aggregate stability

Soil samples extracted by the spade were gently broken along natural
planes of failure to obtain aggregates of < 8 mm. These aggregates were air
dried at room temperature, after which each sample was kept in a zip lock bag.
The De Leenheer & De Boodt (1995) method was used to determine the
aggregate stability of the samples. Briefly, for dry sieving, about 300 g of the
8-mm sieved air-dried samples were sieved again over a set of seven sieves
(0.30, 0.50, 1.00, 2.00, 2.83, 4.76, and 8.00 mm). Thereafter, another 300 g of

soil was sieved over the same set of sieves while immersed in water (wet

sieving) (Figure 4).
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Figure 4: The wet sieving machine.

The fractions remaining on each sieve for both the dry and wet sieving was
used to estimate the stability index. Details of the methodology are described
in Leroy et al., (2008). The stability index (SI) was used to classify the

aggregate stability of treatments based on Egs. (1), and (2).

stx‘d,—
2.m, (1]

Instability Index (1S) = MWD,,, — MWD, [2]

MWD =

where MWD is the mean weight diameter (mm), m;is the mass of aggregate
fraction i (g), and d;, the mean diameter of fraction 7 (mm). The stability index
(SI) was estimated as SI = 1/IS.
4.1.2.1.2 Clay dispersibility

Subsamples of approximately 10 g of air-dried aggregates of 1-2 mm
were taken for the determination of clay dispersibility as outlined by Pojasok
& Kay, (1990). Cylindrical plastic bottles with the soil subsample and 80 mL
artificial rainwater (0.012 mM CaCl,, 0.150 mM MgCl, and 0.121 mM NaCl;
pH 7.82; EC 2.24x107 S m ') were rotated end-over-end (33 rpm, 23-cm

diam. rotation) for 2 min (Figure 5). After shaking, the samples were removed
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and left undisturbed for sedimentation for 4 hours and 38 minutes, allowing

particles >2 m to settle. Subsequently, the suspension containing particles <2
m, i.e., the dispersed clay, was siphoned off by pipette and transferred into a
beaker. Ten milliliters of the suspension was then transferred to a pre-weighed
glass vial followed by oven drying at 105 °C for 24 hours. The weight of the
dispersed clay was determined after oven-drying the suspension. The
dispersible clay content was scaled by the clay content and reported as “mg

clay per g clay” since it is generally known that increasing clay content

enhances the amount of dispersible clay in soils.

Figure 5: End-over-end shaking method.
4.1.2.1.3 Soil tensile strength

Aggregates in the size classes of 1 —2mm, 2 — 4mm, 4 — 8mm and 8-
16mm for the tensile strength test were obtained from air-dried soil carefully
fragmented by hand during the drying process (Elmholt, Schjenning,
Munkholm, & Debosz, 2008). Tensile strength of air-dry aggregates of all four
size classes was measured as detailed by (Munkholm, Schjenning, & Petersen,
2001). In brief, the aggregates were crushed individually between two parallel
plates in an indirect tension test. Fifteen (15) individual randomly selected

aggregates for each combination of treatment, replicate, aggregate size, were
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tested (4 treatments x 4 replicates each x 4 aggregate size fractions x 15
aggregates = 960 tests). Aggregates were individually weighed before
crushing. Individual fracturing forces were obtained by crushing aggregates
between two flat parallel plates (Figure 6) in an indirect tension test (Dexter &
Kroesbergen, 1985). The machine was calibrated with a constant displacement

rate of 0.03 mm s for all the tests. The compressive force was measured with

a load cell (0—100 N).

Figure 6: Instron for the indirect tension test for the soil tensile strength
analysis.

Aggregate failure was detected when a continuous crack or a sudden drop in
the force reading was observed (Dexter & Kroesbergen, 1985). After the test,
the water content was determined by oven-drying subsamples of soil
aggregates at 105 °C for 24 hours.

The aggregate tensile strength (Y, kPa) was calculated from the equation:

F
y - 0.5762>< 3]
d
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where F (N) is the polar force required to fracture the aggregate and d (m) is

the mean aggregate diameter. The mean diameter of all aggregates was
estimated from the average of the upper and lower sieve mesh sizes of the
respective aggregate size classes (thus, 1.5 mm, 3 mm, 6 mm and 12 mm for

1 -2mm, 2 -4 mm,4 -8 mmand 8§ — 16 mm aggregate size classes
respectively). The effective diameter (d) of each aggregate was adjusted using
the aggregate's mass (Dexter & Kroesbergen, 1985). In this study, d was
estimated from:

d =d,~(’"°]3 (4
m.

[

where, d; is the mean diameter of the aggregates calculated from the respective
aggregate size classes, m, is the dry mass of individual aggregates and m; is
the mean dry mass for batches of 15 aggregates of each treatment.
4.1.2.1.4 Rupture Energy

The rupture energy, E, was derived by calculating the area under the

stress-strain curve:

E~Y Fls)hs, (5]

where F(s;) is the mean force at the ,-"' subinterval and As; is the displacement
th

length of the ;" subinterval. The mass-specific rupture energy, Esp, was

calculated as:

E
E,=— (6]
m

where m is the mass of the aggregate. For all the aggregate size classes (1 to 2

mm, 2 to 4 mm, 4 to 8 mm and 8 to 16 mm), the m was measured for each

individual aggregate tested for tensile strength.
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4.1.2.1.5 Soil friability

Soil friability is the tendency of a mass of soil to crumble into a certain
size range of smaller aggregates under applied stress (Utomo & Dexter, 1981).
Soil friability index was found as the slope of the graph of the natural
logarithm of the tensile strength (kPa) of the aggregates against the natural
logarithm of the aggregate volume (m’ ).

Friability was classified according to Imhoff et al., (2002): F < 0.1 =
not friable, 0.1— 0.2 = slightly friable, 0.2 — 0.5 = friable, 0.5— 0.8= very
friable and >0.8 = mechanically unstable.
4.1.2.1.6 Soil workability

Soil workability (W) is a combination of friability (F) and the inverse
of the mean of tensile strength (Y) as suggested by Arthur, Tuller, Moldrup, &

Wollesen de Jonge, (2014):

1
w=F x(—);] [7]

Thus, this parameter combines friability and the energy needed to fragment the
clods. A small workability value signifies unsuitability for soil fragmentation
at a.given energy input and vice versa.
4.1.2.2 Soil water retention and gas transport characteristics

For soil water characteristics measurments, 100-cm’ intact soil cores
were fust weighed and subsequently placed in a sandbox for the measurment
of the wet region of the soil water charactistics curve.
4.1.2.2.1 Wet region measurements

Measurement of wet region water retention was performed in the
laboratory at constant temperature of 20 °C. The 32 intact cores were placed in

a sand box (Figure 7) and saturated with water from undemeath, drained and

67



saturated again prior to imposition of suction levels. Suction was applied
successively after saturation to establish matric potentials (y) of =10, =30,

~50, and —100 cm H,0 (pF 1, 1.5, 1.7, and 2.0).

14 ik | “r

RS R TRV IR
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L

Figure 7: Sand box for the regulation of matric potential between pF 1 and
2.0.

Thereafter, samples were moved to a suction plate apparatus (Figure 8) to
successively establish matric potentials of between —300, and —500
(corresponding to pF 2.5, 2.7), cm H,0, and lastly to a Richard pressure plate
(Figure 9) at —1000 ¢m H,O (corresponding to pF 3.0) according to the

methodology described by Dane & Hopmans, (2002).

Figure 8: Suction plates for regulation of matric potential at pF 2.5 and 2.7.
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4.1.2.2.2 Dry region measurements

The dry end of the soil water retention curve (from pF 3.8 to 5.0) was
measured with a temperature compensated WP4-T dewpoint Potentiameter
(METER Group Inc., Pullman, WA, USA (Figure 10). At equilibrium, the
temperatures of the device and sample were measured in the chamber and
subsequently converted to water activity, a, (relative humidity). The well-
known Kelvin equation was then used to convert the a,, to matric potential (y).
First, air-dry subsamples from replication plots were oven dried to determine
the prevailing water content. Based on the prevailing water content, increasing
amounts of water was added to each air-dry subsample to roughly correspond
to matric potentials between pF 3.8 and 5.0. A total of eighty (20 from each
treatment) subsamples were used for this. To avoid evaporation losses, the
moistened soil samples were sealed in Ziploc bags and stored in the
refrigerator for 4 weeks to allow equilibration. After the equilibration period,

two consecutive soil water potential measurements were taken with the WP4-
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T. The samples were oven dried at a temperature of 105 °C for 24 hours to

determine the gravimetric water content.

Figure 10: WP4-T Dew point potentiometer for water retention determination
at pF 3.8 and 5.0.

For the water retention between pF 5.0 and 6.8, a Vapor Sorption
Analyzer (METER Group Inc., Pullman, WA, USA) was used (Figure 11).
Briefly, 3 g of an air-dry subsample was placed in the instrument and the

matric potential and soil mass simultaneously measured.
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Figure 11: Vapor Sorption Analyzer for determinnation of water retention at
matric potential of pF 5.0 and 6.8.

Measurements for each sample were done in duplicate and samples
were oven dried afterwards to obtain the gravimetric water content. For further
details on the measurement procedure, consult Arthur et al. (2014) and Likos,
Lu, & Wenszel, (2011).

Specific surface area (SA) was estimated from the measured water
retention between pF 5.0 and 6.8 using the theoretical Guggenheim-Andersen-
de Boer sorption isotherm equation as suggested by Timmermann, (2003) and
cvaluated by Arthur et al., (2017). After obtaining the monolayer water
content (Mo kg kg ") from the GAB modeling of the dry region water retention
data, the SA was obtained by the following relation, SA = MoNA/wy, where N
is Avogadro’s number (6.02><1023 mol™"), 4 is the area covered by one water

molecule (10.8x107%° m?) and wyy is the molecular weight of water (0.018 kg

mol").
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4.1.2.2.3 Air permeability

Flow of air by convection in an unsaturated soil is simply the
movement of air molecules in the soil medium in response to a pressure
gradient. The ability of a porous medium (eg soil) to conduct air by convection
is generally termed air permeability (Ka) (Ball & Schjenning, 2002). This is
the estimate of the intrinsic permeability, and it follows Darcy’s Law, which
states that the rate of fluid flow through a porous column is directly
proportional to the permeability or the pressure gradient (Ball & Schjenning

2002). This is given by the equation:

0]

where f, is the air density [L T"], n is the air viscosity [M L'T], p, isthe °

air pressure (M L' T?), x is the distance [L] in the flow direction, and ¢ is
the volumetric soil air content [L* L?]. The flux can be expressed as the
volumetric flow rate, Q [L® T"'], per unit area perpendicular to flow, as [L3,
through a path length, L [L]. In a tube of radius r and length L, Q can be

calculated from Poiseuille’s law. Solving for Ka gives the following equation:

on L,
= &P, [Ea-9]

where a, is the cross-sectional area [L*, and L, is the length of the sample

[L], Pa=hgp
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In the laboratory, air permeability, k,, was measured by the

Forchheimer approach (Figure 12) described by Schjenning & Koppelgaard,
(2017) on cores that were equilibrated at matric potentials of —30, —50, —100,
=300, =500 and —1000 cm H,O. Briefly, four corresponding values of pressure
difference, 4P at values around 5, 2, 1 and 0.5 hPa, were applied across the
soil sample placed in an air permeameter, and the resulting air flow, Q was
measured. For the purpose of quality control, a ‘standard’ test (with actual
pressure difference, P, <400 Pa, at target air flow, O, =3 ml min™') was
performed prior to soil samples measurement, in two series of steps. First, the
system identifies corresponding actual air flow, O, and P, values, where P, is
requested to be within £10% of the target pressure difference, P, = 5 hpa.
Second, the system finds corresponding values of Q, and P, for three
additional levels of 4P = ~2, ~1, and ~0.5 hPa. By measuring at the highest
pressure difference of 5 hPa prior to measuring the lower values, the risk that
changes in AP during a measurement loop will affect water films was curtailed

(Schjenning & Koppelgaard, 2017) . Darcy’s law was then used to calculate ka

in a steady state.
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Figure 12: Air permeability chamber for the determination of movement of
gas by convection.

4.1.2.2.4 Gas diffusivity

The diffusive transport of gas through the porous media (soil) is
facilitated by a concentration gradient within the soil matrix, from a high
concentration to a low concentration. The Fick’s Law is used to describe one-
dimensional diffusion of gases in oil. Fick asserted that diffusion is a dynamic
molecular process, and this made him propose the laws of diffusion by means

of analogy with the Fourier Law of head conduction. Fick’s Law is given by

the equation:

M oC
_a_j_ = f, =—DP( axg) [Eq. 10]

where M g is the amount of diffusing gas [M], a, is the cross-sectional area of
the soil [Lz], t is time [T], f, is the gas flux density [M ) P g C, is the bulk
concentration of the gaseous phase [M L?], x is the soil distance [L], and D,
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is the soil gas diffusion coefticient [L” T™'] which is often scaled by Do (where

Do [L? T is the diffusion coefficient in free air) and denoted as the relative
diffusion coefficient, Dp/Do, or soil gas diffusivity (Freijer, 1994).

The unsteady state of a gas according to Rolston & Moldrup, (2002) is
non-reactive (physically, chemically and biologically), and it is described by

the combination of Fick’s first law and the continuity equation:

oC, o’C,
£ Ey =D, e [Eq. 11]

where ¢ is the volumetric soil air content [L* L.

The gas diffusion measurement was done on soil cores already
equilibrated at matric potentials (y) of -30, -50 and -100, -300 cm, -500 and -
1000 cm H3O. In the laboratory, the soil gas diffusivity measurement was
done at room temperature (20°C) on 100-cm> intact soil cores at six matric
potentials. The experimental setup that was initially suggested by Taylor
(1950) and subsequently improved further by Schjenning (1985) was used for
the measurement of gas diffusion (D,Dy). Firstly, the gas diffusivity chamber
(Figure 13) was made oxygen-free by flushing with 100% N, gas. The top of
the soil core was exposed to the atmosphere to allow atmospheric air to enter
into the chamber through the soil sample. Subsequently, O, was measured by
an electrode mounted on the chamber wall. The O, diffusion coefficient in soil
(D,) was calculated as proposed by Rolston and Moldrup (2002). There was a
relative small variation in the time taken for each measurement due to
differences in the applied matric potentials, and this difference in the
measuring time was considered small enough to neglect the O, depletion

resulting from microbial consumption (Schjenning et al., 1999).

75



Figure 13: Gas tight chamber for soil gas diffusivity measurments.

4.1.3 Models

The pore size distributions of the soils were derived from the water
retention data based on the capillary rise equation by approximating the
relationship between ¥ and the equivalent pore diameter (d, pm) by:

3000
g =20 [Eq. 12]

¥

Pore structure (continuity, complexity, and distribution) was estimated using
models based on either D, /D, or ka and &. The logarithmic form of the

exponential model proposed by Marshall (1959) and Millington (1959) was

used to relate Dy/D, and &:

log( lD) P J —log(m, )+ N, log(¢) [Eq. 13]

a

where m , and N , are fitted parameters. Because of the fact that D, / D,

value of 107 is considered as an indication of zero diffusion through a
continuous air-filled pore space (Broecker & Peng, 1974), the € at that point is

considered to be the diffusion percolation threshold
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(Dpr = IO“[log(m" M]I'\"',nf /11—3) [Eq. 14]

or an estimate of the volume of pores blocked to exchange of air as reported
in previous studies (Schjenning 2002b).

Similarly, k , was related to € by the logarithmic form of a simple exponential
model proposed by Ball, O’Sullivan, & Hunter (,1988):

log(k,)=log(m, )+ N. log(¢) [Eq. 15]
where m_ and N_ are fitted parameters. An estimate of the permeability

percolation threshold

3

(C pr, m> m™) was obtained by assuming that a soil with k£ _ of 1.0 pm? is

effectively impermeable (Ball et al., 1988). It must be emphasized that this k,
threshold may not be applicable to all situations due to the fact that, it is not
directly based on critical limits for soils functions.

The applicability of C ;. in relation to D ,. was assessed for treated

and untreated soils. The optimal value of %, for each of the four soil groups

based on the treatments (CTRL, BC-10, BC-20, and BC-20+P) was estimated
using the relation
(Cor =107t ) [Eq. 16]
where x is the log (k, ) value at which C . best fit the physically based D p.
To further assess the differences in pore connectivity and tortuosity
after biochar incorporation, two indices from the literature were estimated: the
soil pore organization (PO) of which gives an indication of the pore size
distribution, and continuity which is an empirical index of pore

continuity/pore organization (PO, pm?) (Groenevelt, Kay, & Grant, 1984):
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PO = ¢ (Eq. 17]

4.1.4 Data analyses and statistics

Statistical analyses were performed using Sigma Plot 11 (Systat
Software Inc., San Jose). All data obtained were checked for normality and
homogeneity of variance. Analyses of variance (ANOVA) was used to test for
differences between biochar-treated and untreated soils, and the Holm-Sidak
post-hoc test was used to differentiate between any two given treatments.
Logarithmic transformation was performed on the aggregate tensile strength
and soil volume data to yield normality prior to analyses. The test for
statistical significance of treatment effects was done at p<0.05, unless
otherwise stated. Statistical significance is indicated by lower case letters
beside the mean values. Results are given as mean + standard error (SE) in
tables and figures.
4.1.5 Results and discussion
4.1.5.1 Aggregate characteristics
4.1.5.1.1 Biochar effect on soil texture and chemical properties

Soil texture at the field site was classified as a sandy loam with soil
organic carbon (SOC) approximately 1.03% for the control plots. The
variability (standard error) of the soil texture within the plots ranged from O.t}
‘to 1.8 for clay, 0.2 to 0.4 for silt, and 0.8 to 1.8 for the sand fraction. There

was no effect of applied biochar on soil texture (Table 3).
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Table 3: Effect of Corn Cob Biochar on Soil Textural and Chemical Properties

Clay  Silt Sand OC Ph EC
Treatment

% by weight pScm™
CTRL 19™ 8" 73" 1.03° 5.9% 309°
BC-10 18 9 73 1.39% 6.2 76°
BC-20 18 8 74 1.71° 6.5° 61°
BC-20+P 19 9 72 1.32% 6.3 66°

Different letters within a column indicate that treatments are significantly
different (Holm Sidak test; p<0.05), ns denote lack of a statistically significant
difference among treatments. CTRL, control; BC-10, 20, and 20+P denote
biochar treatments with 10, 20 t ha™', and 20 t ha™' + 50 kg P,0s ha—l(P-
enriched biochar) respectively.

Addition of com cob biochar significantly (p < 0.05) increased the
SOC compared to the control. There was a significant increase of 26%, 40%
and 22% in the SOC when application rates of 10 t ha™', 20 t ha” and 20 t ha’
I4p of biochar was applied respectively. Interestingly, no significant
differences were observed in the mean concentrations of SOC among the BC-
10 and BC-20+P treatments. The highest SOC content was observed for the
BC-25 tieatment piots. The increase in SOC foilowing the application of
biochar agrees with the findings of Zolfi-Bavariani, Ronaghi, Ghasemi-
Fasaei, & Yasrebi (2016) who reported a three-fold increase in SOC after
ry-derived biochar (2% w/w) on a calcareous loamy soil.

applying poult

Similarly, Khademalrasoul et al. (2014) observed up to a two-fold increase in
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SOC after the application of swine biochar to a sandy loam soil at rates of 1. 2,
and 5 kg m

Soil pH increased significantly by 0.3, 0.6 and 0.4 units for the BC-10,
BC-20, and BC-20+P, respectively, compared to the CTRL. This finding was
in agreement with the results of Hairani, Osaki, & Watanabe (2016) who
showed an increase in soil pH by 0.15 to 0.25 units in a Gleyic Fluvisol
amended with fine wood biochar at a rate of 35 t ha™'. Novak et al. (2014) also
reported an increase of 5.6 to 6.6 in soil pH following the application of hard
wood biochar at a rate of 22.4 Mg ha™ dry weight to a loamy sand acidic
Ultisol. Additionally, Jien & Wang (2013) observed an increase in soil pH
from 3.5 to 5.1 with increasing rates of biochar application following the
application of waste wood biochar applied at the rates of 2.5 and 5% (w/w) to
a highly weathered Typic Paleudult. The increase in soil pH is attributable to
the liming potential of biochar due to the high pH (10.2) of the added biochar
(Jien & Wang, 2013).

Application of corn cob biochar decreased the electrical conductivity
(EC) of the soil by 75%, 80% and 79% in the BC-10, BC-20 and BC-20+P
treated plots respectively, compared to the control. The decrease in soil EC
found in this study in the biochar amended soils contradicted the findings of
Yang et al. (2016) and Chintala et al., (2014) who observed an increase in EC
folloWling the application of corn stover and switcﬁgr-é-s's' b‘iohchar, respectively,
to an acidic clayey soil at rates of 20 g kg™', 40g kg™ and 60g kg™
Statistically, there was no difference in EC values among the different BC
Chathurika et al. (2016) recorded no significant change in EC

treatments.

after the application of woodchip biochar at rates of 10 g kg™ (or 1% w/W)
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and at 20 ¢ kg™ (or 2% w/w) to Almasippi loamy sand and a Newdale clay
loam respectively. Similarly, Paneque, Rosa, Franco-Navarro, Colmenero-
Flores, & Knicker (2016) also recorded no significant difference in EC when
pine wood and woodchip biochar were applied to a sandy loam Calcic

'. The disparities in the effect of biochar

Cambisol at rates of 1.5 and 15 t ha”
on EC suggest that the effect of biochar on soil properties is dependent on the
pyrolysis conditions and feedstock type used.

4.1.5.1.2 Water dispersible clay (WDC)

Soil clay dispersibility is an important measure of structural stability in
soils. Since clay dispersibility in soils is strongly influenced by the clay
content (Getahun, Munkholm, & Schjenning, 2016), the dispersible clay
content was scaled with the clay content. In this study, there was a trend of
increasing clay dispersibility (WDC) with increasing rates of biochar
application (increase of 8%, 12% and 9% was observed in the BC-10, BC-20,
and BC-20+P amended plots, respectively as compared to CTRL), although

the observed differences were not significant due to the large variations within

the plots for each treatment (Figure 14).
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Figure 14: Comn cob biochar effects on aggregate stability index and
dispersible clay content. CTRL, control; BC-10, 20, and 20+P denote biochar
treatments with 10, 20 t ha™', and 20 t ha™' + 50 kg P,Os ha, respectively.

This increasing trend in WDC found in the biochar-amended soils was
consistent with findings made by Hansen et al. (2015) who reported a
significant increase in WDC when wood gasification biochar was incorporated
at a rate of 5% (W/w) into a sandy loam soil. Contrasting reports of the overall
effect of biochar on WDC has been reported in the literature. Khademalrasoul
et al. (2014) argued that biochar may influence WDC negatively and
positively. Through its influence on soil pH, ionic strength, zeta potential, and
moisture content, biochar can also accelerate clay dispersion in soils. Hansen
et al. (2015) reported that straw gasification biochar had no effect on WDC
while Khademalrasoul et al. (2014) and (Soinne et al., 2014) reported an
increase in WDC in soils amended with birch-wood biochar and wood chips
biochar, respectively. On the other hand, aging biochar forms biochar-mineral

complexes that have the potential to decrease WDC by increasing soil
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structural stability (Kumari, Moldrup, Paradelo, Elsgaard, & de Jonge, 2016).

The trend of increasing WDC in the corn cob biochar amended soils can be
attributed to higher soil pH and lower EC. Soinne et al. (2014) observed an
increase in WDC in fine-textured soils (silty clay loam and clay, respectively),
as well as in a coarse-textured soil amended with a mixture of Norway spruce
and Scots pine chips at rates of 15 and 30 t ha™'. Khademalrasoul et al. (2014)
attributed the higher WDC for the biochar-amended soils to the high pH and
low electrical conductivity. In this study, no significant correlation was
observed between EC and WDC, but WDC strongly correlated positively (r =
0.99" p = 0.006) with soil pH (Table 4).

Table 4: Pearson’s Correlation Coefficients between Some Soil Physico-
Chemical Properties (n=4)

EC WDC SI SOC
Ph —0.95* 0.99** 0.92%* 0.91
EC —0.94* —-0.81 —0.81
WDC 0.88 0.95*
SI 0.73

SOC

EC, electrical conductivity; SI, aggregate stability index; WDC, water
dispersible clay content; SOC, soil organic carbon. *significant correlation
between two properties at p<0.10. ** significant correlation between two
properties at p<0.05.

For WDC, the type and concentration of cations in the soil solution are
decisive factors. The presence of monovalent cations (e.g., K" in the soil
solution can increase zeta potential by increasing the net negative charge of

the clay-minerals surfaces, and thus enhance clay dispersibility. A decrease in
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surface charge to more negative values is the primary reason for clay

dispersion (Nguyen et al., 2008). Soil pH affects WDC by changing the
surface charge of the clay particles through protonation and deprotonation
reactions of variable charge sites. An increase in pH results in a deprotonation
reaction which increases the zeta potential by increasing the surface charge.
An increase in soil pH facilitates an interaction between OH’ ions and the edge
sites of clay minerals and this makes them neutral or negatively charged
(Nguyen et al., 2008) resulting in higher dispersibility. From our study,
application of corn cob biochar increased soil pH with a resultant effect on
increased clay dispersion. Our observation is in agreement with Nguyen et al.
(2008) who reported a positive correlation between soil pH and surface
charge, with a resultant cffect on clay dispersion. Even in soils with high
amount of permanent negatively charged clay minerals, the effect of pH on
dispersion is a common finding, but it is most pronounced in kaolinitic soils
with relatively high amounts of variably charged sites (Kaya, Oren, &
Yiikselen, 2006).
4.1.5.1.3. Aggregate Stability

Stability of soil aggregate is critical for maintaining the soil’s
resistance to mechanical stresses such as the impacts of rainfall and surface
runoff. When soil aggregates disintegrate, the finer particles produced are
easily transported by soil erosion forces (wind and water), settle later in soil
pores, clog them and lead to formation of soil crusts. The clogging of soil
pores subsequently promotes surface run-off by reducing the infiltration
capacity of soils, enhancing water erosion with its attendant negative effect on

soil fertility. Hence, aggregate stability is an important factor in soil erosion
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(Besalatpour, Ayoubi, Hajabbasi, Mosaddeghi, & Schulin, 2013). Aggregates

with a higher stability do not easily disintegrate and promote long-term carbon
sequestration and soil structural stability (Ouyang et al., 2014). The effect of
biochar on soil aggregate stability has yielded mixed results due to a range of
methodological, temporal and material factors (Soinne et al., 2014). In this
study, application of biochar significantly increased the stability index of the
soil aggregates by 15%, 33% and 34% in the BC-10, BC-20, and BC-20+P
amended plots respectively as compared to the CTRL (Fig. 14). This
observation is in accordance with the observation of Burrell, Zehetner,
Rampazzo, Wimmer, & Soja (2016) when they applied woodchip biochar at a
rate of 3% by weight to three agricultural soils (Planosol, Chemozem and
Cambisol). The observation from this study is also in line with the findings of
Khademalrasoul et al. (2014) who indicated that black carbon in the soil acts
as a binding agent between aggregates and increases the aggregate stability.
The increasing trend of aggregate stability index (SI) in the biochar treated
plots can partly be related to the slightly higher amount of soil organic carbon
that was recorded in the biochar amended plots (Table 3). The incorporation of
organic materials to soils increases soil aggregate stability through an increase
in soil organic carbon. The improved SOC content of the soil might have
improved the conditions of the soil in the biochar amended plots, thus creating
a conducive environment for mycorrhizal fungi (Fletcher et al., 2014) and
improving soil aggregate stability. Moreover, application of the corn cob
biochar increased soil aggregate stability possibly due to internal cohesion
through the binding of mineral particles and carbon (Soinne et al. 2014).

Application of organic amendments to the soil can potentially increase soil
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aggregation because of binding agents, for example, exopolysaccharides

obtained from turnover of the organic amendments (Papadopoulos, Bird,
Whitmore, & Mooney, 2009). Tsai, Liu, Chen, Chang, & Tsai (2012)
suggested that the aromatic nature of biochar may function as a bond between
soil particles. The effect of the corn cob biochar on aggregate stability may be
linked to organic carbon functional groups on the biochar surfaces and labile
carbon released from the char into the soil system. Therefore, it can be
speculated that high concentration of humic acids resulting from the
breakdown of biochar particles in the soil matrix might also account for the
significantly more stable aggregates in the biochar treated plots.

Increase in the electrolyte concentration (EC) promotes flocculation by
shrinking the diffuse double layers of soil colloids. However, application of
biochar rather decreased the EC in this study. Therefore, the observed increase
in SI in the biochar amended treatments could partly be attributed to the fact
that other aggregation mechanisms in the soil matrix as discussed above were
responsible for the stability of the aggregates regardless of the decrease
(leaching) of soluble salts in the treated plots. The corn cob biochar surfaces
may have attracted labile organic matter, thus offering substrates for soil
microorganisms, which subsequently might have built further aggregates
through the extraction of mucilage (Liang et al., 2010).
4.1.5.1.4 Tensile strength

Tensile strength is an important soil property relevant for assessing the
structural stability of a soil and its resistance against erosive forces (Watts &
Dexter, 1998). Further, it is considered important in identifying management

practices for sustainable crop production (Abid & Lal, 2009). Dexter &
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Kroesbergen, (1985) affirmed that tensile strength is probably the most useful

measure of strength of individual soil aggregates because it is a very sensitive
indicator of the condition of a soil. In this study, application of BC-10 did not
have any effect on tensile strength in the 1-2 mm aggregates as compared to
the CTRL. However, application of BC-20 and BC-20+P resulted in a
significant increase in the tensile strength of the 1-2mm aggregates as

compared to the CTRL and BC-10 (Fig. 15).
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Figure 15: Effects of different application rates of corn cob biochar on tensile
strength of various air-dried aggregate classes. CTRL, control; BC-10, 20, and
20+P denote biochar treatments with 10, 20 t ha™', and 20 t ha™' + 50 kg P,Os

ha’!, respectively. Note the different x-axis scales for ab and cd.
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The significant increase in tensile strength in the 1-2 mm aggregates 1s
because corn cob biochar increases the water content within the aggregates.
This implies that the relatively few pre-existing micro-cracks in the aggregates
were not fully active to reduce air-pressure within the aggregates or to allow
in-flow of air from surrounding air-filled pores. The relatively high water
content in the B-20 and BC-20 + P relative to the control and the BC-10
curtailed the expansion and elongation of micro-cracks and this is believed to
have adversely affected crack growth with a resultant increase in aggregate
tensile strength in the smaller aggregates. It must however be noted that
application of corn cob biochar in our study significantly decreased the tensile
strength of soil aggregates in the large aggregates (4-8 and 8-16 mm). Other
authors (Abu- Hamdeh, Abo- Qudais, & Othman, 2006; Munkholm et al.,
2001) have also noted that aggregate tensile strength of natural or well
managed soils decreases with increasing aggregate size. This is due to the fact
that, there is an improved structural pore networks in well managed soils with
an appreciable amount of pre-existing micro cracks in the large aggregates
which can join to form arrays of continuous fracture surfaces upon exposure to
mechanical stress (eg. tillage). The disparity in the effect of the applied
biochar in the smaller aggregate size and the larger aggregate sizes could be
ascribed to different interactions between the biochar particles and the
different aggregate sizes. Khademalrasoul et al. (2014) affirmed that for larger
articles, soil particles bond and interact with biochar particles, whereas no

p

biochar-soil bonding occurs between biochar particles and smaller aggregate

sizes. The tendency for a more systematic decrease in the tensile strength
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observed in the larger aggregates contradicts other studies which found

opposite trends (Blanco-Canqui & Lal, 2007; Khademalrasoul et al., 2014).

The decrease in tensile strength for the large aggregates after biochar
application may be attributed to the high SOC with increasing biochar
application rates. Increasing the rate of biochar might have promoted crack
growth and activated the pre-existing micro cracks in the large aggregates, and
this ultimately gave the aggregates the propensity to elongate under
mechanical stresses. The application of the comn cob biochar might have also
increased the structural quality of the soil which all culminated into decreasing
the tensile strength of the aggregates as the size class gets larger.

In this study, there was a systematic decrease in specific rupture energy
for the larger aggregates as compared to the smaller aggregates in all the
treatments (Figure 16). Soil specific rupture energy gives an indication on the
strength of dry aggregate, and it is an indicator of the resistance and resilience
of a soil when it is subjected to mechanical stress or manipulation. Soil
resistance describes the ability of a system to retain its functional capacity
upon imposition of stress, whereas soil resilience is the capacity of the soil to
return to an equilibrium following displacement in response to disturbances or

recover its initial function upon removal/reduction of the applied stress

(Gregory et al., 2007).

89



16

- O~ 1-2mm
‘o 14 - @® 24mm
f) -\~ 4-8 mm _ ns
~ —A— 8-16 mm
m,% 12 &
5 10 A I . @ns
5 8- | *
9 e
S 6 -
a - -
2 4 § A T e B DS
S 2| 5. K- E® xm
o
o
0

CTRL  BC-10  BC-20 BC-20+P

Treatment

Figure 16: Effects of different application rates of corn cob biochar on specific
rupture energy of various air-dried aggregate classes. CTRL, control; BC-10,
20, and 20+P denote biochar treatments with 10, 20 t ha™', and 20 t ha™ + 50

kg P,Os ha™', respectively.
A similar observation was made by Schjenning, P. et al. (2012) who ascribed
this finding to a collapse of the soil structural hierarchy as aggregate size
increased. The implication is that, comparatively, the smaller aggregates are
more resistant and resilient to stress (mechanical), and for that matter, more
energy would be required to break the smaller aggregates than to break the
larger aggregates. Statistically, no significant differences were observed
among the specific rupture energy of the different aggregate sizes and the
treatments.
4.1.5.1.5 Friability and workability index

Utomo & Dexter (1981) defined friability as the tendency of an
unconfined soil to break down and crumble under applied stress into a

particular size range of smaller fragments. Soil friability is also characterized

by an ease of fragmentation of undesirably large aggregates/clods into
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undesirable small elements and a difficulty in fragmentation of minor

aggregates into undesirable small elements (Munkholm 2011b). Friability (kv
or kg) was quantified by relating the tensile strength (Y) or specific rupture

energy (E) of aggregates to their sizes (volume) (Figure 17).
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Figure 17: Loge aggregate tensile strength, Y, (kPa) as a function of log.
aggregate volume, V (m3) for air-dry aggregates. Soil friability index, kY,
determined as the slope of the regression equation is shown for each soil.
Estimation of the median size soil aggregate class (4-mm = 17 m?) of air-dry

aggregates is also shown.

Soil aggregate friability strength was therefore characterized by soil
friability index (kv or kg) and the characteristic aggregate tensile strength (Yy).
The aggregate size class 4 mm was selected because it is the median size of
the tested aggregates in this study. An example of derived ky and Y, for CTRL
and BC-20+P is presented in Figure 17. A similar approach was used to derive
ke.

For all treatments, both ky and ke increased significantly with
ar application rates. Since there was a strong linear

increasing bioch
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relationship between ky and kg for the four treatments (Figure 18), only ky is

discussed hereafter.
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Figure 18: Linear relationship between indices of friability based on either
aggregate tensile strength, kY, or specific rupture energy, kE, for each soil.
CTRL, control; BC-10, 20, and 20+P denote biochar treatments with 10, 20 t
ha™', and 20 t ha™' + 50 kg P;0s.

Biochar significantly increased ky by 28%, 57% and 60% in the 10tha”
120t ha’! and 20 t ha™' + P biochar treated plots respectively compared to the

control plots (Table 5).

Table 5: Aggregate Friability (kY and kE), Characteristic Aggregate Strength
(Y4) and Workability (W) for Control and Biochar Treatments

Treatment ky ke Y4 (kPa) W (x10%)
CTRL 0.23° 1.04° 107 2.16
BC-10 0.32° 1.26° 77.3 4.08
BC-20 0.53° 1.56™ 61.8 8.63
BC-20+P 0.58" 1.83° 50.4 11.5

%y, friability derived from tensile strength; kg, friability derived from specific
rupture energy.
Different letters indicate that slopes (friability) are significantly different

(p<0.05) between biochar treatments. CTRL, control; BC-10, 20, and 20+P
Jenote biochar treatments with 10, 20 t ha™', and 20 t ha™ + 50 kg P,Os ha”,

respectively.
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Statistically, no difference in the ky or kg was observed in the BC-20

and BC-20+P treatments, however there was a significant difference in
friability index between the BC-10 and the other biochar treatments.
According to the classification index by Imhoff et al., (2002), the CTRL and
BC-10 are clas.siﬁed as “friable”, whereas the BC-20 and BC-20+P fall under
the “very friable” category. The larger friability values observed after biochar
application is attributable to the larger SOC contents of the biochar treatments.
Soils with large contents of SOC tend to be more friable and easier to till than
small-content SOC soils (Arthur et al., 2014). Further, there was a trend of
decreasing soil strength (¥4) with increasing biochar application. The CTRL
had Y, roughly 1.5 to 2 times that of the biochar-treated soils, and this was
clearly due to the larger SOC for the biochar treatments. Earlier studies
confirm that aggregates from soils with low SOC tend to harden and cement
(Défossez et al., 2014) as they dry yielding larger Y, values (Arthur et al,,
2014).

Soil workability is defined as the ease with which soil can be
physically manipulated for the purposes of cultivation (Arthur et al., 2014).
The soil workability index gives the degree with which the soils (treated or
untreated) can be tilled. The soils from the untreated plots produced a lower
workability index than soils from the biochar amended plots, indicating that
more energy will be required to fragment the aggregates in the control plots
(Table 5).

The relatively poor ability of the aggregates to be physically
manipulated could be attributed to the low SOC which resulted in low soil

structural stability with low micro pores and with fewer cracks (Watts &
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Dexter, 1998). Soil workability index increased with increasing biochar rates.

Addition of organic material to the soil improves the soil structure, soil
aggregates and total soil porosity with a substantial amount of micro cracks,
which increase the friability, and workability of the soil. Generally, soil
workability also increased with increasing SOC content (Arthur et al., 2014).
Thus, corn cob biochar application has the potential to significantly improve
soils from the perspective of soil tillage and the creation of a suitable seed bed
for germination and plant growth.

4.1.5.2 Water retention and gas transport
4.1.5.2.1 Effects of biochar on soil bulk density

Biochar application decreased soil bulk density but the decreases
observed were not statistically significant among the different treatments.
Hence, total porosity values for the control and biochar treatments were
similar (Table 6). Soil bulk density which is considered to be the main driving
force of soil physical properties depicts the potential function of the soil with
regards to soil aeration, water infiltration, structural support and water and
gaseous movement. Results from the study showed that, although not
statistically significant, biochar application appears to lower soil bulk density
with minimal effect on total porosity. Previous authors have reported
substantial decrease in soil bulk density after the incorporation of different
kinds of biochar to different soil types. For example, Arthur & Ahmed, (2017)
applied 3% w/w of rice straw biochar to a coarse-textured tropical soil and
reported a significant (32%) decrease in bulk density, three months after the
incorporation of rice straw biochar. This was translated into a 22% and 16%
increase in total porosity after 3 months and 15 months of biochar application

respectively. Further, in an incubation experiment that lasted for 120 days,
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Randolph et al. (2017) recorded a significant decrease in bulk density
following the application of wood chips and plant residues biochar pyrolysed

at three different pyrolytic temperatures (350 °C, 500 °C and 700 °C) and at an

application rate of 2% w/w to sandy clay loam soils. Sun et al., (2015)

‘ affirmed that the porous nature and lower density of biochar compared to
mineral soil, was responsible for the potential decrease in soil bulk density
when they added birch wood biochar pyrolyzed at 500 °C to a sandy loam at
application rates of 10 and 50 Mg ha™'. The lack of significant increases in
bulk density in our study could be attributed to the low rate of biochar
application (a maximum of 0.68%) to our soil. The added biochar may not
have been enough to substantially dilute the mineral fraction of the soil.

Table 6: Effect of Corn Cob Bioch . .
Jvailabe w{z ror f iochar on bulk density, total porosity and plant

Pb o 9p
Treatment
Mgm™ m° m™

CT 1.52+0.01° 0.43+0.01*  0.09 +0.01°

BC-10 1.49 £0.02*°  0.44 £0.02®°  0.10+0.01°

BC-20 1.45 +0.03° 0.45 £0.03? 0.12 £0.01°

BC-20+P 1.49 +0.03* 0.44 +£0.03? 0.12 £0.01?

§pp, bulk density; @, total porosity, 0, plant available water content. leferent

Jetters indicate that means are significantly different (p<0.05)

4.1.5.2.2 Soil water retention

The soil water contents found in the various treatments at the different

matric potentials are shown in Figure 19a. There was no significant difference

between the biochar treatments and CT when matric potential was < pF 1.5
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Between pF 2.0 and 3.0, the BC-20 and BC-20+P treatments had significantly
higher water contents than the BC-10 and CT (Figure 19a). Consequently, the
biochar treatments showed similar macro- and meso-porosity (pores larger

than 30 pum) as the CT (Figure 19b).
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Figure 19: Com cob biochar effept on (a) soil water retention and (b) pore size
distribution. “NS” indicates no significant difference between BC-10 and CT.
Values on top of bars are total pore volumes. “*” indicates significant
difference between the water content or pore size class of the BC-20 and BC-
20+P treatment compared to the CT. “ns” indicates no significant difference
between the water content or pore size class of the BC treatment and the
control. CT, control; BC-10, 20, and 20+P denote biochar treatments with 10,

20 tha ', and 20 t ha ' +50 kg P2Os t ha™', respectively.
Conversely, the BC-20 and BC-20+P had significantly larger
proportions of micropores (pores <3 pm) than the CT. The BC-10 had a

similar trend for both the water retention curve and the pore size fractions

96



compared to the CT. Plant available water content increased only slightly (6 to

12%) for the BC treatments relative to the CT. Crop growth, microbial
activities and gas exchange dynamics are important processes that are
significantly influenced by the ability of the soil to retain water. For the sandy
loam in this study, corn cob biochar application at 20 t ha™' showed significant
increase in soil water contents at lower matric potentials (pF 2.0-3.0), but at
an application rate of 10 t ha™', no noticeable effect of biochar on soil water
retention occurred, possibly due to the low application rate. Precluding all
instances of biochar hydrophobicity, an increase in water retention in the soil
at a given matric potential after the application of biochar is one of the easily
recognizable beneficial effects of biochar. For instance, Randolph et al. (2017)
noted a significant increase in water retention after the incorporation of
woodchips and plant residues biochars at a rate of 2% w/w to a sandy clay
loam. Similarly, Ulyett, Sakrabani, Kibblewhite, & Hann (2014) reported a
significant increase in water retention at a matric potential of —5 kPa when a
deciduous mixed wood biochar pyrolysed at 600 °C was added to a sandy
loam at a rate of 60 t ha'. The authors ascribed the increase in soil water
retention to the intrinsic high surface area of the biochar. Karhu, Mattila,
Bergstrom and Regina (2011) recorded an increase in gravimetric soil water
content determined following the incorporation of birch wood biochar
pyrolyzed at temperature of 400 °C at an application rate of 9 t ha™ to a silty
loam. The authors attributed this increase in water retention to increase in total
porosity which led to a corresponding increase in water retention in small
pores, and thus increasing the water retention of the soil. The use of pore size

distribution to infer soil structure changes induced by different phenomena is
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becoming common in soil science (Dal Ferro, Sartori, Simonetti, Berti, &

Morari, 2014). Different sizes of pores present in the soil medium present
distinct and well-defined functions in the soil. According to Pires et al.
(2017), pores with size (equivalent cylindrical diameter (ECD)) > 50 pm are
classified as transmission pores and <0.50 pum as residual and bonding pores.
The transmission pores are responsible for air movement and drainage of
excess water, whereas the residual pores are responsible for the retention and
diffusion of ions in soil solutions. Lal and Shukla (2004) classified pores with
ECD between 0.50 um and 50 pm as intermediate pores, that are responsible
for the release and retention of water against gravity. Biochar at all rates did
not produce any significant changes in three of the four pore size fractions
considered (3 to <100 pm) of the sandy loam soils. However, BC-20 and BC-
20+P significantly increased the very fine pores (< 3 pm) compared to the CT.
This is important particularly for storage of water for plant uptake. Although
plant available water content (8,) was not significantly affected by biochar
application, there was a trend of increasing 8, with increasing biochar rates.
For some plants, this marginal increase is particularly important during critical
growth periods. Earlier studies that reported significant increases in 6, were
due to an increase in the fraction of smaller pores (0.1-10 um) and a decrease
in the larger pore size fraction. For example, Liu et al. (2016) observed
increase in smaller pores (0.1-10 pm) relative to the larger pores (10-1000
pm) when they applied 16 t ha'! of commercial straw biochar pyrolyzed at 500
°C to a loamy soil. Abel et al. (2013) reported an increase in the smaller pore
size fractions and a decrease in the larger fractions when they applied biochar

pyrolyzed from maize (mix of whole plant) at a temperature of 750 °C and at
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rates of 1, 2.5 and 5 wt%. (Glab Tomasz, Palmowska Joanna, Zaleski Tomasz,

& Gondek Krzysztof, 2016) also found an increased volume of small pores
(<50 pm in diameter) and a decreased volume of larger pores (50 - 500 pm)
when they applied biochar pyrolyzed from miscanthus and winter wheat at
300 °C and at application rates of 0.5, 1, 2 and 4% to loamy sand. In our
study, although the BC-20 and BC-20+P treatments had an increased fraction
of small pores, they also had numerically higher fraction of large pores,

resulting in marginal effect on the 0.

4.1.5.2.3 Specific surface area

The soil specific surface areas (SA) of the BC-20 and BC-20+P were
53 and 24 %, respectively, larger than that of CT. Surprisingly, the BC-10
treatment recorded ~23.8% reduction in soil surface area relative to the CT.

These observed differences in SA were all not statistically significant (Figure

20).
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Figure 20: The soil specific surface area (derived from dry-region soil water
ffected by biochar. CT, control; BC-10, 20, and 20+P denote
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The soil specific surface area (SA), which was derived from dry-region

water retention data (pF 5 to 6.7), is an important property that influences
numerous physico-chemical soil properties, and it is determined by the amount
of clay and organic matter present in the soil. One of the notable effects of
biochar incorporation into soils is an increase in OC, and this has been
reported by several authors (Zhang et al., 2017; Zhu, Xiao, Shen, & Li 2017).
Results from the study showed that, addition of BC resulted in a significant
increase in OC in the BC-20 and BC-20+P soils. Organic carbon is positively
related to soil surface area (Kaiser & Guggenberger, 2003) through organo-
mineral associations. Therefore, the greater SA found in the BC-20 and BC-
20+P treated soils compared to the CT could be attributed to the effect of
increased OC after biochar incorporation.
4.1.5.2.4 Air filled porosity and gas transport

Corn cob biochar application had no effect on the relationship between
the total air-filled porosity (the difference between the total porosity and water
content) and the air connected porosity (the pores that are connected in the soil
matrix to the atmospheric air). The results showed that all the treatments (CT,

BC-10, BC-20 and BC-20+P) were clustered around the 1:1 line (Figure 21).
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Figure 21: Relationship between total air-filled porosity (calculated from soil-
water retention data) and air-connected porosity measured by a pycnometer.
CT. control; BC-10, 20, and 20+P denote biochar treatments with 10, 20 t
ha ' and 20t ha™' + 50 kg P;Os t ha™', respectively.

4.1.5.2.5 Air movement by conduction and diffusion
The soil’s ability to conduct air by diffusion expressed by relative gas
diffusivity as a function of matric potential is shown in Figure 22a.
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Figure 22 Relative gas diffusivity (log-scale) as a function of (a) matric
potential (in pF units) and (b) total air-filled porosity. “ns” indicates no
significant difference between treatments for a given matric potential. CT,
control; BC-10, 20, and 20+P denote biochar treatments with 10, 20 t ha™', and

20 t ha ' + 50 kg P2Os t ha™', respectively.
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Relative gas diffusivity increased with increasing air-filled porosity
(decreasing matric potential) for all treatments (Figure 22b). No significant
differences were observed between relative gas diffusivity values of the
biochar treatments, nor between the biochar treatments and the CT,
irrespective of the total porosity of the various treatments. Soil air
permeability increased with decreasing matric potential in all the treatments
(Figure 23a). Though not significant, the BC treatments tended to have larger

air permeability values than the CT at matric potentials between 1.5 and 2.0.

The logio of air permeability as a function of logyo air-filled porosity for all

treatments is presented in Figure 23b.
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Soil air permeability (log-scale) as a function of (a) matric potential
(in pF units) and (b) total air-filled porosity. “ns” indicates no significant

difference between treatments for a given matric potential. CT, control; BC-
10, 20, and 20+P denote biochar treatments with 10, 20 t ha',and 20 tha™' +

50 kg P2Os t ha', respectively.

Figure 23:

For all the treatments, air permeability increased with increasing air-

filled porosity. At low air-filled porosities, there was a tendency for larger

permeability values for the BC-20 treatments compared to the CT and BC-10

treatments. Transport of gas in the soil is a very important factor that
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influences soil aeration and respiration by plant roots. Gas transport
characteristics have the potential to affect soil physical quality and crop
productivity. Therefore, the quantification of gas transport parameters is
important in effective management of physically degraded soils. The ability of
soil to conduct air through the pores can be quantified by relative gas
diffusivity, Dp/Do which is driven by concentration gradients, and air
permeability, k, which is driven by pressure gradients. Relative gas diffusivity
and air permeability are crucial gas transport parameters that provide insight

into gas exchange by diffusion and convection processes, respectively (Arthur

et al., 2013). According to Baral, Arthur, Olesen & Petersen (2016), these two

parameters are indicators of soil function, and are important for greenhouse

gas emissions. Arthur et al. (2013) also affirmed that these two properties are

critical for soil aeration and transport of volatile compounds in the soil

medium. Relative gas diffusivity (Dp/Do) increased non-linearly with an

increase in pF for all the treatments (Figure 22a). The observed increase in

D,/Do as pF increases is attributed to a directly proportional relationship

between pF and air-filled porosity. This observation corroborated the findings

of Arthur & Ahmed (2017) who reported a larger Dy/Dy at -10kPa than -3 kPa

due to larger air filled porosity at -10 kPa. Thus, an increase in air filled

porosity resulted in a corresponding increase in D,/Dy (Figure 22b). At higher

pF values, diffusion of gases in the soil is higher; conversely, higher water

contents at lower pF values Jimit oxygen diffusion (Schjenning, Thomsen,

Petersen, Kristensen, & Christensen, 2011).

The Dp/Do affects the availability of atmospheric O, for intrinsic soil

microbes capable of degrading a variety of soil pollutants under aerobic
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is ascribed to the development of more connected pores as the soil dries out at

higher pF values. At a pF of 1.5, the soils that received the highest biochar
application rates (BC-20 and BC-20+P) conducted a relatively higher amount
of air than the both the CT and BC-10 treated soils. This observation may be
attributed to a reduced air-filled porosity in the CT and BC-10 treated soils
(Figure 5b) as the amount of water at this matric potential occupied a
substantial amount of pores and blocked potential flow pathways in the CT
and BC-10 treated soils. When this happens, air movement in the soil will be
essentially impeded, hence, air permeability will be low or almost negligible.
Generally, an increasing trend in k, was observed in the BC treated soils. This
observation contradicts the findings of Arthur and Ahmed (2017) who
reported a decrease in k, 15 months after rice straw biochar application. The
authors attributed their observation to an increase in water retention with a
subsequent reduction in macropore fraction after the biochar application. A
significant decrease in k, was also reported by Wong, Chen, Ng and Wong,
(2016), when they applied peanut shell biochar pyrolysed at 500°C to clayey
soil at application rates of 5, 10 and 15%. The authors attributed this
observation to a decreased soil inter-pores at a high biochar application,
suggesting that k, is mainly governed by inter-aggregate pores at low biochar
content. The possible reason to our observation is that, the corn cob biochar
applied did not significantly increase the water content to warrant the presence

of blocked pores. Hence, there was a considerable fraction of the air-filled

pores that were relatively active in conducting air in the soil matrix.
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4.1.5.2.6 Pore structural complexity and gas percolation thresholds

To elucidate the effect of corn cob biochar on soil structure, the soil
pore orgﬁnization (PO) was evaluated to compare the structural complexity
between the biochar treated soils and the CT. The PO parameter gives an
indication of the structural differences in differently managed soils
(Deepagoda et al., 2013), as smaller PO values are attributed to more tortuous

pore structure (and thus higher structural complexity), implying an improved

pore continuity than large PO values. From the study, PO was computed at

two matric potentials (pF 2 and pF 3) at which Dp/Do and k, were measured

(Table 7).

Table 7: Biochar Effects on Soil Pore Organization (PO) at pF 2 and pF 3, on
Slopes of Log-Log Plots of Relative Gas Diffusivity and Air PermeabilitJ; Vs.
Air-Filled Porosity (Nd and Nc, respectively) and on the estimates of the
Diffusion Percolation Threshold (Dpr, m® m>), Permeability Percolation

Threshold (Cpr, m’ "1—3)
Treatment POpr2

POprs  Na N, Dpr Cer

48" 166™  3.24™  3.40™  0.044™ 0.054"

CT
BC-10 74 169 3.49 3.17 0051  0.046
BC-20 88 145 2.58 1.51 0.029 0.008
BC-20+P 48 144 287 225 0036 0024
“ns” denotes nO significant difference among the treatments

No significant difference was observed in soil PO between the biochar

treated soils and the CT at both matric potentials. At pF 2, no distinct pattern

could be seen in pO between the CT and the biochar treated soils. However,
PO was lower in the BC-20 and BC-20+P treatments at pF 3. Comparatively,
soil PO computed at pF 2 was lower than that of pF 3. This is probably
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because at low pF, the length of convection pathway is high due to low pore
continuity and an increase in apparent tortuosity. Amendment of the soils with
biochar showed no clear trend in soil pore organization (PO) with application
rate. For BC-10 and BC-20, POpr; was about two times that of CT whereas
BC-20+P was identical to the CT. At pF3, PO was numerically similar among
all treatments.

Similarly, other indicators of soil structural complexity (N and Nq) were
not affected significantly by the application of comn cob biochar. Further,
biochar incorporation did not have any significant effect on the fraction of the
air-filled pores that are inactive in diffusion (denoted by Dpr), though there
was a reduction of 34% and 18% in Der in the soils that received the highest
biochar application rates (BC-20 and BC-20+P, respectively) relative to the
CT (Table 7). There was an increase of 25% in Dpr in the biochar treatment
(BC-10) as compared to the CT, even though this increase was not statistically
different from the CT soil. Furthermore, corn cob biochar application did not
have a significant effect on the convection percolation threshold (Cpr).
Irrespective of the reduction in Cpr by 15%, 85% and 54% in the BC-10, BC-
20 and BC-20+P respectively, as compared to the CT, there was no significant
difference in Cpr between the biochar treatments and the CT.

The diffusion of gases in water has been reported by several authors to be
slower than that in air by a factor of 10* (Moldrup, Olesen, Yoshikawa,
Komatsu, & Rolston, 2004; Thorbjorn, Moldrup, Blendstrup, Komatsu, &
Rolston, 2008). Based on this premise, Arthur et al. (2013) posited that a
relative gas diffusivity value of 10 may be considered as a threshold for

diffusion through connected air-filled pores. Any value below the threshold
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value implies that diffusion occurs in the water phase. Therefore, it can be

inferred that the air-filled porosity at which the D,/D, threshold occurs is the
diffusion percolation threshold, denoted by Der, from Eq. [4]. According to
Arthur et al. (2013), the Dpr value expresses the fraction of air-filled pores that
are not active in diffusion due to the fact that these pores are blocked by water
or they are embedded in aggregates. Though not statistically significant, the
soils treated with BC-20 and BC-20+P recorded lower Dpr values relative to
the CT (Table 7). This observation implies that, most of the pores in the BC-
20 and BC-20+P soil were actively involved in diffusive gas transport, giving
a further indication that the biochar treated soils have lower structural
complexity than the CT. This assertion is further substantiated by the low PO
values obtained at pF 3 for the BC-20 and BC-20+P soils.

Similar to Dpr is a convection percolation threshold Cpr, which is
suggested by Ball et al., (1988) to exist when air permeability (k) = 1.0um.
On the average, Dpr was observed to be higher than Cpr in the biochar
amended soils. This was not expected considering the diverse pore domains
that dictate convective and diffusive gas flows. Comparatively, convective
flow preferentially occurs in macropores that are well drained, whereas flow
of gas by diffusion takes place in virtually all pores, giving it a higher
probability of yielding a lower Dpr values than Cpr. Our findings contradict
the observation made by Masis-Meléndez, de Jonge, Chamindu Deepagoda,
Tuller, & Moldrup, (2015) who reported lower values in Dpr than Cpr. This
observation from our study may be attributed to a relatively larger water
in the network of arterial pores that directly influence gas diffusion

content

along the axes of the cores in the biochar amended soils, hence, the lower Dpy
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values observed in the BC treatments relative to the Cpr values. The relatively

lower Cpr values observed in the BC treated soils may also be due to an
increase in air-filled pore space (drained macropores) that led to a subsequent

increase in the interconnected pathways for a convective gas transport in the

BC amended soils.
4.1.6 Summary and Conclusions

This study assessed how corn cob biochar applied at 0 [CTRL], 10 t ha™'
[BC-10] and 20 t ha”', [BC-20] and 20 t ha™! with P (P-enriched biochar) [BC-
20+P] to a tropical sandy loam affected several aggregate characteristics and
demonstrated the following:

e Increasing the rate of corn cob biochar improved the water stability of

the aggregates compared to the CTRL, despite the absence of a
significant effect on the dispersible clay content.

e For smaller aggregates (1-2 mm), tensile strength for BC-20 and BC-
20+P treatments was significantly higher than the CTRL and BC-10,
with an opposite trend observed for larger aggregates (4—8 mm and 8-
16 mm).

Comn cob biochar significantly improved soil friability and the ease of
tillage quantified with a workability index.

In perspective, the adoption and incorporation of biochar may ultimately
ameliorate the rate of degradation in highly weathered soils and salvage the
decline in soil physical quality in tropical soils by curtailing the potential
effect of soil erosion. Furthermore, the study demonstrated that addition of 10

t ha' and 20 t ha”' of corn cob biochar to a tropical sandy loam has moderate
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impacts on soil water retention, air flow by convection and diffusion, and

derived soil structure indices. Specifically:

e Higher water content was observed for the 20 t ha biochar treatments
relative to the control treatment only for matric potentials larger than
pF 2.0; due to an increase in fine pores in the biochar treatments (< 3
pm).

e Despite modest increases in plant available water and soil specific
surface area, biochar did not significantly affect these properties.

e Soil air permeability and gas diffusion as a function of air- filled
porosity was not significantly affected by biochar application.
Consequently, soil structure complexity was statistically similar for all
treatments.

The observations mentioned above were made for corn cob biochar with
relatively small rates of application, hence the lack of significant differences in
the gas transport and pore structure characteristics. Further and/ or
complimentary studies with higher biochar application rates and possibly, with
different types of biochar and soil types are recommended to elucidate general
biochar effects on soil functions in tropical ecosystems.

4.2 Biochar Effects on Soil Aggregate Stability and Aggregate-Associated
Properties

Ancilliary studies were conducted to assess the effect of incremental
changes in biochar application rates on water stable aggregates and some
iated properties. This study was conducted on the soils treated

aggregate-assoc

(with 15 t ha” and 30 t ha™! with and without phosphate fertilizer). This study
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was necessitated to test the hypothesis that, increasing the rate of biochar will

enhane the formation of aggregates.

4.2.1 Introduction

In spite of the potential benefits of biochar on soil aggregation, there
have been some contrasting results on effect of biochar on macro and micro
soil aggregates dynamics. Sun & Lu (2014) reported an increase in macro-
aggregate formation after incorporation of biochar to clayey soils. On the
contrary, Pronk, Heister, Ding, Smalla, & K&gel-Knabner (2012) observed a
negative effect of biochar on the amount of macro-aggregates >2 mm in an
artificial soil. The contrasting observations made in these two different studies
may be ascribed to differences in the biochar reactivity (i.e., the amount of
reactive functional groups) that strongly depend on pyrolytic conditions and
feedstock type (Keiluweit, Nico, Johnson, & Kleber, 2010). Moreover, soil
aggregate formation is tightly linked to the activity of the decomposer
community (Guillou, Angers, Maron, Leterme, & Menasseri-Aubry, 2012).
According to Grunwald et al. (2016), an increase in microbial activity can lead
to less aggregate formation as a result of the intensified decomposition of
organic binding agents. Conversely, soil aggregation formation is promoted
due to the production of microbially derived binding agents when microbial
activity 1s enhanced.

The location of SOC within the aggregates and its chemical
characteristics, which affect the rate of its decomposition and thus its
sequestration and aggregation potential, have not received much attention
(Fungo et al., 2017). The effect of Soil organic carbon dynamics and its

chemical composition can be analyzed by Fourier transform infrared (FTIR)
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spectroscopy, which characterizes the status of SOC decomposition in soils

(Hansen et al., 2015). This technology has been widely utilized by several
authors to study the chemical composition of SOC fractions (Calderon,
Haddix, Conant, Magrini-Bair, & Paul, 2013; Soriano-Disla, Janik, Rossel,
Macdonald, & McLaughlin, 2014). However, there is a knowledge gap on the
association between organic functional groups, aggregate-associated C and
aggregation in biochar amended soils. The objective of this work was to assess
the distribution of soil aggregates, size fractions and aggregate-associated
structural properties following corn cob biochar application.

4.2.2 Materials and methods

4.2.2.1 Aggregate size distribution (ASD), Mean weight diameter (MWD) and
Geometric mean weight diameter (GMWD)

About 200 g of air-dried bulk soil was taken per plot. Larger clods
where broken by hand along planes of natural weakness. The broken
aggregates were passed through a stack of three sieves; 8 mm sieve on top,
smm sieve in the middle and a base with no opening (blind sieve) at the
bottom. The aggregate size between 5 mm and 8 mm were collected. The large
aggregates retained on the top 8 mm sieve were again crush until about 100 g
of soil aggregates between 5 mm and 8 mm were obtained for each treatment.
Plant materials or roots from each sample were removed and the samples were
stored in zip lock bags and labeled for analysis.

A wet sieving method that comprised of four sets of the U.S. Standards
Sieve stack was used to determine aggregate size distribution (ASD) and mean

weight diameter (MWD). Each set comprised of seven different size sieves

ranging from S5mm (top), 2 mm, 1 mm, 0.5 mm, 0.25 mm, 0.125 mm and

112



NP e B AN, o HROEr N

0.053 mm (bo our s¢
(bottom). All four sets hanged on an oscillator beam and were
dropped into a bucket und
erneath. Each b 1 i
ucket has a measuring scale sticking
on its inner wall for measuring water level. This whole unit was attached t
0a

regular shaker tray that pooled back and forth the oscillator unit. Briefly, 51 g
» =}

of air-dried aggregates were placed on the top sieve stack (5 mm) in each set
e

and lowered to the level of the water surface to moisten the soil aggregates
fa) o

through capillary action, followed by 10 minutes of gentle submersion cycles

(48 cycles per minute), with a stroke length of 10 cm. Thereafter, the soil on

each sieve was transferred to a beaker, and was left to stand for 24 h, aft
24 h, after

which it was dried for 24 h at 60 °C and weighed. The MWD (mm) w
as

calculated using the formula:

MWD = Ziﬂl W, X, [Eq. 18]

where x, is the average diameter of the opening of two consecutive sie
ves,

and w,is the weight ratio of aggregates remaining on the , th sieve. For th
i . €

determination of ASD, the weight ratio of soil in each sieve (5 mm, 2 mm, I

mm, 0.5 mm, 0.25 mm, 0.125 mm and 0.053 mm) was attributed to the total

weight of aggregates in the corresponding aggregate size class

The GMWD was calculated as follows:

GMWD = exp qu Wi'log X;
Zn w;.X _—

=1 1

where « is the number of aggregate size range (mm), and w, is the weight of

aggregates in a size class of average diameter X;.
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4.2.2.2 Water stable macro and micro-aggregates

The water stable macro aggregates (expressed as a percentage) were
determined by finding the weight ratio of soil in the sieves between 0.25 mm-
Smm to the total weight of the aggregates (51 g). Similarly, the water stable
micro-aggregates (expressed as a percentage) were determined by the weight
ratio of soil with a diameter from 0.053 mm-0.125 mm.

4.2.2.3 Structural coefficient (SC)
This was determined as follows:

_ WsMa
 WsMi

5C [Eq. 20]

where WsMa is the water stable macro-aggregates, and WsMi is the water
stable micro-aggregates.

4.2.3 Results

-

4.2.3.1 Aggregate size distribution and Macro and micro aggregate stability
The investigation of the aggregate size distribution in the soils

following the incorporation of biochar showed that, the micro aggregates

recorded the greatest proportion of the soil aggregates in all the treatments;

thus, most of the aggregates fell in the 0.125 and 0.053 mm size class for all

treatments (Figure 24).
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Figure 24: Corn cob biochar effects on aggregate size distribution. CT denotes
control; BC-15, 30, and 30+P denote biochar treatments with 15 t ha™', 30t
ha-', and 30 t ha™' + 50 kg P2Os, respectively.

In general, application of biochar increased the proportion of the water
stable macro aggregates (>0.25 mm), and this effect was quite pronounced in
the BC-30 and BC-30+P. In the 5 mm aggregate size class, application of corn
cob biochar significantly increased the proportion of macro aggregates by
263.29 and 405.06% in the BC-30 and BC-30+P treated soils compared with
the CT (p<0.01). Application of BC-15 did not have a significant effect on
water stable macro aggregate in all the aggregate size classes (0.25-5 mm)
relative to the CT. In the 2mm aggregate size fractions, the BC-30 and BC-
30+P significantly increased (p<0.01) the proportion of water stable
aggregates by 115.40 and 189.73% respectively. A significant increase of
334,21 and 416.17% in the macro aggregates (p<0.01) was also recorded in
the respective BC-30 and BC-30+P treated soils in the 1 mm aggregate size
fraction. In the 0.5 mm aggregate, no significant difference was observed in
the water stable aggregates in the biochar treated soils and the CT, except the

BC-30 which recorded a significant increase (p<0.05) in water stable
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aggregates by 118.38% relative to the CT. Corn cob biochar application did

not have any significant effect on the water stable aggregates in the 0.25 mm
irrespective of the application rate. Generally, application of biochar
significantly decreased the proportion of the water stable micro aggregates, in
the 0.125 mm (p<0.01) and 0.053 mm (p<0.05) size fractions. The decrease in
the micro aggregates was dominant in the soils that received the highest
application rates. BC-30 recorded a significant decrease of 45.90 and 18.0% in
the 0.125 and 0.053 mm aggregate size classes respectively, whereas a BC-
304P recorded 50.09 and 15 .69% reduction in water stable micro aggregates
in the 0.125 and 0.053 mm aggregate size fractions, respectively.

Application of corn cob biochar resulted in a significant increase in the water

ﬁacro aggregate stability (aggregates between 0.25 and 5 mm) relative to the

CT (Figure 25).
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Figure 25: Effects of different application rates of corn cob biochar on the

stability of macro and micro aggregates of a tropical sandy loam. CT denotes
control; BC-15, 30, and 30+P denote biochar treatments with 15 t ha™', 30 t

ha ', and 30 t ha™' + 50 kg P20s ha™', respectively.

Biochar applied at a rate of 15 t ha™' did not have any significant effect
on the stability of water stable macro aggregates. However, biochar applied at

116



a rate of 30 t ha”' resulted in a significant increase in the stability of macro

aggregates by 117.94 and 182.76% in the BC-30 and BC-30+P treated soils,
respectively compared to the CT. Among the biochar treatments, the order of
the effect of biochar on macro aggregate stability was BC-30+P>BC-30>BC-
15. Conversely, application of biochar resulted in a significant reduction in
micro aggregate stability. A reduction of 13.74, 29.45 and 23.17% in micro
aggregate stability was recorded in the BC-15, BC-30 and BC-30+P compared
to the CT. Among the biochar treatments, no significant difference was
observed between BC-30 and BC-30+P. Moreover, there was no statistical
difference between BC-30 and BC-15. However, there was a significant
difference between BC-30+P and BC-15.
4.2.3.2 Water stable macro and micro-aggregate stocks

Application of biochar at a rate of 30 t ha'! resulted in a significant
increase in the water stable macro aggregate stock (p<0.01) (Table 8).

Table 8: Effects of Corn Cob Biochar on Bulk Density, Macro and
Micro-Aggregate Stocks and Geometric Mean Weight Diameter (GMWD)

Treatment Bulk density Macro aggregate Micro GMWD
(g cm™) stock (Mg ha')  aggregate stock
(Mg ha™)
CT 1.53+0.00a 735.26 £27.55¢ 62.72+0.51a  0.46x0.01b
BC-15 1.44 £ 0.02b 756.99 £ 55.34c  54.10£2.91b 0.50 +
0.02b
BC-30 1.38+0.03b 1461.58 + 4425+ 2.54c 0.58 +
65.10b 0.03a
BC-30+P 1.38% 0.03b 1896 + 88.56a 48.19+3.54c  0.66 +
0.03a
An increase of 07.82 and 156.66% in the water stable macro
aggregates was observed in the BC-30 and BC-30+P treated soils respectively
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relative to the CT. No significant difference was observed between BC-15 and

CT. Among the biochar treatments, significant differences in their effects on
water stable macro aggregate stock were observed. The magnitude of the

impact of the biochar treatments on the macro aggregate stock was in the order

of BC-30+P>BC-30>BC-15.

Conversely, application of corn cob biochar resulted in a significant
decrease (p<0.01) in the water stable micro aggregate stock by 18.28, 30.24
and 35.95% in the BC-15. BC-30 and BC-30+P treated soils respectively
compared to the CT (Table 8). Among the biochar treatments, there was no
difference between BC-30 and BC-30+P. However, significant differences
existed between the 30 t ha! treatments (BC-30 and BC-30+P), and the BC-
15. Thus, increasing biochar application rate resulted in a significant decrease
in the water stable micro aggregate stock.

4.2.3.3 Mean weight diameter and structural coefficient

The effects of corn cob biochar application on mean weight diameter

and structural coefficient are presented in Figure 26.

1.6 1 —@— Structural coefficient
—-O— Mean weight diameter L 0.8 E
g E
3 1.2 1 =
= 3
g A - 06 g
8 o
§ 0.8 T g
% - 0.4 -g’
E 041 =
n v o =
0.0 - y T '
cT BC-15 BC-30 BC-30+P
Treatment
Figure 26: Effects of different application rates of corn cob biochar on the
mean weight diameter and structural coefficient. CT denotes control; BC-15

30, and 30+P denote biochar treatments with 15tha™', 30 tha™, and 30 t ha™'

+ 50 kg P20s ha’' respectively.
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Incorporation of corn cob biochar at a rate of 30 t ha™' resulted in a

significant increase in the mean weight diameter (MWD) of the soils (p<0.01).
No statistical difference was observed between the CT and BC-15. However,
there was a significant increase in MWD by 152.94 and 288.24% in the BC-30
and BC-30+P treated soils. The magnitude of the effect of corn cob biochar on
MWD was in the order of BC+P>BC-30>BC-15, and this order was
significant between the biochar treatments. This led to a subsequent significant
increase in the geometric mean weight (GMWD) following biochar
application at a rate of 30 t ha’! (p<0.01) (Table 8). A significant increase of
152.94 and 288.24% in GMWD was recorded in the BC-30 and BC-30+P
treated soils. Among the biochar treatments, no significant difference was
observed between BC-30 and BC-30+P. However, BC-30 and BC-30+P were
significantly different from BC-15. Despite an increase of 23.53% in GWMD
of the BC-15 treated soils relative to the CT, there was no statistical difference
between them. The magnitude of the effect of the various treatments on
GMWD was in the order of BC-30=BC-30+P>BC-15=CT. This suggests that,
increasing rates of biochar can potentially increase the stability of the soil.
Biochar incorporated at a rate of 30 t ha resulted in a significant
increase in structural coefficient by 215.39 and 274.36% in the respective BC-
30 and BC-30+P treated soils relative to the CT (p<0.01) (Figure 26).
Statistically, there was no difference between BC-15 and CT, despite an
increase of 25.64% in structural coefficient in the BC-15 treated soils. Among
the biochar treatments, no significant difference was observed between BC-30

and BC-30+P. However, the effect of BC-30 and BC-30+P on SC was

significantly higher than that of BC-15. Thus, increasing the rate of biochar
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application resulted in a corresponding increase in SC in a tropical sandy

loam.
4.2.3.4 Bulk density

Corn cob biochar application significantly decreased (p<0.01) the bulk

density of the soil (Table 8). A decrease of 5.88% was observed in the BC-15

treated soils, whereas a decrease of 9.8% in bulk density was recorded in both

BC-30 and BC-30+P treated soils relative to the CT. No significant difference

in bulk density was observed among the biochar treatments.

4.2.4 Discussion

4.2.4.1 Aggregate size distribution and aggregate stability dynamics
The greatest proportion of the soil aggregates were found in the micro
aggregates, with the CT soils having significantly higher proportions of the

micro aggregates as compared to the biochar treatments. This observation is in

agreement with Zhang et al. (2017), who reported a significant increase in the
micro aggregates in the reference soils relative to the biochar treatment when

they applied wheat-straw derived biochar pyrolysed at 350-550 °C to a silty

clay loam at a rate of 16 t ha'. Comparatively, biochar application

significantly increased the proportion of aggregates in the larger size classes

(>0.25mm) than the CT. This observation led to a significant increase in water

stable macro aggregates especially in the soils treated with 30 t ha™! of biochar

(BC-30 and BC-30+P). This observation is in agreement with the studies

conducted by Hartley, Riby, & Waterson (2016) who reported a significant
increase in soil macro aggregation following the incorporation of biochar

pyrolysed from «oversize’ woody biomass at a temperature of 430-440 °C, and

d to a sandy soil at a rate of 5% v/v. The increase in water stable macro

applie
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aggregates may be attributed to oxidized carboxylic acid groups on biochar
particles (Glaser et al., 2002), interacting with soil minerals, especially in the
macro aggregates. Ouyang, et al. (2014) reported a significant increase in soil
macro aggregate formation in a 90-d biochar incubation study, with little
effect on micro aggregation; they opined that biochar served as a habitat for
microbial growth facilitating macro aggregation, which is akin to the effect of
corn cob biochar applied at 30 t ha™! in this study. Furthermore, the increase in

macro aggregate stability may be attributed to the high C:N ratio of biochar,

which might have created favorable conditions to fungi (Bossuyt et al., 2001),

which have been reported to play a more important role in macro aggregate

formation than bacteria. Organic materials are directly responsible for the

formation of macro aggregates (Six, Bossuyt, Degryze, & Denef, 2004)

through the actions of fungal hyphae and microbial extracellular

polysaccharide gums in the soil matrix. Complexation processes resulting

from organic functional groups and/or microbial activity (Hartley et al., 2016)

are the most likely mechanisms that result in the formation or macro

aggregates in biochar amended soils.

The significant effect of com cob biochar on the stability of macro
aggregates is not surprising as biochar amendment has been reported to be

beneficial in soils that have poor physical characteristics such as sandy soils

( Abujabhah, Bound, Doyle, & Bowman, 2016). However, Unger, Killorn, &

Brewer (2011) suggested that, the effect of biochar on the physical properties

(eg. Macro aggregate stability) of these poor soils will depend on the type of

biochar, as chemical composition differs with different feedstocks.
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In this study, application of biochar applied at a rate of 30 t ha™ (BC-

30 and BC-30+P) significantly decreased micro aggregation (0.125-0.053 mm)
relative to the CT. This observation conformed to the findings of Zhang et al.
(2017) who reported a significant decrease in micro aggregation by 21.3%
when they applied a wheat straw biochar at a rate of 16 t ha™ to a silty clay
loam. The relatively smaller percentage of macro aggregates in the CT and
BC-15 treated soils, compared to the BC-30 and BC-30+P treated soils, is a
result of the breakﬁown of soil structure in both CT and BC-15. This
breakdown in macro aggregates was reflected in the micro aggregate amounts
in both CT and BC-15. In both treatments, there are larger proportions of

micro aggregates compared to BC-30 and BC-30+P treated soils. Microbial

community diversity and time are the major factors influencing the formation
of micro aggregate formation (Handayani, Coyne, & Tokosh, 2010).
According to Handayani et al. (2010), micro aggregate formation hecormes
dominant when plant and microbial communities become less productive and
verse in the soil medium. The larger amount of micro aggregates in CT

more di

and BC-15 indicates lower aggregate stability in these soils. Thus, when
aggregates breakdown, finer particles are produced which are easily carried
away by rain water or wind, which upon re-sedimentation, have the tendency
decreasing aeration and leading to the formation of soil

to clog soil pores,

crusts. This sealing effect facilitates surface run off (Besalatpour et al., 2013),

and thus promotes further water erosion. Moreover, a relatively higher rate of

biochar applied to the soil enhanced the interaction between biochar and the
<0.053mm soil particles. This therefore caused cementation of the minute

particles to form micro-aggregates (0.125-0.053 mm) for subsequent macro
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aggregate formation. Therefore, the number of macro aggregates in the BC-30
and BC-30+P increased as compared to CT and BC-15, while the number of
micro aggregates was determined by the net effect of the micro aggregate
formation and upward aggregation of micro aggregates to macro aggregates
(Dong, Guan, Li, Lin, & Zhao, 2016), and thus a reduction in micro
aggregates in the BC-30 and BC-30+P amended soils. Tisdall & Oades (1981)
affirmed that macro aggregates are formed by micro-aggregates through
organic adhesion.

The increase in macro aggregation in the BC-30 and BC-30+P treated
soils led to a subsequent significant increase in water stable macro aggregate
stock (p<0.01). Conversely, the higher micro aggregation in the BC-15 and the
CT relative to the BC-30 and BC-30+P resulted in a significant increase in
water stable micro aggregates stock (p<0.01) in the reference soil and the BC-
15. Our results contradict the findings of Al-Faiyz (2017) who found no effect
of biochar on aggregation. For instance, Fungo et al. (2017) attributed the lack
rmation to the fact that, aggregates formed in the early stages

of aggregate fo

could have been disintegrated due to tillage at planting and weeding, as soil

tillage has been reported to break the soil aggregates. That notwithstanding,
other authors (Liu et al., 2014; Sun & Lu, 2014) have reported a significant

increase in aggregation following the application of biochar. The disparities in

the effect of biochar on aggregate formation may have probably occurred due
to time of soil sampling after biochar application, application rate of biochar,

soil texture and feedstock type used. For example, Liu et al. (2014) reported a

significant increase in aggregation when wheat straw biochar pyrolysed at 350

°C was applied to red soil at a rate of 40 t ha™', but not at 20 t ha™. Sun and Ly
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(2014) equally reported an increase in aggregation when straw biochar was

applied at a rate of 90 t ha'! to a clayey soil but no difference in aggregate

formation was observed with wood chips biochar applied to the same soil at

similar application rate.
4.2.4.2 Aggregate and structural stability indices

Mean weight diameter (MWD) and Geometric mean weight diameter
(GMWD) are important parameters of aggregate stability. As an index of
structural stability of soil aggregates, a high MWD and GMD value gives an
indication of the predominance of the larger, more stable aggregates over the

smaller, less stable fractions. Application of corn cob biochar at a rate of 30 t

ha”' significantly increased the mean MWD and GMWD of the soil, indicating
that incorporation of biochar can reduce the breakage of soil macro aggregates

(Dong et al., 2016). Our observation is in agreement with previous studies that

biochar amendment increased the MWD (Zhang et al., 2017, Dong et al.,
2016). In an incubation experiment, Sun and Lu (2014) recorded a significant

increase in MWD and GMWD when a clayey soil was amended with biochar

pyrolysed from straw and wastewater-sludge at a temperature of 500°C, and

applied at rates of 20, 40, and 60 g biochar kg soil™'. Soil structural coefficient

is the proportion of the macro aggregates compared to the micro aggregates,

and it gives an indication of the soil aggregate stability. Corn cob biochar

applied at a rate of 30 t ha™' significantly increased the soil physical structural

stability. A significant positive correlation was observed between SC and both

MWD (r=0.94, p<0.01) and GMWD (r=0.89, p<0.01) which indicates that the

stability of soil aggregates was reflected in the MWD, and this has been

reported in previous studies (Gelaw, Singh, & Lal, 2015; Hontoria et al.,
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2016). Thus, larger SC, MWD and GMD values for the biochar-amended soils

exhibits a further significant enhancement in soil aggregate.

4.2.5 Conclusions

Application of biochar at 30 t ha" significantly enhanced macro

aggregate formation and the stability of water stable macro aggregates

especially in the BC-30 and BC-30+P treated soils. Increasing the rate of

biochar application improved the aggregate structural stability indices which

gives an indication of the predominace of macro aggregates that have the

potential of reducing erosion in the biochar treated soils. In perspective,

increasing the rate of corn cob biochar have the potential to reduce the rate of

erosion by promoting the formation of macro aggregates in a tropical sandy

loam.
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CHAPTER FIVE
EFFECTS OF BIOCHAR ON SOIL BIOCHEMICAL PROPERTIES

5.1 Soil Carbon and Nitrogen Lability, Organic Carbon Partition and

Composition

5.1.1 Introduction

The TOC, as the composite indicator of soil quality, is crucially
important in providing cnergy and substrates and maintaining the bio-diversity
and ecosystems efficiency 10 support agricultural resiliency and food security
(Aziz, Mahmood, & Islam, 2013). While the TOC is composed of both humic

and non-humic C fractions, each of these C fractions makes its particular

contribution towards soil quality based on its chemical composition and

lability, biochemical turinover, and physico-chemical stability (Stevenson,

1994). The non-humic C pool is composed mainly of polysaccharide and

protein-like compounds (Flaig, Beutelspacher, & Rietz, 1975). Based on

classical extraction of TOC by alkaline and acidic solutions, the humified

fraction 1s categorized into three fractions, namely HA, FA, and humin,

respectively (Stevenson, 1994). Both humic and non-humic C fractions

originate during and/or after organic residues decomposition and subsequent

polymerization of metabolites into the complex and heterogenic nature of the

TOC with distinct functional groups, elemental composition, and physico-

chemical properties (Jeffery et al., 2011).

geveral studies have reported that TOC is not a very consistent,

sensitive and early indicator 10 detect short-term changes in soil C cycling in

response 10 management practices, due to its inherent background biochemical

complexity and physico-chemica] stability with clays and calcium (Salinas-
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Garcia, Hons, Matocha, & Zuberer, 1997; Stevenson, 1994). It is reported

that that there are continual humification processes undergoing in new TOC

formation and/or native TOC content mediated through complex microbial

and biochemical reactions and consequently, labile C compounds are

converted into recalcitrant compounds or vice-versa (Zech et al., 1997)
Maintaining a steady source of labile C pool than that of absolute amount of

TOC is far more important to support soil functions (Aziz et al., 2013; Islam

& Weil, 2000).

Carbon and nitrogen contents are stoichiometrically linked in SOM

and play a crucial role in global C and N cycles to regulate agroecosystem

services. However, the C: N stoichiometry in SOM under terrestrial

ecosystems is greatly influenced by management practices. Cropping system

productivity and sustainability are highly reliant on the dynamics of SOM,

including the turnover of labile C and N and the renewal of stabilized C and N

pools (Weil & Magdoff, 2004). According to Schmidt et al. (2011), the labile

pool 1s small (typically <20% of the total), but extremely important to rapid

cycling of C and nutrients for microbes and plants, soil aggregation, and C and

N sequestration (Weil & Magdoff, 2004). Labile C and N in SOM is

considered as quality indicator that is more sensitive and can be detected

even with the slightest change In total C and N contents (Li et al, 2016). It is

highly responsive to changes in C and N inputs and provides a measurable
tents (Stockmann et al., 2013). This

index before changes in C and N con

presupposes that the influence of changes in soil management following an
application of chemical fertilizer or soil amendments can be noticed sooner in

the labile C and N pools rather than in the total C and N contents. Therefore,
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the influence of C and N lability in soil quality and crop productivity cannot

be over emphasized.

Application of biochar has been reported in previous studies as one of
the soil amendments in sustainable agriculture (Jeffery et al., 2011; Lehmann
et al., 2006) to potentially sequester C (Spokas, 2013; Zhang et al., 2014).
Labile soil C and N dynamics are key variables that are pivotal in soil quality

(SQ) assessments. Understanding these dynamics will provide a better insight

into how biochar application influences soil C: N.
The objectives of the study were to (1) investigate whether humic- and

non-humic characteristics exhibited early, consistent and measurable changes

in TOC sensitivity to biochar amendment and determine if differences
translated into soil C storage by different rates of biochar application, (2)
determine the effects of corn cob biochar on C and N lability indices, C and N

pool indices and C and N management indices, and (3) to identify key factors

regulating the pattens of labile C and N pools in response to biochar

application 1n a highly weathered soil under humid tropical climates.

5.2 Materials and Methods
5.2.1 Soil biological and chemical analyses

Basal respiration, an indicator of antecedent biological activity was

measured using an invitro method. In this method, soils were incubated for 31

days under static conditions at 25 °C. A 20 g of 2 mm sieved field-moist soil

was placed into a 1 L Mason jar along with 5.0 ml of 0.5 M NaOH solotion io

trap CO, and 5.0 ml of deionized water in a separate container for the purpose

of maintaining moist and humid environment inside the jar for normal bacteria

re included in the experimental set-up.

growth. Three blanks we

\




Figure 27: Incubator for basal respiration studies

s, the NaOH solution was titrated with 0.5 M of standard

After 30 day
hydrochloric acid (HCI) and basal respiration was calculated as follows:
_ 12 x1000]
_[(B-T)xM x12x1000]
BR s [Eq. 21]

where BR is basal respiration in (mg CO, kg of soil day™), B is the volume

(ml converted to L)of 0.5 M HCl required to neutralize the NaOH in the blank

titration, T is the volume (ml converted to L) of 0.5 M HCI required to
neutralize the NaOH in the sample vials from the soil incubation, M is the
molarity of HCI1, W is the weight of the soil sample in g converted to kg, 12 is

the moles conversion to g of CO,, d is the number of days the samples were

incubated, and 1000 is the g converted to mg equivalent. Total amount of CO;

sed from the incubated soil was divided by the TOC concentration to

neralizable C (PMC).

relea

calculate the potentially mi

The soil extraction procedure proposed by Islam & Weil (1998) was
adapted for the determination of NO3™ and NH4" contents in the soil samples.
Briefly, field moist soil was gently screened through a 2 mm sieve to eliminate
stones, plant debris and large organic substances. Soil that passed through the
2 mm sieve was collected for further extraction and subsequent analyses. A 10
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g of the sieved field-moist soil was weighed into a 50 ml centrifuge tube. 25

ml of potassium sulphate (K>SO4) solution was added and the samples were

placed in a rack of a horizontal shaker and shaken for 1 h at 25 oscillations per

minute. After shaking, the samples were centrifuged for 5 minutes at 2000

rpm. The supernatants Were filtered through Fisher Q2 filter paper into 25 ml

scintillation vials. These extracts Werc used to determine available NO3™ and

NH, using an Astoria Pacific Auto Analyzer equipped with two dedicated

cartridges and photovoltaic detectors, one each for NO;™ and NH;'. The two

cartridges were 305-A-023-A00 for NH4'-N and 305-A173-A01 for NO5™-N.

The difference between the initial available nitrogen (NH;* and NOs) and

available nitrogen at the end of the incubation period was used to calculate the

jally mineralizable N (PMN). The specific maintenance respiration

potent
(qCO,) rates, as measures Of soil microbial catabolism, were calculated as BR
rates over soil microbial biomass concentration (Anderson & Domsch, 1989).

y and TN concentrations were determined on finely-ground

Total carbon (TC

(<125 {m) oven-dried soil by using the Elementar” automated CNS dry

combustion analyzer.
Active carbon Was Jetermined by the procedure adopted from Tslam,
Stine, Gruver, Samson~Liebig, & Weil, (2003). In brief a 5.0 g air-dried soil

d into a 50 ml centrifuge tube containing 20 ml of 0.02 M of

was weighe
peed shaker for 2 minutes. Samples were then

placed onto a high's

KMnO; and
. 5 minutes. A 0.5 ml supernatant solution was

ged at 2000 rpm fo

ed into another S

centrifu
et of pre-arranged centrifuge tubes

carefully drawn and plac

ini ionized water, and then brought to 45 ml volume. These
containing 40 ml of de

ped and cubjected to 2 quick mix to obtain uniform color

tubes were cap
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as made based on the assumption that the

distribution. Quantitation W

bleaching of the KMnO4 color was proportional to the amount of active C in

the soil.

AC = (0.02M (a+bx absorbance)) x(9000mg emol ™) x 0.02L
0.005 kg OD soil

] [Eq. 22]

AC is active carbon 1n mg kg, 0.02M 1s the initial KMnOy solution

where
concentration, @ is the intercept and b is the slope of the standard curve, 9000

is the mg C (i.e. 0.75 moles) oxidized by 1 mole MnO, changing from Mn'’ to

Mn*2, 0.02 Lis the volume of KMnO; solution reacted, 0.005 is the kg of soil

used and OD 1s oven dry.

[mmediately after measuring AC, 10-mL of the KMNO,4 reacted

solution was taken and placed in plastic tubes, and 0.2-mL of M citric acid

solution was subsequeﬂtly added. The mixture was shaken to decolorize, and
o determined by using the Shimadzu®

active nitrogen (AN) concentrations Wer

automated total dissolved C and N analyzer.

Particulate organic matter (POM) was collected after dispersing the 2
mm sieved air-dried soil with 0.5% (NaPOs)s solution. The dispersed soil
suspension was passed through a 53 Hm sieve to collect sand associated POM
followed by washing with running distilled water and oven-drying at 65 C
s obtained. A portion of the sand associated POM

nstant weight wa

until a co
furnace at 480 °C for 2 hr. and the POM concentration

was burnt in @ muttle
n method. Another sample of the sand

was calculated by the loss o1 ignitio
a ceramic mortar and pestle and analyzed for

M was ground bY

associated PO
ON concentration by using the Elementar® automated CNS dry

POC and P
Microbial biomass carbon and nitrogen concentration

combustion analyzer.
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~feadtionation, ana inalysie of huime g foR-HHme ©

fractions

The extractions of HA and FA of the soil total organic C (TOC) were

carried-out by a modificd procedure (Ghosh & Schnitzer, 1979: Navarrete
\

Tsutsuki, & Navarrete, 2011). Bricfly, a 1.0 g oven-dried equivalent (ODE)

sample of air-dried soil in a 50 mL plastic tube was shaken with 15 mL of 0.1

M NaOH solution (~pH 12.2) under continuous shaking at 250 rpm for a 24 ;

hr. period. After shaking the soil suspension was centrifuged at 3000 rpm for

10 min and filtered to obtain soil free extracted C (TEC) aliquot. The

he TEC aliquots werc combined (~ 45 mL)

procedure was repeated thrice. T

oncentrated H,SO;4 to ~ pH 2 and allowed to stay

and slowly acidified with ¢

jon and precipitation of HA from the FA. The tubes

over-night for coagulat

were then centrifuged at 3000 rpm for 1

L

0 min for complete precipitation and

he HA from the FA. The FA in solution was separated from the

separation of t
4 using 0.4 pm Millipore membrane (filter paper)

SaSats

d HA by filtratio

precipitate
The precipitated HA was re-dissolved in 45 mL of 0.1 M NaOH and purified

h contents by repeated dialysis in water. A 5 mL sample of

from silica and a8
s diluted to the 20 mL volume in a glass tube

. FA aliquot W&

filtered HA ©
nized water. The total C in the diluted HA and FA

with 15 mL of distilled deio
samples Was determmed py using the Shlmadzu total dissolved organic C and
N analyzer.

The non—humic glucose equivalent C was determined in both HA and

ne-sulfuric acid method (Brink, Dubach, & Lynch

s by the anthro

FA aliquot




1 60 . B I q

plastic tube rith 5 ml
with 5 mL of cold anthrone-sulfuric acid reagent mixture. T
5 xture. The

mixture in the tube was
as slowly vortex for mixi
r mixing followed by ing in
heating 1
gina

S

against the glucose C st '
g andard solutions was
measured at 607 i
nm by using a
[

Shim e
adzu® spectrophotometer. The concentration of the anthrone i
reactive

glucose equivalent C was subtracted from both HA and FA fracti H
ions. Humin

the most stabilized residual fraction of TO
ion C was calculate
lated after sub i
tracting

the TEC concentration from the TOC concentration.

Several quotients as measures of humification characteristics of TOC

such as humification index (HI), humification ratio (HR), and d
s egree of
(Aziz et al., 2013; Saviozzi, Levi-Minzi, &

humification (DH) were calculated

Riffaldi, 1994).

Glucose uivalent total non — humic C)
%) [ TOC e [Eq. 23]
. A
HR(%) = W}XIOO
TOC (Eq. 24]
- A
— Mﬂ)}m
TEC [Eq. 25]

For spcctroscopic analyses, the HA-C and FA-C fractio
ns were

adjusted 10 pH 7 and their optical densities were measured by a Shimadzu®
adzu

- at visible wavelength (400 —700 nm) with 50 nm interval
vals.

Spectrophotomete
nsities and wavelen

pe of each relationship was calculated (Ghosh &

The optical de gth values were log-transformed for for log
and the slo

Jog relationship,
ptical densities of soil free extracts measured at 465

Schnitzer, 1979). The ©
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and 665 nm were used to calculate the Eueo/Eqes ratios (Chen, Senesi, &

Schnitzer, 1977).

5.2.3 Calculation of carbon stocks and stratification

The TOC, TEC, HA, FA, humin, and non-humin C stocks were

calculated by multiplying their concentration by the concurrently measured pb

values and depth. Stratification of extracted C fractions was calculated by

catments by the respective values of

dividing their C values under various tr

that C fraction in the control (reference) treatment soil (Franzluebbers, 2002)

The use of the reference soil to calculate for C stratification assessment 1is

important, so that similar soils under various treatments can be compared

systematically.

5.3 Results

5.3.1 Labile carbon and nitrogen concentrations

char application resulted in a significant increase in active

Corn cob bio

carbon (AC) by 196, 253 and 270% in t

:

he BC-15, BC-30 and BC-30+P treated 5
o the CT (p<0.01) (Table 9). Among the biochar %
)l

ctively, compared

soils respe
ment had significantly lower AC than the BC-30 7

ents, the BC-15 treat
rend was observed in active nitrogen (AN) following

freatm

treatments. A similar t

corn cob biochar application-

A significant increase (p<0.05) of 91, 140 and 200% in particulate
oreanic carbon (poC) was observed in the BC-15, BC-30 and BC-30+P
f=]
compared with the CT (Table 9). The POC contents

ated soils, respectively,

¢ treated soils we

tre
re statistically similar. Incorporation of

of all the biocha

gnificant effect on particulate organic nitrogen

biochar did not have any sl

(PON) (p=0-30)-




— — —— e _—J
Table 9: Effects of Corn Cob Biochar on Total Carbon (TC), Total Nitrogen (TN), Active Carbon (AC), Active Nitrogen (AN), Particulate
Organic Carbon (POC) and Particulate Organic Nitrogen (PON) B
Treatment TC (gkg) TN (gkg") AC (mg kg™ AN (mg kg™) POC (mg kg™) PON (mg kg™)
CT 8.74 £ 0.79b 0.62 £ 0.08¢c 141.11+ 1.54¢ 27.88+2.28¢ 1.83 £0.92b 0.17 = 0.06™
BC-15 11.70+1.10ab 0.92 £ 0.08bc 418.28 +7.96b 39.64+2.92b 3.50+1.09a 0.16 £0.05
BC-30 13.64 + 1.09a 1.39 £ 0.19ab 497.68+ 0.55a 51.27+3.05a 4.39 +2.04a 0.27 £0.05
BC-30+P 13.51 £ 0.79a 1.46+0.21a 521.86+28.60a 61.99+0.70a 5.49 £ 1.35a 0.25£0.02

SMeans separated by same lower case letter in each column were not significantly different among the treatments at p<0.05




There was a significant increase (p < 0.01) in potentially mineralizable
carbon (PMC) by 1.5- and 1.7-fold in the soils treated with BC-30 and BC-
30+P respectively, compared with the CT (Table 10). No significant difference
was observed between BC-15 and CT. Statistically, the PMC contents in the
BC-30+P and BC-30 amended soils were similar, and both treatments had
higher PMC than the BC-15 soils.

Application of biochar resulted in a significant increase (p < 0.04) in
microbial biomass C by 4.5-, 8.2-, and 8.3-fold in the BC-15, BC-30 and BC-
30+P amended soils, respectively, compared with the CT (Table 10). The
MBC contents in the BC-30 and BC-30+P treated soils were statistically
similar. A 2.7-fold increase (p < 0.01) in microbial biomass N (MBN) content
was recorded in the soils amended with BC-30 and BC-30+P (Table 10), while
the BC-15 was statistically similar to the CT. The MBN content in the soils

amended with 30 t ha” of biochar (BC-30 and BC-30+P) was significantly

higher than the BC-15 amended soils.




e

Table 10: Effect of Corn Cob Biochar on Microbial Biomas

s Carbon (MBC), Microbial Biomass Nitrogen (MBN), Respiratory Quotient (¢R),
Specific Maintenance Respiration (qCO,), Potentially Mi

neralizable Carbon (PMC) and Potentially Mineralizable Nitrogen (PMN) in a
Tropical Sandy Loam ' _
Treatment MBC MBN qR qCO, PMC PMN
(mg kg™ (mg kg™ (%) (g COomg' Cd")  (mgkg") (mg kg™
CT 39.7+5.9¢ 20.5+3.6b 0.5£0.1c 419 = 692 5.4%0.5¢ 1.7 £0.3b
BC-15 1774 £ 7.7 29.1 £°2.0b 1.6 £0.2b 141.1x13b 6.6 £ 1.0bc 1.6 £0.2b
BC-30 324.6£27.5a 55.1+4.0a 2.5 £0.3a 112 +8b 8.1£0.6ab 20+£0.1a
BC-30+P 328.5+34.5a 55.7+£2.1a 2.5+£0.3a 120 + 15b 9.1 +0.8a 2.1£0.4a

“Means separated by the same lower case letter in each column were not significantly different among the treatments at p<0.05.
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5.3.2 Carbon lability, pool and management indices

Application of comn cob biochar significantly (p<0.01) increased the
carbon lability index (CLi) of the active carbon (AC) in all the biochar treated
soils relative to the control (Table 11).
Table 11: Effect of Corn Cob Biochar on Active Carbon (AC), Microbial

Biomass Carbon (MBC), Particulate Organic Carbon (POC) and Potentially
Mineralizable Carbon (PMC) Lability Index in a Tropical Sandy Loam

Carbon

Lability Index

(CLi)
Treatment AC MBC POC PMC
CT 1.0b 1.0b 1.0b 1.o™
BC-15 24+0.2a 2.5+0.29a 1.2 +0.4b 0.9+0.2
BC-30 24+0.2a 26+0.21a 20+ 0.5a 1.0+0.1
BC-30+P 25+02a 2.8+0.30a 25+1.0a 1.0+0.2

SMeans separated by same lower case letter in each column were not

significantly different among the treatments at p<0.05.

Among the biochar treatments, no significant difference was observed
with respect to the CLi of the AC. The CLi of the microbial biomass carbon
(MBC) was significantly higher (p<0.01) by 2.5-fold, 2.6-fold and 2.8-fold in
the BC-15, BC-30 and BC-30+P treated soils, respectively as compared with
the CT. Similarly, there was no significant difference in CLj of the MBC in all
the biochar treatments.

A significant increasc of 1.2-fold, 2.0-fold and 2.5-fold in CLj
particulate organic carbon (POC) was recorded in the BC-15, BC-30 and BC-

30+P treated soils, respectively relative to the CT (p<0.05). On the contrary,
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no significant difference was observed in the CLi of the potentially

mineralizable carbon (PMC) between the biochar treated soils and the CT
(p>0.5). Comparatively, the CLi of the MBC was the highest, followed by AC

and POC, with PMC recording the lowest values of CLi in all the biochar

treated soils.

Application of biochar at a rate of 30 t ha resulted in a significant

increase (p<0.05) in the carbon pool index (CPI) (a measure of total organic

carbon sequestration) by 64 and 56% in the BC-30 and BC-30+P treated soils

respectively, compared to the CT (Figure 28). However, the CPI values of the

BC-30 and BC-30+P amended soils were statistically similar. Similarly, no

statistical difference was observed in CPI between the BC-15 amended soils

and the CT.
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.re 28: Carbon pool index following corn cob biochar application. CT
Figur trol; BC-15, 30, and 30+P denote biochar treatments with 15 t ha™
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denotes ¢¢ {30th a~! + 50 kg P20s ha™ respectively.
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The carbon management index (CMI) (a composite indicator of both
total carbon sequestration and lability) of the AC significantly increased by

159, 206 and 224% in the BC-15, BC-30 and BC-30+P treated soils relative to

the CT (p<0.01) (Figure 29).
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Figure 29 Carbo :
particulate oragnic carbon and potentially

microbial biomass carbon,
mineralizable carbon. CT dengltes controll; BC-15, 30, and 30+P denote
ts with 15 tha ", 30 t ha”', and 30 t ha™ + 50 kg P,0s ha'!

biochar treatmen

respectively. :
gtatistically, the CMI of all the biochar-amended soils was similar.

A similar trend was observed when MBC was used as a measure of the

CMI. A percentage increase (p<0.05) of CMI by 64 and 78 in BC-30 and BC-
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measure of CMI relative to the CT. However, there was no statistical
difference between the CMI in the BC-15 amended soils and the CT. Among
the biochar treated soils, there was no difference in CMI based on the PMC.

|
!
|

30+P amended soils, respectively was observed when PMC was used as a :
The CMI of the POC in all the biochar treated soils was not statistically i
l

different from that of the CT (p>0.5). Generally, among the carbon labile

pools, the CMI ranked from highest values to lowest values as

AC>MBC>PMC>POC.
5.3.3 Nitrogen lability, pool and management indices

Incorporation of corn cob biochar did not have any significant effect e

on the nitrogen lability index (NLi) of the active nitrogen (AN) (p=0.87),

particulate organic nitrogen (PON) (p>0.50) and potentially mineralizable

PMN) (p>0.5). For the microbial biomass nitrogen (MBN) (p<0.05)

nitrogen {

red to the CT.

|
|

(Table 12), NLi increased by 21 and 18% in the BC-30 and BC-30+P treated t
soils respectively, compa i
|
|

Table 12: Effect of Corn Cob Biochar on Active Nitrogen (AN), Microbial
Biomass Nitrogen (MBN), Particulate Organic Nitrogen (PON) and
Potentially Mineralizable Nitrogen (PMN) Lability Index in a Tropical Sandy

hapr Nitrogen )
Lability Index i
(NLi) |

Treatment AN MBN PON PMN

CT 0™ 1.0b 1.o™ 0™

BG-15 09+01  09%02b  08+013  0.6%0.1 1

BC-30 09401  12%02a  07+013  0.6=0.1

BC-30+P [0£02  12£02a  09+£025  05%02 i

Means separated by same lower case letter in each column were not 1 |

g the treatments at p<0.05. 1

significantly different amon




Statistically, there was no difference in NPI in the BC-15 treated soils

and the CT. However, incorporation of biochar at 30 t ha”' resulted in a

significant increase (p<0.05) in the nitrogen pool index (NPI) by 139 and

137% in the BC-30 and BC-30+P amended soils, relative to the CT (Figure

30).
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Figure 30: Nitrogen pool index following corn cob biochar application. CT
denotes control; BC-15, 30, and 30+P denote biochar treatments with 15 t ha”
1 30 tha ', and 301 ha-! + 50 kg P20s ha™ respectively.

The various labile nitrogen pools were respectively used as a measure

of nitrogen management index (NMI). A significant increase of 104 and 123%

in NMI of the AN was respectively recorded in the BC-30 and BC-30+P

amended soils (p<0.01) (Figure 31). No difference in NMI was observed in the

BC-15 treated soils and the CT.
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respectively.
A similar pattern was observed when MBN was used as a measure of

NMI. The NMI of the PON recorded a significant increase of 29 and 60% in

the BC-30 and BC-30+P treated soils, relative to the CT (p<0.05).

Gtatistically, no difference was observed in NMI between the BC-15 treated

soils and the CT.
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When PMN was used as a measure of NMI, there was no difference

between the biochar treated soils and the CT (p>0.5). Generally, among the

nitrogen labile pools, the NMI ranked from highest values to lowest values

was in the order of AN>MBN>PMN>PON.

5.4 Discussion
5.4.1 Labile carbon and nitrogen concentrations

Application of corn cob biochar significantly increased labile carbon
content of the soils, and this effect was much pronounced in the soils treated
with 30 t ha”' of biochar. This observation is in agreement with the study of
Zhang et al. (2017) who reported a significant increase in the labile carbon

pool following an incorporation of straw biochar pyrolysed at 350 — 550 °C

into a silty clay loam at a rate of 16 tha™.

Labile C and N refer to the fractions of SOM that have a high activity

and are therefore sensitive to management practices and highly susceptible to

oxidation and decomposition (Chen et al., 2007). Labile organic C and N

fractions are characterized as dissolved organic carbon and nitrogen, active

carbon and nitrogen, potentially mineralizable carbon and nitrogen, particulate

organic carbon and nitrogetl, and microbial biomass carbon and nitrogen

(Jiang et al., 2017).

Particulate organic carbon is dominated by crop remains and microbial and
faunal debris and represent an energy source for microorgalmvis'ms and a
reservoir of labile TOC and plant nutrients (Christensen, 2001); it is therefore

sensitive t0 management practices.

highly

The increase in POC in the biochar amended soils may be explained by

the possibility that a significant portion of biochar had been localized in the

—
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particulate organic matter, resulting in higher POC content (Tian et al., 2016)
The increase in POC in this study clearly indicates that incorporation of

biochar may have a higher potential for improving soil quality of the tropical

sandy loam because particulate organic carbon 1s associated with nutrient

cycling (Liebig, Varvel, Doran, & Wienhold, 2002), SOM sequestration

(Carter & Gregorich, 2010), and the formation and stability of soil macro-

aggregates.

The study showed that biochar application at rates of 30 t ha™ led to

ended control. The increase in MBC

increased MBC compared to the unam

reflected in the relatively higher soil basal respiration values and exponential

reduction in the speciﬁc maintenance respiration rates in the biochar amended

s than in the control (Figure 32).

treatment
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Figure 32 Relationships
ific maintenance respiration and microbial biomass

carbon; and between Spec
carbon. _ , .

This implies 2 higher microbial C efficiency in the BC-30 and BC-
30+P amended soils, compared with the CT. Contrary to our findings, Lu et

al., (2014), reported no effect of corn straw biochar on MBC in a laboratory

experiment where corn straw biochar pyrolysed at 555 °C was applied to
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sandy loam at a rate of 15t ha™'. In their study, the soil sample was sieved to a
particle size of <2 mm, hence the biochar reacted with only micro aggregates.

In field experiments, incorporated biochar has the tendency to react with

micro, meso and macro aggregates, hence its impact on some soil properties

(e.g., MBC) may be high.

Soil microbial biomass carbon is the living component of TOC and
plays a key role in nutrient cycling and the decomposition and transformation
of TOC in the soil medium (Bin Liang, Yang, He, & Zhou, 2011). MBC also
serves as a useful indicator of changes in soil C stabilization and nutrient

dynamics following soil management practices (Fierer, Strickland, Liptzin,

Bradford, & Cleveland, 2009). In the present study, corn cob biochar addition

potentially increased labile C mnputs, which resulted in a significant increase in

MBC concentrations in accordance with the findings of (Biederman &

Harpole, 2013).

In this study, biochar additions resulted in a significant increase in AC

relative to the control. This indicates that a higher rate of organic matter

decomposition and nutrient cycling would accelerate the conversion of

nutrients from organic to inorganic forms through mineralization (Wang et al.,

2015), possibly due to high biological activity in the biochar amended soils.

This observation is further supported by the significant increase in the soil

basal respiration (BR) and increased respiratory quotient (qR) which is

indicative of increased biological activity and carbon use efficiency,

. :eralization is often more enhan i
respect1V61Y- Carbon mine ced in less stressed

ecosystems due to the abundance and higher activity of soil microbes. The

biochar amended soils in this study are considered to be less stressed due to a
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substantial decrease in the specific maintenance respiration (qCO») rates (high
o o
microbial efficiency), and therefore, decomposition of organic matter and

subsequent increases in AC would be high in the biochar treated soils as

compared to the control.

Potentially mineralizable carbon (PMC) in soil is a measure of easily
decomposable carbon and considered an important pool of soil organic matter.
The increased PMC in the biochar amended soils could also be ascribed to
high biological activity where substrates such as PMC accumulates (Takata,

Funakawa, Akshalov, Ishida, & Kosaki, 2007) and enhances the microbial

bioavailability of carbon in mineral soil ecosystems.

Corn cob biochar application equally resulted in a significant increase
in active nitrogen (AN) and microbial biomass nitrogen (MBN). The increases
in AN and MBN relate to the enhanced TN in the biochar amended soils and
enhanced microbial activity exemplified by the high qR and greater biological
efficiency (low qCO2). These suggest enhanced active and microbial N
content of the labile fractions of TON in the biochar treated soils. Potentially

mineralizable N is a measure of the active fraction of soil organic N, which is

mainly responsible for the release of soil mineral N through microbial

activities. The significant increase in PMN in the soils treated with 30 t
biochar ha™' may be due to the increase in microbial activity, which could have
increased the decomposition rate and enhanced release of easily decomposable
fraction of the TN. However, biochar application did not alter the particulate

organic nitrogen pools of the soil organic nitrogen. Among the labile N pools,

MBN may be considered as an early and sensitive indicator of changes in N

accumulation and lability in response to biochar application in a tropical sandy
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loam due to its high nitrogen lability index as compared to the rest of tl
1€

tested labile N pools (AN, PMN and PON).

5.4.2 Carbon pool and management index

The carbon pool index (CPI), which is a measure of total organic

carbon concentration significantly increased when corn cob biocha
r was

applied to the tropical sandy loam at 30 t ha (Figure 28). This finding is i
& > ln
agreement with a previous study by Demisie, Liu, & Zhang (2014). Zhang et
=] . gec

al. (2017) also reported a significant increase in CPI following incorporation

of straw-derived biochar pyrolysed at 350-550 °C into a silty clay loam

textured soil at a rate of 16t ha™'. The increase in CPI in the 30 t ha™' amended

soil suggests that corn cob biochar could potentially increase soil organic
o

carbon sequestration (Weng et al., 2017) and improve the overall soil quality

(Feméndez-Ugalde, Gartzia-Bengoetxea, Arostegi, Moragues, & Arias-

Gonzélez, 2017). This observation is supported by the enhanced organic

carbon content 1n the BC-30 and BC-30+P amended soils, and the positive

correlation between TOC and CPI (r = 0.80, p < 0.01). In this study, CPI

values greater than ] (CP1> 1) were estimated in soils amended with biochar

at a rates’ of BC-30 and BC-30 + P, which according to Demisie et al. (2014)

indicates organic C accumulation.

The increase in CPI in the biochar amended soils resulted in a

corresponding Increase in CMI (Figure 29) which is in agreement with the
findings of Demisie et al. (2014) and Zhange et al. (2017). The carbon

management index (CMI) is a composite indicator of both TOC sequestration

and lability, and can be used to monitor differences in soil C dynamics among

s. The CMI expresses the soil quality in terms of increments in the

treatment
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total C content and in the proportion of labile C fraction compared to the

control which arbitrarily has a CMI of 100 (Demisie et al., 2014). In highly

weathered soils of the humid tropics, the low TOC content negatively affects
soil properties and productivity; therefore, balanced organic matter turnover is

necessary for sustainable soil management and carbon sequestration.

From the study, the higher CMI values observed in the biochar amended soils

are related to both the amount and quality of TOC and TN accumulated over

time, thus slowly modifying the size of the labile C pool in the soil. These

results are in agreement with other studies that reported that the impact of

organic amendments alone and/or with chemical fertilization significantly

increased the CMI and NMI relative to the chemical fertilization alone or the

control (Gong, Yan, Wang, Hu, & Gong, 2009; Verma & Sharma, 2007).

5.4.3 Nitrogen pool and management index

Because Carbon and nitrogen are stoichiometrically linked, incorporation of

corn cob biochar equally resulted in a significant increase in the nitrogen pool

igure 30), primarily due to the significant increase in total

index (NPI) (F

nitrogen induced by the addition of biochar as compared to the unamended

soils. Thus, the increase in NPI is primarily due to expected CN stoichiometry

in the enhanced soil organic matter (SOM), and therefore, biochar addition

entially increase N sequestration as a result of an observed positive

could pot

correlation between NPI and TON (r = 0.89; p <0.01). Any changes in

quantitative and qualitative aspects in the total organic carbon content are

expected to reflect in the total nitrogen content of SOM with a subsequent

increase in the NPL




The enhanced NPT in the biochar amended soils resulted in an increase

in the nitrogen management index (NMI) in these soils (Figure 31). This may

be ascribed to the significant increase in the soil organic carbon and nitrogen

and enhanced labile N pools. This suggests that the biochar amended soils

may have greater quantity and quality of soil organic matter available for

decomposition by the soil microbial community (Jiang, Xu, Hao, & Dong,

2017) relative to the control soils. When the NMI of AN was plotted (Y axis)

against the cMI of AC, a significant 1:1 relationship was observed between

and significantly accounted for 82% of the

them. The CMI of AC linearly

variability in the NMI of AN and vice-versa (Figure 33a). A similar plot

between NMI of MBN and CMI of AC equally yielded a significant 1zl

p between them. However, the CMI of AC linearly accounted for

relationshi

594 of the variability in the NM of AN (Figure 33b).
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5.5 Organic Carbon Partition and Composition

5.5.1 Results

35.5.1.1 Soil Total- and Extracted Organic Carbon Fractions

Significant differences were observed in the concentrations of TOC

and extracted C fractions by the effects of biochar application (Table 13).
Soils amended with 30 t biochar ha™' with- and without P amendments (BC-30

and BC-30+P) had the highest concentration of TOC (by 57 to 62 %), as

compared to the control soil. Among the biochar treatments, the concentration

of the humin C fraction which is the most stabilized fraction of TOC was
higher in the BC-30 (by 32%) and BC-30+P (by 38%) treatments than in the
BC-15 (by 17.9%). The Control soil had the lowest humin C concentration

(0.79%), with no significant difference between the Control and BC-15 treated

soils.
Application of biochar significantly increased the TEC concentration

by 88.8, 116.7 and 131%, respectively in the BC-15, BC-30 and BC-30+P

amended soils relative to the control soil (Table 13). Comparatively, a higher

concentration of the HA was observed than the FA concentrations in all

biochar treatments. The biochar amendments significantly increased the HA

concentrations as compared to the control. The FA concentration was highest

in the BC-30+P (193%) and BC-30 (183%) treatments than in the other
treatments. Thus, increasing biochar application rates increased the FA

concentrations. The concentration of Tglucose Was significantly higher in the 30
Mg ha”! (0.37 to 043 g kg'l), with a lower concentration (0.22 g kg™)
observed 11 the 15 Mg biochar ha' amended soils. A non-significant
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difference in Tgucose CONtENt Was observed between the BC-15 and the control

soils (Table 13).

Table 13: Biochar Effects on the Concentrations of Soil Total- and Extracted
Organic Carbon F actions (mean values are presented with standard error)

Biochar TOC TEC FA HA Tg|ucsc Humin

Trt. gke") kg (gkeh (kgD (gg) (gkg™")

e
Control sTr0857 220016 03200lc 1.6£0.1b  0.120.02b 6.7£0.2b

BC-15 11.7+1.1ab 3.7+0.6a 0.6+0.1b 2.94+0.6a 0.2+0.02b  8+0.3b

BC-30 36illa  44£03a 090042 3.1%03a  04+0.04a 9.2+09a

BC-30+P 14.1£1.7a 4.5+04a 0.9%0.1a 3.2+0.4a 0.4+0.1a 9.6+1.4a

TOC = Total organic carbon; TEC = Total exchangeable carbon; FA = Fulvic
acid; HA = Humic acid; Tgmcosc:Total glucose equivalent carbon. # Means
y same lower case letter 1n each column were not significantly

separated b
ong the treatments at p<0.05.

different am

Biochar positively influenced the proportion of FA to HA ratios, with

the highest FA: HA (53%) observed in 30 t biochar ha™ treatment. The control

plot recorded the least FA: HA, with no significant difference between the

nificantly higher TEC/TOC ratio was

control and the BC-15 soils. A sig

observed in the BC-30+P soils (39%) compared to a lower proportion in the

1

control plots (Table 14). Among the biochar treatments, there was no j
|
i

significant difference in the TEC/TOC ratio. Similarly, a lack of significant
difference in TEC/TOC was observed in BC-30, BC-15 and the control soils. |

While the FA/TEC was highest in the 30 Mg ha”" soils, the HA/TEC ratio was

and the control soils. No significant difference was

highest in 15t B’

observed in Tglucosc/TEC among the biochar treatments.




Table 14: Biochar Effects on the Percent Distribution of Soil Total- and

Extracted Organic Carbon [Fractions (mean values are presented with

standard error)

Biochar  TEC/ FA/ FA/ HA/ S

Trt. TOC TEC HA TEC TEC

- " F S 12.()
Commol 023£0.03b7 0.15£0.05b  0.19+0.02b  0.79+0.03a 0.06+0.1"

BC-15 0.32+0.03ab 0.17+0.06ab 0.22+0.02ab 0.77+0.05ab 0.06=0.1

BC-30 0.31£0.02ab 0.20£0.09a  0.30+0.04a 0.71£0.06b  0.09+0.1

BC.30+4P 0350052 0.20£0.06a  0.30+0.03a 0.70£0.07b  0.1£0.2

( nic carbon; TEC = Total exchangeable carbon; FA = Fulvic
acid; HA = Humic acid; Tg;uwsc:'Total glucose equivalent carbon. # Means
separated by same lower case letter in each column were not significantly

different among the treatments at p=<0.05.

TOC = Total orga

Biochar application significantly influenced the TOC distribution when

expressed on a mass per unit area basis (Table 15). The TOC stocks were

significantly higher in the plots amended with 30 t biochar ha than in the

control and BC-15 treated plots. The TOC stocks in the BC-15 treated plots

igniﬁcantly different from the control soil. In contrast to TOC

were not S

application of biochar signiﬁcantly increased the TEC stocks. Like TEC, the |
3 $|-

humin stocks showed a similar pattern in response to biochar application

). A similar irend was also observed in the HA stocks as affected %

(Table 15

signiﬁcantly by the biochar application. Similarly, biochar application

significantly increased the FA stocks, however, the increases in FA stocks in

nd BC-30+P treated soils were si

the BC-30 a gnificantly higher than that of the

BC-15 treated soils. The plots treated with 30 t biochar ha' increased the :
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Tgiucose Stocks, with an increase of 194 and 243% in the BC-30 and BC-30+P
treated plots, respectively compared to the control. The increase in Ty
glucose

stocks in the BC-15 amended soils was statistically similar to that of the

control plots.

Table 15: Biochar Effects on the Stocks of Soil Total- and Extracted Organic
o

Carbon Fractions (mean values are presented with standard error)

Biochar TOC TEC FA HA Talucose Humin

Trt. (tha) (tha™) (tha™) (tha™) (tha™) (tha™)

-
Control ~ 26.8+2.4b 6+0.3b 0.9+0.04c 4.8+0.3b 0.4+0.1b  20.7+2.6b

BC-15 33.7+3.2ab 10.7£1.8a 1.7£0.17b 8.4+l1.7a 0.6+£0.1b  23+2a

a0 377430a  118£09a 2320.10a B4x08a 12032 259%24a

BC-30+P 37.3+£3.8a 12.5¢1.2a 2.4+0.16a 8.9%l.1a 1.2+0.2a  24.7+3.8a

— Total organic carbon; TEC = Total exchangeable carbon; FA =
mic acid; Tglucose=Total glucose equivalent carbon.
# Means separated by same lower case letter in each column were not

significantly different among the treatments at p<0.05.
5.5.].2 Stratification of soil organic carbon fractions

cantly higher stratification (by 55 to 56%) of TOC was

TOC
Fulvic acid; HA = Hu

A signifi

observed in the 30 t ha’ of biochar treated soils followed by the plots treated

with 15 t ha” (34%) whe

n humin and Tglucose stratification was observed. The total

n compared with the CT (Table 16). Like TOC, a

similar pattern ©

exchangeable carbon (TEC) stratification was significantly higher in all the

J
biochar treated plots relative to the CT. Though no significant differences :
|

were observed in the TEC stratification among the biochar treatments, an

increasing TEC stratification trend was observed in the order of BC-

. stratification was highest in the BC-30 (by

O+P>BC-30>BC—15. The Tgluco
0+P (by 262%) treated soils compared to the CT.

3

209%) and BC-3




Ta . . . . e . e :
ble 16: Stratification of Soil Organic Carbon Fractions in resp
: 2sponse (o

arying R oc 3 j ]
4 yving ates O_f BIOCITCH Appllcarzon (J??G(I” values are }J]'GSG]?[G({ ],
WILn

standard error)

Biochar TOC TEG FA HA T, s
glucosc umin
Treatment (Values were divid
ed by th
il y the values at 20cm of the reference
e ey
Control 1b 1b lc 1b 1b 1b

BC.Is  1.3£0.13ab 19031a 2:02b  19:0.37a 1.8+0.20b 1.2+0.10ab
8+0.20b 1.2+0.10a

nC30 150122 22:0.16a 28x0.0a 240202 3.1+030a 1.4=0.13
E % 4 .1o5a

BC.30+P  1.6+0.16a 73+0.22a 3+02a 2.1£0.27a 3.6+0 54a 1.3%0.20
.6%0. .3+£0.20a

‘ nic c?lrbon; TEC = Total exchangeable carbon; FA = Fulvi
acid; HA = Humic acid; Tg’“wsczTOtal glucose equivalent carl;on # M -
separated by same lower case letter in each column were not si;gniﬁcaeillls

ntly

different among the treatments at p<0.05.

TOC = Total organi

5.5.1.3 Spectral characteristics of total- and extracted organic carb
g rbon

fractions

The humification index (HI), as one of the indicators of TOC qualit
Y

: i d by th icati i
gmﬁcantly increased by the application of biochar at 30 t ha!, with an

o, in the BC-30 and BC-30+P amended soils

was S1

increase of 50 and 69

respectivelys compared to the CT. Among the biochar treatments, the lower HI

rved in the plots treated with BC-15 with no difference between thi
is

was obse

treatment and the CT. The humification ratio was significantly impacted upon
by the incorporation of biochar at all rates, with an increase of 35, 31 and 41%
’ (i

in the BC-15, BC-30 and BC-30+P treated plots respectively relative to the

contrast, the degree of hu

¢ treatments. The DH was significantly higher) in the

— mification (DH) of TOC was impacted

differently by the biocha
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nd BC-15 amended soils, than in the soils treated with BC-30 and BC-

CT a

30+P (Figure 34). There was no difference in DH in the BC-30 and BC-30+P

treated plots.
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34: Biochar effect
values are present

treatments with 1

Figure
carbon. Mean
denote biochar
ha'', respectively).

The slope of log optical density vs. log wavelength was significantly

smaller 1n the BC-30 and BC-30 +P treated soils, compared to the CT and BC-
ference was observed in the slope between

15 amended soils. No significant dif

1s (Figure 35).
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5.5.2 Discussion

The significant increase in TOC in the plots treated with 30 tha™! of
biochar could be attributed to the higher aromatic character and high C

concentration (Domingues et al., 2017) of the added biochar, which might

have impacted positively on the TOC content of the treated soils. Through its

interactions with minerals and other organic compounds in soil (Fernandez-

Ugalde et al., 2017), the applied likely biochar promoted macro aggregate

formation which protected the native and applied C from microbial

decomposition (Hartley et al., 2016), hence increasing the TOC content.

Furthermore, the increase in the TOC content could be ascribed to a slower

decomposition of the relatively high amount of biochar in the BC-30 and BC-

30+P treated soils primarily due to the high amount of recalcitrant C in

biochar and the dominance of energy efficient fungal food webs (Aziz et al.,

2013)asa result of the high CN ratio of biochar. Consequently, transformation

of the biochar derived C through humification into TOC is believed to be far

more efficient in the plots treated with 30 t ha! of biochar as compared with

the control plots.

The relatively low FA/TEC in the CT as compared to the BC-30 and

BC-30+P treated plots may be ascribed to significant losses of labile FA. This

;s substantiated by the less FA concentrations observed in the CT soils, which

S expected primarily due to greater utilization of more labile FA by

a-dominated food webs and concomitant loss of soluble

wa

inefficient bacter1

labile FA by leaching and runoff (Schnitzer, 2000). In contrast, improved
aggregate properties in the BC-30 and BC-30+P treated plots might have
( Amoakwah et al., 2017) enhance the resistance of the soil against erosive
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o have subsequently curtailed the loss of labile FA through leaching

forces t

and runoff.

The humified C fractions of soil organic matter (SOM) have been

reported to undergo variable stabilization processes through complex and

close physico-chemical interactions with calcium or clays, or by physical

protection within soil aggregates (Stevenson, 1994). Comparatively, among

the humified C fractions, the FA concentration was greatly influenced more by

agronomic practices (€-g- application of organic amendments) than that of the

HA, humin and TOC (Zalba & Quiroga, 1999). The relatively higher

concentrations of the FA in the BC-30 and BC-30+P treated soils is related to

an accumulation of low molecular weight aliphatic C compounds from the

added biochar that are perhaps weakly associated with cations or clays

(Stevenson, 1994). The FA has lower molecular weight than HA, and

therefore, it is more polar and labile than the HA, and due to its sensitivity to
b4

agronomic practices, it can be used as an early indicator when evaluating

changes in TOC quality than the HA.

substantial increase in HA-C in the biochar treated soils gives an

The

indication ofa significant accumulation of aromatic C in the soil. Humic acid

has a high molecular weight and therefore degrades slowly in the soil. An
accumulation of HA—C in the biochar amended soils therefore implies that C is

sequestered in passive form- Consequently, nutrient accumulation will be
potentially enhanced through an increase in the cation exchange capacity
(Wang et al., 2017). Also, there will be improvements in soil structure
(Daoyuan, Fonte, Parikh, SiX; & Scow, 2017) and invrease in water holding
capacity (Lit et al., 2017; Yu, Harper, Hoepfl, & Domermuth, 2017), while
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reducing erosion. The significantly higher concentrations of glucose

equivalent non-humic C compounds in the BC-30 and BC-30+P treated soils

is possibly ascribed to the increased release and translocation of nonstructural

carbohydrates from the applied biochar.

The stratification of TOC and extracted C fractions generally increased

with increasing the biochar application rate, primarily due to the relatively

high amount of C input (Yousaf et al., 2017) from the applied biochar. Also

the high stratification of TOC and C fractions in the BC-30 and BC-30+P

treated soils could be attributed to high respiration quotient and low specific

maintenance respiration rate in the biochar treated plots which indicates high

ecosystem functionality and less stressed ecosystem (Islam & Weil, 2000).

Thus, the TOC higher stratification therefore reflects a relatively less stressed

environment that leads to better soil quality with enhanced ecosystem services.

a! of biochar amended soils would be expected to provide greater

The 30 th

and diverse quantities of crop residues to the soils, which would subsequently

increase the content and [ability of TOC, and enhance soil health.

The significantly higher FA/HA values in the BC-30 and BC-30+P

a relatively higher proportion of low molecular weight

treated soils indicate

aliphatic Compounds with a higher degree of aromatization (Stevenson,
1994). The high molecular weight aromatic C, heavily substituted with

nd carboxyl functional groups are typical of higher FA/HA ratios

hydroxyl 2
minant in biologically diverse and active soils (Islam, Mulchi, & Alj,

and do
c lower FA/HA values in the CT and the BC-15 treated

2000). In contrast, th
hing and 1055 of labile FA-C due to the susceptibility of these

soils reflect leac

sion and leaching as a 1€

ils to ero sult of low TOC content.
soi




Humification index (HI) reflects the presence of non-humic orga i
ganic

carbon that is less condensed, less aromatic, easily metabolized, and therefo
’ re

easily decomposable and labile. A significantly higher HI in the BC-30 and
-30 an

BC-30+P treated soils therefore suggests that biochar amendment might ha
ve

significantly increased the aliphatic TOC quality. However, the proportionat
) e

increase in the aliphatic C was far less than that of the aromatic C. Thi
. This

observation is accentuated by the high humification ratio (HR) values in the

plots treated with 30 t ha™' of biochar. The HR is directly related to the content

of humified organic matter, and therefore the high HR values in the BC-30 and

BC-30+P amended soils indicate a more humidified nature of the TOC in this

soil (Saviozzi et al., 1994). Application of biochar at a rate of 30 t ha™' resulted

in a significant decrease in the degree of humification (DH). Degree of

humification is 2 measure or indicator of the rate of decomposition of soil

organic matter in the soil medium. The decrease in SOM humification degree

may be attributed to the increase in aggregate stability (Amoakwah et al 2017)

and enhanCCd macro aggregate-associated C that is protected in the macro

aggregate colloidal particles from rapid decomposition by opportunistic soil

microbes. In this sense, incorporation of biochar at a rate of 30 t ha! decreased
the decomposition rate of SOM with positive effects on its degree of
humification. This has the potential to subsequently improve the physical,
chemical and biological properties of the soil. Zech et al., (1997) reported that

s characterized by increases in carboxyl C, alkyl C

the humiﬁcation of SOM i

and aromatic C (mainly phenolic groups) and a decrease in O-alkyl C. The
changes that occur in SOM during the humification process is therefore related
f more recalcitrant organic compounds such

ferential preservation 0

to the pré
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lic structures in the BC-30 and BC-30+P treated soils. Conversely

as pheno

the increase in the DH in the CT and BC-15 treated soils reflects the

breakdown of soil aggregates which exposes soil carbon to rapid microbial

degradation, with subsequent loss of the labile components of SOM through

catabolism and leaching processes, and reduced ecosystem services.

Spectroscopic analysis provides useful insight into the qualitative

nature of the soil TOC in the HA-C and FA-C fractions (Islam et al., 2000).

The slope of the 108 optical density Vvs. log wave length graphs serves as a

direct index of the particle size or molecular weight of C compounds in TOC

(Khan, 1959). A relatively gentle (lower) slope suggests the dominance of

high molecular weight aromatic HA-C fraction, and this supports the theory

that states that the slope decreases with increasing molecular weight of organic

C compounds (Kahn, 1959). The significantly lower slopes in the BC-30 and

BC-30+P may be ascribed to the lower ratio of Es¢s/E¢ss which suggests that

TOC is dominated by high molecular weight humic acid-like substances with

an increasing proportion of aromatic chain structures and higher degree of

aromatic condensation (Chen et al., 19

77). The E4/Eg¢ ratio therefore serves as

an indicator of humification processes (Stevenson, 1994) to influence TOC
quality in soils- Higher proportions of aromatic phenolic acids and phenolic

re typical of the humid acid fraction of soils with relatively higher

polymers a
nic carbon content (Yavitt & Fahey, 1985) as observed in the plots treated

orga
ormn cob biochar. The above observations could suggest that

with 30 t ha' of ¢

the BC-30 and BC-30+P treatments may have enhanced the dominance of

energy efficient biochemic

al pathways responsible for the increased aromatic

TOC quality with a simultaneous decrease in aliphaticity.
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5.6 Conclusions

Corn cob biochar application to a highly weathered tropical sandy

loam significantly improved the soil biological and chemical properties over

the control. Total microbial biomass pool increased with greater biological

efficiency (high qR and BR, and low qCO2), increased TOC and TN

accumulation, all of which are indicators of improved soil quality. The study

also showed that com cob biochar application significantly enhanced the

lability of C and N especially in the at 30 t biochar ha™ amended treatments.

Furthermore, TOC and TN lability and C and N management indices

calculated based on microbial biomass C and N, potentially mineralizable C

and N, active C and N, and particulate organic C and N concentrations were

significantly higher in the 30 t ha™* biochar-amended soils than in the control

soils. The study showed that, among the tested labile C and N pools, the active
C and N pools were the most sensitive indicators to detect early and consistent
ges in soil organic matter accumulation and C and N lability in response

onina weathered tropical soil.

chan

to biochar applicati

Biochar applied to 2 highly weathered tropical sandy loam
significantly increased the TOC content and quality, especially with BC-30.
Increasing the rate of biochar increased the concentrations of both HA and FA,

however the concentrations of HA were comparatively higher than FA. The
nd extracted C fractions were also increased with

stratiﬁcation of TOC a

ar application rates. Though biochar increased both aliphatic

increasing bioch

ic quality of TOC, the spectroscopic analysis from the

pes of the log optical density vs. log wavelength,

lower Ea65/Es665 support a suggestion that the BC-30 and BC-

coupled with the

163




30+P treatments favored high molecular weight aromatic quality of TOC in

the treated soils. The accumulation of aromatic € gives an indication that C

may have been sequestcred in passive form which buttresses the C

sequestration potential of biochar amendment. The significant increase in

aromatic TOC quality in the plots treated with 30 t ha”' of biochar gives an

implication that soil organic carbon is progressively stored in passive form

through gradual humification of labile C pools into recalcitrant C with time. In

perspective, biochar applied 1n the right rate may potentially enhance the

stability of soil organic carbon by improving the aromatic TOC quality.

Biochar as @ soil amendment has the potential to enhance C sequestration in a

tropical agro ecosystem.
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CHAPTER SIX
BIOCHAR ON SOIL ENZYMES AND MICROBIAL

PROPERTIES

times, there has been a growing interest in incorporating

and productivity (Korai et al., 2018), to

, and restore ecological services provided by highly
o

Saharan Africa. Application

has therefore been proposed as a method for the long-term

carbon in the soil, and to simultaneously provide agronomic

the enhancement of soil properties (Naeem et al

effects on the composition and abundance of soil

cro flora have been reported following the application

iochar, which s associated with complex
s in the soil medium, is facilitated by several external
the availability of nutrients and energy
jal abundance and activity (Wang et al., 2016).
Kemn, Lentzsch, & Wirth (2016) suggested that it is

f biochar decomposition in order to clearly

£ its application in 2 soil system. In this context it is
I
e the effects of biochar on soil microbial activity and

tudies have reported an overall increase of |
I'

anisms such as Gram-positive and Gram-negative

t et al., 2013), actinobacteria (Prayogo, Jones, Baeyens, & 1
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) and ungl (Stelnbelss, Gleixner, & Antonietti 2009) fOll()W n

Bending,

the application of bi
iochar as a soil amendm
ent. Application of bi
iochar may

provide a habitat for soil micr i
oorganisms (Quilliam et al
., 2013) and enha
nce

SOil € i i i

buffering capacity which may be ideal for microbial growth (Karh
arhu et al.,

? . .
2011). According to Watzinger et al. (2014), biochar may be
a source of

a, and i i
thus biochar may interact with soil

energy and nutrient for soil faun

trophic chains in the soil-plant co i
- ntinuum. Conversely, bi
y, biochar applicati
ation has

stages after amendment (Mitchell, Sim
) pson, Soong, & Sim
’ pson, 2015).

This variation in bi
jochar effects onmi :
croorganisms’ ab
undance
and
community composition has been ascribed to differences in soil type (C
ype (Chen et

al., 2017).

Soil microorganisms play a crucial i
role in the de .
composition of

organic matter and soil nutrient biogeochemical cycling in agr
0-ecosystem
S

(Cusack, 2013). Diversity ©of soil microbial co .
mmunities is  theref
ore

in maintaining soil health
and enhancin i
g soil

considered paramount

productivity.

rding to Zhao et al., (2016), different microbial gr
oups are

Acco
responsiblc for specific functions during the dec
omposition of .
organic
residues. For jnstance, bacteria are dominant in ..
the initial
stage of the

decomposition process, whereas fungi dominate in the later stages of
of organic
(Marschner, Crowley, & Rengel, 2011). Generall
) Y

residue decomposition
addition of organic materials to the soil facilitates microbi
microbial activity
and
n the composition of soil microbi
ial community
structure in

induces changes i
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an agro ecosystem (Li
(Liu et al., 2017). Thus, the incorporation of bioch '
iochar to to
p

2014).

modulatin
g the responses of agroecosystems to changes in abioti
otic and biotic

mS

in the soil (Burns et al., 2013). Gaining insights into the impact of bioch
> iochar on
the activities of soil enzymes has been identified as critical research
rch priority
(Lehmann et al., 2011c). However, only a few studies ha
ve analyzed
the response of soil enzymes to soil envi
ironment under differe
nt rates of
biochar in a highly weathered soil of the humid tropics (Fungo et al
et al., 2017;
Zhang et al., 2017) In recent times, som i |
. . : e studies have re
ported that
incorporation of biochar to soil has the potential of increasi
reasing the activiti
es of
related to nutrient (N and P) cycling, and decreasi
ing the

soil enzymes

soil enzymes involved i
also reported inconsist
ent results th
at suggest

activities of n C cycling (Bailey et al., 2011). O
2 . On the

d, other studies have

other han
oils has variable effects
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Wang, & Xiong, 2014).
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Little is kn
processes involved in C and N dynamics and on soil microbial
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a tropical agro
nmental changes (Zh
s indicators of soil quality changes. This stud

. study

ao et al., 2016), and therefore, it might b
e

to enviro

sufficient tO use these @
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therefore aims to elucidate the response of soil enzymes and microbial

composition in soils of the humid tropics to corn cob biochar application at

different rates.

6.2 Materials and Methods

6.2.1 Enzyme activities

Two enzymes were analyzed using the colorimetric method by Hu et

al. (2014). The activity of urease was quantified by the determination of

ammonium released from 2 slurry containing soil, urea solution (10%) and

citrate buffer PH 7) after incubation at 37 °C for 24 h. The urease enzyme

activity was expressed in mg ammonium per 100 g of soil (dry weight).

Dehydrogenase enzyme activity was determined with the reduction of

triphenyltetrazolium chloride (TTC) to triphenylformazan (TPF) as described
by Serra-Wittling, Houot & Barriuso (1995). Briefly, a 3 g soil sample was

n 3 ml water and 3 ml 3% 2, 3, S-triphenyl-tetrazolium chloride

incubated 1

(TTC) at 37 °C for 24 h in darkness. After, 10 ml of methanol was added, and

the suspension Was then homogenized and filtered through a glass fiber filter,

and the filter was washed with methanol until the reddish color (triphenyl

formazan) caused by the reduced TTC disappeared from the filter, and the

volume adjusted t0 100 ml. The optical density at 485 nm was compared to

those of TPF standards.

6.2.2 Phospholipid fatty acid analysis

phospholipid fatty acid analysis was performed as described by

1996). Lipids were extracted from soil with a single-

Frostegaard & Baath (
of chloroform, methanol and aqueous citrate buffer (Bligh and

phase mixture
containing phase was collected and the lipids

reagent)- The organic, lipid-

Dyer
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W )
ere separated 1nto neutral, glyco- and phospholipid fractions using silicic

acid columns. The phospholipids were then converted to their methyl-esters b
- S y

cted by GC-FID (Figure 37).

alkaline methanolysis to be dete

(GC) equipped with a HP Ul i
tra 2 capil
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Gas chromatograph
e ionization
ntrations.
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uantification were performed with a Hewlett

calculation of AME) concentrations (Zelles, 1999)

The FAME detection and q
packard 5890 Series 1T gas chromatograph (GC) equipped with & HP Ulta 2

1 and a flame ionization detector. The measurement was d
one

capillary colum
MISystem, Version 35 (MIDI Inc., Newark, DE), using the D1

with the
ature program ramped from 170 to 270°C at 5°C

method. The GC temper

min~'. The reports generated by the MISystem software provided peak ar
eas
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designated with the suffix c, and the prefixes i and a are given for iso- and

anteiso-branched FAMEs, respectively.

The suffix 10 methyl indicates a methyl group at the 10th C atom,

while OH stands for hydroxy and cyc for cyclopropane groups. The FAME

compounds 18:2006,9¢ and 18:109c served as fungal biomarkers (Kaur,

Chaudhary, Kaur, Choudhary, & Kaushik, 2005). The proportion of fungal

FAMEs was calculated as a percentage of the total FAMEs, where fungal

FAMEs were summed with bacterial FAMES (15:0, al5:0, i15:0, 116:0,

16:107c, 16:109c¢, 17:0, al7:0, i17:0, 17:0cyc, 17:108c, 18:1w5¢, 18:1w7c,

19:0cyc). Markers for Gram positive (G+) bacteria were al5:0, i15:0, 116:0,

al7:0 and i17:0. Selected monounsaturated and cyclopropane FAMEs served

as indicators for Gram negative (G-) bacteria: 16:1w7c, 18:1w7c, 17:0cyc and

19:0cyc (Zelles, 1999).

The Shannon diversity index (H') was calculated and used as an

indication of the diversity of the soil microbes (Shannon, 1948).

6.2.3 Statistical Analysis

Statistical analyses Were performed using SigmaPlot 11 (Systat

Software Inc., San Jose). Normality and homogeneity of variance were

checked on all obtained data. Principal Component Analysis (PCA) and

Redundancy Analysis (RDA) were performed using R version 3.3.1 (2016).

To test the relationship between the soil factors and PLFA, we used analyses

of variance (ANOVA) permutation test using 1000 permutations on the RDA.

Analyses of variance Was also used to test for differences between control and

biochar—amended soils, and the Holm-Sidak post-hoc test was used to

differentiate between any two given treatments. We used p<0.05 as a criterion
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for statistical significance of treatment effects unless otherwise stated
Statistical significance is indicated by lower/upper case letters beside the mean

values. Results are given as mean = standard error (SE) in tables and figures
D -

6.3 Results

6.3.1 Soil characteristics after corn cob biochar application

6.3.1.1 Microwaved and salt extractable C

Corn cob biochar application significantly increased microwaved

extractable C following biochar application on all treated plots

(p<0.01) (Table 17). Microwaved extractable C increased by 211, 482 and
510% in BC-15, BC-30 and BC-30+P treated soils respectively. No significant

difference in microwaved extractable C content was observed between BC-30

and BC-30+P treated soils, both of which differed significantly from BC-15
Biochar application resulted in a significant increase, by 145% and

224%, of salt extractable C in the plots that received the highest biochar

application rates (BC-30 and BC-30+P respectively) compared with the CT

treatment (Table 17). Statistically, BC-30 and BC-30+P were similar as was

BC-15 and the CT treatment.

6.3.1.2 Microwaved and salt extractable N

The biochar treatments significantly increased microwaved extractable
N by 27, 99 and 105% in BC-15, BC-30 and BC-30+P treated soils

respectively compared to the control (p <0.01) (Table 17). Thus the highest

concentration of microwaved extractable N was observed in the B-30+P

treated soils. However, there was no statistical difference observed between

BC-30+P and BC-30, both of which had significantly higher microwaved

extractable N than the BC-15 treatment.
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Similarly, increasing biochar application rates resulted in a significant

nerease in salt extractable N by 11.5, 25.7 and 36.4% in BC-15, BC-30 and Il

BC-30+P amended soils respectively relative to the control (p <0.01) (Table

17). Statistically, there was a significant difference between the plots that

received 15 tha™ and 30 t ha! biochar.
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Tabel 17: Effects of Different Rates of Corn Cob Biochar on Soil Chemical Properties at 0-20 Cm Depth (mean values were presented with
standard error)

Biochar P iweter Ec TC TN MW-C Salt-C MW-N Salt-N
treatment (1:2.5) (nS cm) (g kg—l) (g kg-") (mg ke (mg kg") (mg kg") (mg kg")
€T 54x0.1cc  421%37a  8.7%0.8b 06£0.1c  143%10c  6.11.4b 218+19¢c  10.7x0.1d
BC-15 6.2+0.02b  210+0.9b 11.7x1.1ab 0.9+ 0.1b 44.5+1.3b 7.5+ 0.8b 27.7+0.9b 12.0£0.4c
BC-30 6.6 +0.1a 111 £3.6¢ 13.7+1.1a 1.4+0.2ab 83.2+4.4a 14.8+2.8ab 43.2+1.9a 13.6+0.4b
BC-30+P 6.7x0.01a 110 £2.0c 141 x1.4a 1.5 £0.2a 87.3x1.6a 19.6+5.9a 44.7+1.1a 14.6x0.1a

EC = Electrical conductivity; TC = Total organic carbon; TN = Total organic nitrogen; Salt-C =Potassium sulfate field moist soil

extractable carbon; MW-C = Potassium sulfate microwaved field moist soil extractable carbon, MW-N = Potassium sulfate microwaved
field moist soil extractable nitrogen; Salt-N = Potassium sulfate field moist soil extractable nitrogen. Different letters indicate that means

are significantly different among biochar treatments (p < 0.05).
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Biochar MBC

6.3.1.3 Microbial biomass C and biomass N

An in i i cati
creasing rate of biochar application resulted in a significant

increase of microbial biomass C (MBC) by 347, 718 and 728% in the BC-1
2 e - 5,

BC-30 and BC-30+P soils respectively relative to the control soil (p <0.04)

(Table 18). Among the biochar application rates, no difference was observed
e

in both BC-30 and BC-30+P treatments. However, the effect of BC-15
-15 on

MBC was si gnificantly lower than BC-30 and BC-30+P

Microbial biomass N (MBN) contents were significantly raised by 169

and 172% when the soils were amended with BC-30 and BC-30+P

able 18). There was no difference in MBN

respectively (F=352,p< 0.01; T

when the BC-15 was compared to the CT.

Table 17: Effects of Different Rates of Corn Cob Biochar on Soil Microbi
Biomass and Associated Biological Properties at 0-20 cm Depth (mea;C; Olbzal
atues

are presented with standard error)

MBN MBC:MBN qCO; NG

(ng CO, mg' C & (mgkg")

Treatment (Mg kg (mg k™)

____’_/———‘{‘/f I)
CT 39.7+5.9¢ 20.5+3.6b 1.9+0.8b 415+69a 5 4+0.5¢
BC-15 177.4£7.7b 29.1x2b 6.1£0.7a 141£13b 6.620.9bc
BC-30 324.6+27.52 55.1x4a 5.9+0.6a 112+8b 8.1+0.6ab
BC-30+P 328.5+34.5a 55.68+2.1a 5.8+0.6a 120+15b 9.1+0.8a

“obial biomass carbon; MBN = Microbial biomass ﬁitrogen' qCO
) 2

MBC = Mic

= Specific mainte
#Different letters i
treatments (P = 0.05).

nance respiration; PMC = Potentially mi ;

. ) Yy miner

ndicate that means are significantly differenta;fl?rig g?ggﬁn.
ar

6.3.1.4 Potentially mineralizable C

Com cob biochar  application improved the Potentiall
y
mineralizable C (PMC) content of the soil (Table 18). This effect was
more
174
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pronounced at higher biochar application rates. Statistically, no difference was

observed between BC-15 and CT. However, there was a significant increase in
PMC by 50 and 69% in BC-30 and BC-30+P amended soils respectively

compared with the CT (p < 0.01). The PMC of the BC-30+P treatment was

similar to BC-30 but different from BC-15.

6.3.1.5 Respiratory  quotient (4qR), gN, and specific maintenance

respiration (qCO 2)

Incorporation of com cob biochar significantly increased the

respiratory quotient (gR) in all the biochar treated soils compared to CT

(p <0.01). Soils amended with BC-15, BC-30 and BC-30+P recorded a

percentage increase in gR by 234, 423 and 426 respectively compared to CT

(Figure 38a). Among the biochar treatments, no significant difference was

observed between BC-30 and BC-30+P. The proportion of MBN in TN

denoted by gN, was significantly impacted on by the added biochar (Figure

38b). A 2-fold increase in qN was observed on the soils treated with BC-15

¢ 3-fold increase was recorded in the BC-30 and BC-30+P treated soils

wherea

relative to the CT (p<0.01).
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Figure 38: Effects of different application rates of corn cob bioch
£ microbial biomass carbon in total carbon (reSpi?:tOi;ogug?etr}:g

proportion © : )
and (b) the pmportion of microbial biomass nitrogen in total nitrogen. CT
denotes control; BC-15, 30, and 30+P denote biochar treatments withgl S. -
130t ha™', and 30 t ha! + 50 kg P20s ha™' respectively. tha

Specific maintenance respiration (qCO,) significantly decreased

(p<0,01) in all the biochar amended soils relative to the control (Table 18). A

reduction of 66.0, 73.0 and 71.1% was recorded in BC-15, BC-30 and BC

30+P treated soils, respectively, compared to the control. No difference was

observed among the biochar treatments, implying that application of biochar

sult in a significant reduction in qCO; in a tropical

as low as 15t ha! could re

sandy loam.




6.3.1.6 Soil basal respiration (BR)

Incorporation of biochar significantly increased the basal respiration

rates by 64, 138 and 144% in the BC-15, BC-30 and BC-30+P treatment
S

(p<0.01) compared to the control (Figure 39). Among the biochar treatments

BC-15 had lower respiration rates compared to the BC-30 and BC-30+P which

had similar BR.
40 a a
5% 30 b
©
e i
s E
0! ]

&1 BC-15 BC-30 BC-30+P
Treatment

ar effects on basal respiration. CT denotes control;

orn cob bioch
¢ biochar treatments with 15 t ha™', 30 t ha™'. and

d 30+P denot
P,0s ha ', respectively.

Figure 39: C
BC-15, 30, an
30 tha ' +50ke

nzyme activities and phospholipid fatty acid profiling for soil
‘ il

6.3.1.7 Soil e

microbial community and diversity analysis

The potential activities of two enzymes (dehydrogenase and urease)
ase

din Cand N cycling Were determined following biochar incorporati
on

y loam. The activities of both enzymes increased

involve

to a tropical sand

after biochar application with an observable effect of applicatio
n

Signiﬁcanﬂy
char at a rate of 30t ha™' significantly increased

rate. Incorporation of bio
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(p <0.01) urease enzyme activity by 52 and 62% in BC-30 and BC-30+P

amended soils compared to the control (Figure 40a). No statistically

observed between BC-15

significant difference in urease enzyme activity was

and the control.

Similarly, application of corn cob biochar significantly enhanced soil

dehydrogenase enzyme activity in all treatments (p<0.01) (Figure 40b).

Dehydrogenase activity increased by 50%, 221%, and 238% in BC-15, BC-30
ive to the control, but the effects

and BC-30+P treated soils, respectively, relat

of BC-30 and BC030+P on dehydrogenase enzyme activity were not

significantly gifferent from each other.
— (@ a
= oo i N
- b ’ .
2 4. b ]
&z 1 |
| _-f' ’ .
Z 21 | |
g =
S 1
2.0 - .
(b) a a
o"’: 1.5 1 ‘_i
& £ '
% o |
5’ i 1.0 1 b
g o S o I N e
Qv D 0.5 ’ - B !’,“'.'-»-‘ i'
D E S I
0.0 BC-15 BG-30 BC-30+P
Treatment
Figure 40: Comn cob biochar effects on (a) urease and (b) dehydrogenase
i ¢ activities- CT denotes control; BC-15, 30, and 30+P denote biochar
enzym jth 15 t ha, 30 t ha”', and 30 t ha™ + 50 kg P;Os ha™',
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A total of 17 PLFAs were detected and used as a measure of microbial
biomass and the abundance of the various taxonomic microbial groups in the

treated and untreated soils (Table 19).

Table 18: Phospholipid Fatty Acid (PLFA) Markers Used for the Taxonomic
Soil Microbial Groups

Taxonomic group Specific PLFA markers

Actinobacteria 16:0 10-methyl, 17:0 10-methyl, 18:0 10-

methyl
15:0, 17:0,
16:1 o7¢c, 17:0 cyclo, 19:0 cyclo 8¢, 18:1

Bacteria

Gram’ bacteria
o7c,

Gram® bacteria 15:0 iso, 15:0 anteiso, 16:0 iso, 17:0 iso, 17:0
anteiso

Fungi 18:2 wbc, 18:1 @9¢c
16:1 w5c¢

Arbuscular mycorrhiza fungi

In all the plots that received biochar treatments, there was a significant

increase in the abundance of arbuscular mycorrhiza by 82, 351 and 358% in

the BC-15, BC-30 and BC-30+P treated plots respectively compared to the

control (p<0.01). Soil fungal abundance also increased significantly in all the

har amended plots by 222, 452and 521% (p<0.01) following the

bioc

incorporation of BC-15,BC-30 and BC-30+P into the soil.

respective

. a o
oration of com cob biochar at a rate of 30 t ha™ significantly increased

Incorp
the ab undance of - Gram positive (Gram+) bacteria by 73 and 91%

negative ~ (Gram-) bacteria by 50 and  58%

(p <0.01), Gram
< 0.01), actinobacteria by 79 and 89% (p < 0.01), bacteria by 250 and 263%
68 and 81% (p<0.01) in BC-30 and BC-30+P

(p<0,01) and total bacteria by

compared to the control (Table 20)

amended soils, respectively,
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‘TCD
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£
?
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L
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CT BC-15 BC-30 BC-30+P
Treatment

Figure 41: Effects of different applicgtion rates of corn cob biochar on total
PLFA and sum of bacteria and ﬁmgl. CT cllenotes control; BC-15, 30, and
30+P denote biochar treatments with 15 tha™, 30t ha™', and 30 t ha™' + 50 kg
P,0s ha! respectively.

[ncreasing com cob biochar application rate also had a corresponding

positive cffect on the abundance of total fungi and bacteria in the soil (Figure
42). The ratios of Gram to Gram- bacteria, as well as Fungi to bacteria
plots treated with BC-30 and BC-30+P

were signiﬁcantly increased 1M

compared t0 the control (p<0.01) (Figure 42).
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Figure 42: Microbial parameters revealed by the PLFA profiles generated
from the treated and untreated soils. CE‘] denotes clontrol; BC-15, 30, and 30+P
denote biochar treatments with 15t ha™', 30 t ha™', and 30 t ha™ + 50 kg P,0s

ha™', respectively.

[nvariably, application of 15 t ha” was not statistically different from

the control when comparing its microbial composition. For all functional

groups of microbial communities, which included arbuscular mycorrhizal

fongi AMF), gram-/* bacteria, fungi, and bacteria, the highest

concentrations of PLFA was found in the soils treated with 30 t ha™' of biochar

(BC-30 and BC-30+P).

Microbial diversity was based on the identified fatty acids in the

respective treatments. Except the gram positive in which no significant

difference was observed in the diversity index in the biochar treated plots and
the CT, there Was a significant increase in the diversity indices of
actinobacteria (p <0.01) and Gram- (p < 0.01) in the plots treated with 30 t ha”
I of biochar (Figure 43a). The bacteria that were neither Gram-, Gram+ nor
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actinobacteria were classified as “other bacteria”, and their diversity was much
pronounced (p < 0.01) in the BC-30 and BC-30+P treated soils. Similarly.

arbuscular mycchoriza fungi and “other fungi” were more diversified in the

plots amended with 30 t ha”! of biochar (Figure 43a). Comparatively, the

Shannon diversity index showed that total bacteria and fungi were more

diversified in the biochar treated plots relative to the CT (Figure 43b), with the

highest diversity observed in the BC-30 and BC-30+P treated soils. Generally,

application of biochar increased both bacteria and fungi fatty acids diversity.

1.2
(a) [ Actnobactend (b) Wl Tolal bacteria
[) Other bacteria A 3 Total fungi

101 Bl Gram- | a
T [ZZ) Gram + a a T
-~ %XR Other fungi 3 A A
Py AMF ) T
: v :
£ \
5 067 \
2 \
° \
5 04
c
c \
m Q
£ X
021

\
0.0 i ‘ ) ‘ '
- BC-30+P CT  BC-15 BC-30 BC-30+P
Treatment Treatment

b biochar effects on the Shannon diversity index of bacteria
-nd fungi taxonomic Sroups (a) and total fungi and bacteria (b). CT denotes
control; BC-15, 30, and 30+P denote biochar treatments with 15 t ha™, 30 t

ha!, and 30t ha~! + 50 kg P20s ha™, respectively.

Figure 43: Corn cO
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Principal component analysis (PCA) was performed on the data using soil
1

factors as variables. The results of the PCA are presented in Figure 44

CT~- Contro!
® BC-15 = 15 tha blochar /BC-30+P
- £C-30 - 30 tha biocha! \
BC-30+P = 301Ma biochar + phosphate fortifizer '

a ex, ?
SE / cT \ B BC-30+P
LAY ' 1 N BC'so'
- o1 ' ~ _BC:30
z ; ; BCYIS
&g -.‘..-_,....a_.-,.,_,-,,.._,...-i_..ﬂ...._;,_.ﬁ_ ' BC-15,

! T 1 ok

0 N BC15| © .

? i ll ' H . 130'30 *,P

o I

" \ BC-30;

' ", BCI0+P

-3 -2 -1 0 1 o r
PC1 (720%)

Figure 44. Principal component analysis (PCA) of microbial communi
activities from different treatments ity

The first and second PCA accounted for 72.0 and 11.4% of the

yariation, respectively. The PCA separated the treatments into three clusters

The first tWO clusters, CT and BC-15 were clustered in negative PCl The

third cluster composed of BC-30 and BC-30+P which were clustered in

positive pC1. These results show that soil factors can separate CT and BC-15

from BC-30 and BC-30+P. Redundancy analysis (RDA) was used t
o

determine the soil factors that had a significant impact on the PLFA. To test
. €S

soil factors and PLFA, we used ANOVA

the relationship petween the

permutations on the RDA. There was a significant

permutation using 1000

difference at P < 0.05 indicating that soil factors do explain PLFA (Table 1

Appendix A).

Figure 45 displays RDA space and the blue vectors show the soil facto
r

long the RDA space. The four most important soil factors

variables that fall a
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explaining variation along the axis (Figure 45)

cT
BC-30+P
CT= Control
0 ] BC-15 = 15 tha biochar BC-15
O 1 8C-30 = 30 tha bicchar
BG.30+ P = 30 tha biochar + phosphate fertiizer BC-30+P
3
-0 BC-1% BC R
o 30 ™ T8 Total
g qCOEC CT BC30P RS ;1‘48?\]0 oalPLFA |
T CT pH B
BC-30
n
3 CT 8030030
C
"l' -
BC-15
r-— 1
-1 0 1 12
RDA (98%)
Figure 45 Redundancy analysis (RDA) of the correlations b
parameters. Arrows indicate the impact of soil parameters o ,1? tween soil
Abbreviations: BR; Basal respiration, MBC; Microbial biom assn Eta] PLEA,
: 3 K carbon A
MC; Potentially mineralizable Carbon’ gﬁg

gs nitrogen. P
otient, 4CO2z Specific maintenance respiration, EC

pH-Hzo; pH-water, TC; Total carbon, and TN; Total
’ , lota

Microbial bioma
qR; Respiratory qu
Electrical conductivity,

Nitrogen.

6.4 Discussion
oil microbial biomass

ts of biochar on s
robial biomass following the incorporati f
on o

6.4.1 Effec
oil mic

[ncrease of s

j (&1 El 2 g

d field studies (Jones et al., 2012). Zhen
’ : g et al. (2016) re
ported a

al., 2017) an

si gniﬁcant increase in microbial biomass carbon followin :
g an incorporation of
wheat straw piochar pyrolyzed at 350-550°C to a sandy loam at a rat
rate of 20
ncrease in MBC in the biochar amended soils may b
ay be

and 40 t ha'!. The i
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. . .

leaching (Major €t al., 2010), as well as an increase in pH (Lu et al.,, 2015)

which may provide a favorable habitat for beneficial soil microbes (Liu et al
et al.,

2 i in bi v
2017). Also, the labile C In biochar could serve as a microbial substrat:
ate

(Ameloot et al., 2013; Farrell et al., 2013) and potentially be a key driver fi
or

microbial growth. However, Xu, Tan, Wang, & Gai (2016) reported th
e

absence of an effect of maize straw biochar on MBC and MBN followi
ing an

application of varying rates (40, 80 and 160 t ha™") of biochar pyrolysed at
a

500°C toa Fluvo-aquic soil. Dempster et al. (2012) reported a significant

decrease in MBC when 25 t ha”' of eucalyptus biochar pyrolzed at 600°C was

applied to 2 sandy soil. The increase in MBC in our study could potentiall
y

reflect the increased microbial biomass.

In this study, prior to soil incubation, residual plant roots wer
€

removed from the soil, and therefore, soil basal respiration was equal to soil
01

jcation of biochar enhanced soil respiration which

microbial respiration. Appl

th the findings of Xu et al. (2016) and Zhang et al. (2017)

is in agreement wi

The increase in soil respiration rates of the biochar amended soils can be
] structure, which might have subsequently resulted

related to an improved soi

on and increased microbial activity. This result implies th
s that

in enhanced aerati
ar has the potential to improve microbial activity

due to the labile (active) C and N in biochar which subsequently enhanced the

nts in the biochar amended soils (Xu et al. 2016). This

c and N conte
adicts the findings of Zheng et al. (2016a) who

found 2 significant reduction in soil respiration in wheat straw biochar-
amended goils in 2 tropical Chinese sandy loam. Castaldi et al. (2011)
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and Schimm i i
immelpfennig, Miiller, Grinhage, Koch & Kammann (20
nn (2014) reported

. S i v e]l

in Miscant i
hus bioenergy croplands after miscanthus-deri
-derived  bioch
ar

rol - ° i
pyrolyzed at 550 — 600 °C was applied to a silty clay loam at a rate of 9.5 !
of 9.5 tha’

(Schimmclpfenni
g et al., 2014). In an incubati
ation experiment wh
ere comn

stover biochar pyrolysed at 350-550 °C was added to a silty 1
oam at a rate of

a

riming efl i i
g effect on native soil organic matter

negative instead of 2 positive P

decomposition, at ]east in some soil types.

tial of biochar to sequeste
r C has been subj
Jected to carefi
ul

The poten

scrutiny pased on observations of short term priming efft
g ect of biocha
r

incorporation ont native soil organic carbon (SOC
) decompositi
ion, leading t
0

ses in soil respiration rates. War :
. dle, Nilss
on and Zackri
sson

temporary increa
(2008) first addressed this issue after findi
ngan 8% decreasei
in forest

SOC decline following application of biochar to
a forest soil, whi
> ch could be

explained by the substantially increased soil res irati
piration rates in th
e first
biochar application. A much higher soil i
respiration rate -of
of 28%

year after
ervations from jaboratory and
short-term fi
ield studies
was

average of 46 obs

reported by Sagrilo, Jeffery, Hoffland & K
uyper (2015) foll .
. owing
ver, it must be emphasized that the results fr 0
om this

piochar addition- Howe

ubstantiate their conclusion fr
om relatively lab-bi
ab-biased

study did notS

e variant results on biochar effects i
on soil respirati
10N may be

studies. Th
explained py the following reasons. Firstly, different laborat
ratory and

sed for soil respiration measur
ements could contri
ibute to th
e

field protocols u
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.

studies estimated soil CO effluxes by incubating soils in the lab
aboratory.

Invariably, the biochars and (most especially) soils used in the studi
ies were

normally milled into very fine particles, instead of soil aggregates found in th
in the

natural field. Therefore, there are virtually no aggregates to physicall
sically

protect the carbon substrates which render them highly accessible t
e to soil

microbes, and which subsequently resulted in a much higher soil respirati
iration

rate following biochar addition, compared to field studies (Ahmad et al., 2011

Troy, Lawlor, O Flynn, & Healy, 2013). Under field conditions, however, th
’ s e

organic substrates could be physically protected in soi
in soil macro ag
ggregates
and/or well bound to soil mineral particles (Brodowski, Amelung, H
’ , Haumaier,

Abetz, & Zech, 2005; Liang et al, 2010), limiting their access by soil
microorganisms. Secondly, the relatively conducive conditions with consistent
ambient temperature and soil moisture in laboratory incubation studies could
also enhance soil microbial growth and facilitate active response to exotic
carbon input. Moreover, different biochar application rates could be another
factor that mediate the response of soil basal respiration to biochar application
e biochar application rates (15 and 30 ha™) used in this study were
ely high enough to elicit a positive response relative to soil respiration

a-analysis of Sagrilo et al. (2015), high soil respiration was

relativ

rate. In the met

rrelated with extremely high rates of applied biochar (up to 480 t

positivcly co

ha™').
application of biochar at extremely high rates

That notwithstanding,

practical due to cost and access to readily available feedstock
S,

could be im
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1r

production (Clare, Barnes, McDonagh, & Shackley, 2014)

6.4.3 Res »

S CCiﬁC i i i 1 y n CO

microbes which i indicati
ich is an indication of metabolic stress. Application of bi
. of biochar has

been reported i Vi i i
P in previous studies to increase air permeability and gas d
gas diffusion

in soils (Art
(Arthur & Ahmed, 2017), which by extension incre
ases the

S (0] I 1

inac i ich i i
cessible O which 1n return stimulates enhanced microbial acti
activities. It i
Ctas

therefore not surprising th
g that there was a signi
gnificant reducti i
ion qCO
2

. ) Olan] SOII Wthh ShOWC
qC02

recorded lower TN and TC contents
compared with the bi
iochar treated

soils. This pattern further substantiates the fact that nutrient limitati
itation played a

t i i
he differences among soils in response of
o

critical role in affecting

the microbial biomass to biochar application K
olb, Fermanich, &
’ , & Dombush

2009). The relatively high qCO; in the control soi
soil points towa
rds a stressed
and disturbed condition than the BC treated soils
. The less stre
ssed ecosystem
in the BC-amended soils also implies an increased
abundance of funei
ngi, as soil
fungi tend t0 increase under undisturbed conditi
itions (Gottshall
, Cooper, &
Emery, 2017)- This observation is further su
gnificant increase

portion of MBC to MBN
| CN ratio) enhances the abundance of fungi. Thi
. 18

in the pro (Table 18). Thus, an increase in the ratio of
00

MBC to MBN (microbia
observation 1S further supported by the significant i

increase in Fungi:Bacteri

:Bacteria

e biochar amended soils (Figure 42). The increase in microb
icrobial

ratio in th
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biomass C and N in the biochar amended soils resulted in a significant
decrease in gCO> which implies a potential increase in microbial efficiency in

the biochar treated soils compared with the untreated soils.

Respiratory quotient (qR) is a reflection of “microbial efficiency”
(Zheng et al., 2016) and has been widely used as a bio indicator of disturbance

and ecosystem development (Bardgett & Saggar, 1994). Application of corn

cob biochar significantly enhanced qR which contradicts the finding of Zheng

et al. (2016) following application of wheat straw biochar pyrolysed at 350-

500°C to a sandy loam at 20 and 40 t ha”'. In this study, the increased

gR found in the biochar treated soils is in agreement with Xu et al., (2016),

and it suggests increased microbial biomass population which indicates

enhanced ecosystem functionality. The high respiratory quotients in the

biochar amended soils also suggest that the microbes in the soils likely

produce less cell mass per unit of C degraded than those in untreated soil, thus

there is an increase in microbial C use efficiency and therefore helped enhance

the SOC retention in the biochar amended soil. This is substantiated by the
qR and qCO; (Figure 46).

power function relationship between
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Figure 46: Power function relationship between Speci
. ecifi :
R, aN, microbial biomass I:ar:j:; rﬂ“&'gtce;lancg
an

qCO2) and g
nitrogen N)

jon of the microbial biomass C to total organi
anic

respiration (
microbial biomass

Increasing the proport

eased the specific maintenanc ;
e respiratio
n rate. Thu
. S’

C exponentially decr

application of biochar increased the microbial efficien
cy as result of
an

increase in bioenergetic status of microbial biomass.
Conversely, the lower respiratory quotient in th
ibuted
ne microorganisms compared to the BC treated soil
oils or

to the low activities of t

a shift of SOC to
Thiet, & Batt

he signiﬁcantly lower dehydrogenase
and urease en
zyme

wards a more recalcitrant form against microbial degradati
ation

(Six, Frey, en, 2006)in the CT. This explanation may b
€

substantiated byt
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i i

microorganism :
ganisms (Insam, 2001) and is assumed to be linked t
o microbial

respirato Thi
ry processes. his enzyme according to Serra-Wittlin
- g et al

(1995), has often been correlated with organic C availability in soil
soils.

6.4.4 Effects of corn cob biochar on microbial enzyme activit
ivities

Soil enzymes primarily mediate the rate of soil organi
anic matter

decomPOSitiOH and nutr ie Y i 2). T
nt € clmg pfOCCSSCS (N ipieri
annipieri et al., 201 )
) . The

aCtiVitieS Of erlzymes WhiCh can be USCd ore T
t ﬂeCt miC obia .V'
] acti lty (Hu
ang et

al., 2017) responded sensitively to th
e corn cob biochar tre
atments in our

i )
y ncreased in the BC-treated soils relative to

study. Urease activity signiﬁcantl

the CT which is in agreement with a study conducted by Zhang et al.
et al. (2017)

who applied straw—derived biochar pyrolysed at 35
0-550°C at varyi
rying rates of
g and 16 tha™ to2 silty clay loam and recorded a significant increase i
e in urease
activity by 41.2 and 44.3%, respectively. The increase in the acti
activity of
urease could be attributed to the fact that the biochar mi
might have increas
ed the
ty of specific enzymes related to N utilization (Huang et al., 2017) i
- in soil

ated by the study of Bailey et al. (2011). A signifi
: 1ficant

activi

which was substanti
correlation (Table 2 Appendix A) between MBC a
nd urease enz
yme was
ved (=0.93, p<0.01), and this may be ascribed to the rele ¢
ase oI more

microbial biomass (Zhang et al.. 20
., 2017) which mi
ght have

obse

urease by soil

the transfonnation of nitrogen in the soil. Dempster et al. (2
al. (2012)

improved
ncorporation of biochar potentially promotes nitro
gen

further asserted that i

transformation in soils, which might be related to ure ivi
ase activity. In a 90-d
. -day
. (2015) recorded a significant increase in urea
se

incubation study, Wang et al.
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enzyme activity f i i
yi ctivity following the application of maize straw biocha
| r pyrolysed
450°C i i N
applied at varying rates of 0.5 to 5% by weight to a light ]
oamy soil
Soil |
oil dehydrogenase enzymes are the major representativ f
es of the

oxidoreductase enzymes class (Gu, Wang, & Kong 2009)

Dehydrogenases ar
e one of the most im
portant enzymes i
in the soil

environment indi
, and are used as an indicator of overall soil microb
microbial

v , N varcz, valv lde Ga]lndo l d
? > ) ue to th
’ €

fact that they occur intracellular in ivi
all living microbial
cells (Yuan & Y
ue,

2012), and they are tightly linked with microbial oxidoreduction
processes

(Moeskops, Sukristiyonubowo, Buchan, Sleutel, Herawaty et al., 2010)
“ . Sail

dehydrogenase enzymes play akey role in the biological oxidati f
on of soil

¢ matter (OM) (Zhang et al., 2010) by transferring hydrogen (H" fi
rom

organi

organic substrates t0 inorganic acceptors.

Incorporation of com cob biochar significantly enh
anced

dehydrogenase enzyme activity which is in
agreement with a i
previous study

(Awasthi et al., 2017). The increase in dehydrogenase activity in th
in the BC-

il could be ascribed to 2 suspected increase in water
content as

(Arthur & Ahmed, 2017; Zuolin Liu et al., 2017;

amended SO

reported in several studies

Ulyett et al., 2014). Low water availability has been
reported to inhibit soi
oil

genases by Jowering i

hydration and dehydrogenase enzymes activity (Wall & Heisk
anen, 2003).

dehydro ntracellular water potential, and thus by d
’ reducing

il water limitation may potentially affect microbial comm
unities

Periods of so

gh dehydration. Wolinska & Stepniewska, (2011) affirmed that th
e most

common environmental stress for soil microorg i i
anisms is perha
ps drought

throu
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Thus, soil dehydrogenase enzyme activity is significantly influenced by soil
oi

water content.

Moreover, the increased dehydrogenase activity in the BC-amended

soils could also be ascribed to increased organic matter content in the treated
ate

soils relative to the CT. Soil organic matter (SOM) has significant effects not

only on soil enzymes activities but also on the activities of soil microbes. Soil
. 1

organic matter is considered as an indicator of soil quality (similarly lik
e

dehydrogenases) (Salazar et al., 2011) because of its property of being a

qutrient sink and source that can potentially enhance soil physico-chemical

oil biological activity. According to Fontaine

properties, and also enhance §

Mariotti, & Abbadie, (2003), the quality and amount of SOM in the soil is

jmportant as it affects the supply of energy for microbial growth and enzyme

n. Evidently, there is a strong positive correlation between soil

d soil OM content (Table 2 Appendix A). The

productio

enzymatic activity 2an

increased SOM contents in the BC-amended soils might have provided enough

microbial biomass, hence higher enzym
nzyme

production (Yuan and Yue, 2012). Some authors have reported a strong
n soil dehydrogenase enzyme activity and SOM content

connection petwee

Hernandez, Moreno, & Ros, 2000).

(Pascual, Garcia,
Wolinska and Stepniewska, (2011) reported 2 high correlation

coefficient petween urease and dehydrogenase enzymatic activies and total

organic carbon content, which suggested a  significant role of these
intracellular enzymes in the transformations of basic components of SOM. In a

ascual, Garcia, Hernandez, Moreno and Ros (2000), the

study conducted by P

authors observed that soils characterized with low soil microbial and
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l \" . . .
(o] a t e o 0‘”7 1 (o) . .

rate s also SIIU\VC c \"Y \Y rog
) d th ]0 est alues Of dehYd ogenase and urease act. V. y
o 1VItY. SOi]

deh)ld 00 n )

refl in sol irati
ected in soil respiration and CO; effluxes from the rizosphere (Zh
ang et al.,

y

ely with soil basal respiration (r=0.94;

enzyme activity correlated positiv

p<0.01) and total carbon (r=0.62; p<0.05) (Table 2 Appendix A)

Several studies have reported that application of biochar to soil
ils can

o . :
organic and inorganic molecules which may

potential]y sorb a wide rang® of

affect enzyme activities bY sorbing enzymes and/or their substrates (Jin
2010). Contrary 10 this, a correlation analysis from our study showed that th;
two enzymes were positively correlated with MBC, MBN, TC, TN and PMC
(Table 2 Appendix A) which were enhanced in the biochar treated plots. These
results indicate that the potential of biochar to sorb enzymes and reduce their
es may be dependent 00 the type of biochar, type of soil, soil nutrient

pecific enzyme. Further research is however, needed
b ’ e e tO

activiti

content and the S
understand the mechanisms behind the sorption of soil €
nzymes by biochar
6.4.5 Respons€ of soil microbial community profili
ing and diversity t
o
biochar application
In this study> application of corn cob biochar to a tropical sand 1
ndy loam
ased the total PLFA compared with the untreated soil, due to the i
) increase

< carbon (C) and

A correlated positively with TC and TN (Tabl
able 3

incre
nitrogen (N) following the incorporation of

in soil organi

piochar, as total PLF

r observation is in agreement with the findings of Chen et al
et al.

Appendix A). Ou
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(201 ; Wh i ()]I)(D
) 0 reportcd an Incr case in tOtal I LI A aftel inC
l‘atil‘lg ﬁne

ba . -
mboo stick biochar pyrolyzed at 700°C for 4 hours, and applied
> plied to a sandy

in

energy and nutrient sources for microbi Zhao
icrobial growth (Zhao et a
t al., 2016). Previ
. ious

studi o
dies have suggested that microbial community composition i
on is enhanced b
y

? ang,

Sun, Wang, & Zhou 2012; Bowle
, , , ; les, Acosta-Martinez
) , Calderon, & Ja
» ckson,

and activity of soil microorganisms Y
ang et al., 2015) and
> enhances

microbial biomass$ carbon (MBC), microbial biomass nitrogen (MBN
| ), and
basal respiration (BR) and respiratory quotient (qR)

The idea behind redundancy analysis (RD :
ysis ( A)isto a
pply regression t
(s}

examine how much of the variation in one set of variable
s explains th
€

variation in another set of variables. Results fr
. om the RDA sh
owed that the
most jmportant soil factors that had a signi
gnificant impact
on the total

C, MBN, and BR (Figure 45).

four

PLFA are dR, MB

The potential mechanisms of the effec
ts of biochar
on soil

roorganisms include () provision of a C substrate, (ii) prod
) production or

stances that stimulate (Bammin
ger et al., 2014) or inhibi
> inhibit soil

mic

adsorption of sub

(Dempester et al., 2012), and/or (iii) provision of a suitable hab
e habitat

microbes
for microbial growth and protection from
predators (Quilli
illiam et al

| bacteria and fungi in the soil amended wi
with 30 t ha™! (BC-30 and

2013). Tota
0+P) showed a significant increase, which is
) contrary to the resul
ts

BC-3
(2012), who applied 5 and 2
5 t ha'of euc
alyptus

of Demptster et al

yrolyscd at 600°C for 24 hours, and applied to sandy soil. In a 90
. In a 90-day

piochar p
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incubati i
ation experiment, Wang et al (2015) equally reported a decrease i
ase in the

total PLFA and relative abundance of bacteria and fungi followi
8 owing the

application of maize straw biochar pyrolysed at 450°C to light loam [
y soil at

varying rates of between 0.5 to 5% by weight.

The fungi bacteria ratio has been usedas an indication of C
0

sequestration potential with a higher fungal diversity (higher ratio) implyi
plying

greater C storage in soil (Strickland & Rousk, 2010). Based on interpretati
retation

of data, a ratio of less than 0.05 indicates a very poor soil health while 0
ile 0.30

and above indicates very good soil health. The fungi: bacteria rati
: ratio

significantly increased with increasing rate of biochar application. S
n. Soils

treated with BC-30 and BC-30+P recorded fungal:bacterial ratio of 0.30

which gives an indication that, application of corn cob biochar enhanced the
soil health of the tropical sandy loam when applied at 30 t ha™.

Application of biochar directly impacted the diversity and abundance
acteria and fungi by strongly affecting soil pH and soil organic C

e in C increased the microbial biomass carbon and
an

of soil b

content. The increas

fic maintenance respiration and respiratory quotient, whi
, Which

nitrogen, speci
e strongest predictors of microbial community attributes in this stud
is study.

mic observed global patterns in MBC, MBN, ¢R and
4 ’ and BR

were th

Our findings also mi

e been found t0 increase in tandem with soi
oil C content
s (Xu,

Thomton, & Post, 2013). These results suggest that soil microbial
robia

d diversities are limited or enhanced by C in tropical soils and
oils an

communities an
h the hypothesis indicating that soil C content is a major driver of th
e

align wit
abundance and diversity of soil bacteria and fungi (Siciliano et al., 2014). Th
4] . e

n bacteria community abundance and diversity might also b
SO be

increase i
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attributed to the increase in soil pH in the biochar treated plots. Previous
findings have highlighted soil pH as a major predictor of bacterial richness and
diversity across a wide range of ecosystem types (Lauber, Hamady, Knight, &
Fierer, 2009). Linear increases in bacteria diversity with pH have been found
mainly in soils with pH values of 6.5 (Fierer & Jackson, 2006; Lauber et al.,
2009). Our findings showed pH values of 6.6 and 6.7 in the BC-30 and BC-

30+P treated soils respectively, which are approximately the same as the

reported pH value ideal for higher bacteria abundance and diversity. This
observation thus indicates the importance of soil pH as a driver of bacterial

diversity patterns as reported by previous large-scale studies (Fierer &

Jackson, 2006; Lauber et al., 2009). These resu]té support the notion that soil

pH drives changes in bacterial composition in terrestrial agroecosystems

(Fierer & Jackson, 2006; Lauber et al., 2009). Other studies have reported a

negative relationship between soil pH and fungal abundance and diversity

However, our results give a contrasting effect of soil pH on fungi diversity,

indicating that other environmental or soil factors might have been the most

favorable and major predictors of fungi richness and diversity in a tropical

agroecosystem.

6.5 Conclusions

Application of biochar at 30 t ha had a profound significant effect on

enzyme activities and soil microbial properties by increasing the soil basal

respiration and respiratory quotient, with decreased specific maintenance

respiration rates which all culminated into increasing the microbial activity of

the BC-30 and BC-30+P amended soils. Furthermore, high rates of biochar

had significant effects on soil microbial community composition, diversity and
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total PLFA. Incorporation of biochar at a rate of 30 t ha”' enhanced the
abundance and diversity of bacteria and fungi acids. Among the soil factors
the ones that contributed most to the abundance of soil microbes in the BC-30

and BC-30+P treated soils were BR, gR, MBC and MBN.

199



CHAPTER SEVEN

EFFECTS OF CORN COB BIOCHAR ON SOIL QUALITY

7.1 Introduction

The term “soil quality” is commonly used in relation to the two critical

soil functions of productivity and protection of environmental quality (Wander

& Drinkwater, 2000). This therefore implies that soil quality can be defined as
the ability of the soil to support crop growth and effectively produce crops in a

sustainable manner without compromising on environmental quality. In this

regard, soil plays 2 crucial role in providing essential services for plant

growth, for partitioning and balancing the movement of water and gases in the

soil matrix and the atmosphere, and as an effective buffer for the environment

(Acton, & Padbury, 1993). In agriculture, management practices focus

primarily on enhancement of soil biological, physical and chemical properties

which have a paramount effect on soil productivity.

Despite the numerous reported benefits of biochar application to soils,

little is known about its impact on the quality of the soils of the humid tropics.

Most of the studies done on biochar in tropical soils take into consideration

some selected properties without aggregating these properties into an index of

soil quality with regards to specific soil functions. The aim of this research

was to use the inductive approache to develop soil quality indices to study the

impact of corn cob biochar on the quality of weathered tropical sandy loam.

7.2 Materials and Methods

7.2.1 Modeling soil quality

Modeling soil quality requires the selection of soil properties that are

term management practices, and are, therefore, considered

sensitive to short-
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nitrogen (PMN), respiratory quotient {qR), specific maintenance respiration
(qCO,), total phospholipid fatty acids (total PLFA), total bacteria and total
fungi. Application of biochar resulted in significant increases in the soil
biological quality indices by 1.6-, 2.3- and 2.4-folds in the plots treated with
'BC-15, BC-30 and BC-30+P treatments, respectively (Table 21).

Significant differences in soil biological quality indices existed among
the biochar treatments, with the highest index recorded in the plots treated

with 30 t ha' biochar. Thus, increasing the rate of biochar application

significantly impacted on the soil biological quality. No significant difference

was observed in soil biological quality in the BC-30 and BC-30+P amended

soils.
The soil electrical conductivity (EC), pH, total organic carbon (TOC)

and nitrogen (TON), particulate organic carbon (POC) and nitrogen (PON),

active carbon (AC), humic acid extractable carbon (HA-C), fulvic acid

extractable carbon (FA-C), glucose and humin concentrations were integrated

to calculate the soil chemical soil quality. All the biochar treated plots

contributed to a significant increase in soil chemical quality. However,

I .
incorporation of biochar at a rate of 30 t ha™ significantly increased the

chemical soil quality by 2.3 to 2.4 fold, with the BC-15 treated soil having a

1.8-fold increase in soil chemical quality relative to the control (Table 21).

The soil physical quality index was calculated by using the soil mean

weight diameter (MWD), geometric mean weight (GMWD), macro aggregate

tability (MaAS) micro aggregate stability (MiAS), structural coefficient (SC)
S b

nd bulk density (pb). The soil physical quality was significantly improved in
a

the BC-30 and BC-30+P treated soils, with a 2.2 to 2.6-fold increase compared
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to the CT. The plots treated with 15 t ha™ biochar did not result in a significant
increase in the soil physical quality (Table 21). Statistically, both BC-30 and

BC-30+P treatments had similar impact on the soil physical quality index

despite a seemingly higher value observed in the BC-30+P treated soils

Table 20: Effects of Corn Cob Biochar on Soil Biological, Chemi ;
and Overall Inductive Soil Quality Indices gical, Chemical, Physical,

T['eatment SB index SC Qindcx SP Qindcx Inductivc
Sindcx

CT 36.6£1.7c 33.143.1c 24.9+2 3b 31.6%3.6¢
BC-15 57.7+2.1b 59.4+1.8b 31.7+£3.8b 49.6+2.1b
BC-30 84+3.4a 74 .4+5.3a 55+5.9a 71.1+£6.3a
BC-30+P g7+4.7a 77.3+8.2a 65.4%£5.6a 76.7+5.8a
SB Qindex = Soil biological quality index; SC Qindex = Soil chemi i

) 1 . > inde; ical 1

= Soil physnca] quality index; Inductive SQindex = Inccllllll;il\tfz

index; SP Qindex
soil quality index.
different among bioc

#Different letters indi
s indicate that means are signi
har treatments (p < 0.05). gnificantly

All the soil quality indicators, comprising of the biological, chemical

and physical properties mentioned above were integrated to calculate the

inductive soil quality index for the respective treatments. The inductive sol

quality index responded positively to the incorporation of biochar at all rates

le 21). Among the biochar treatments, the highest inductive soil quality

(Tab
index was observed in the plots treated with 30 t ha, with a significant 2.3- to

7 4-fold increase relative to the CT.

7.3.1 Identification of key soil quality predictors

Principal component analysis (PCA) was performed on the data using
soil factors as variables. The PCA separated the treatments into three clusters.

The first two clusters, CT and BC-15 were clustered in negative PC1. The

third cluster composed of BC-30 and BC-30+P which were clustered in

e PC1. These results showed that soil factors could separate CT and

positiv
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BC-15 from BC-30 and BC-30+P. Redundancy analysis (RDA) was used to

determine the soil factors that had a significant impact on the soil biological

chemical and physical quality.

7.3.1.1 Principal Component Analyses on Soil Biological Quality index (SB

Qindex)
The results of the PCA on SB Qindex are presented in Figure 47.
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Figure 47 Principal component analysis (PCA) of soil biological properties
from different treatments

The first and second PCA accounted for 79.3 and 7.6% of the

variation, respectively. The PCA separated treatments into three clusters. The

first two clusters, control and BC-15 were clustered in negative PC1. The third

cluster composed of BC-30 and BC-30+P was clustered in positive PC1.

These results show that soil factors can separate CT and BC-15 from BC-30

and BC-30+P.

7.3.1.2 Redundancy analysis on Soil Biological Quality index (SB Qindex)

To test the relationship between the soil factors and SB Qindexs

ANOVA permutation test was used by running 1000 permutations on the

RDA. There was 2 significant difference at P < 0.05 indicating that soil factors
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explained SB Qindgex (Table 4 Appendix A). Figure 2B displayed RDA space
and the blue vectors showed soil factor variables fell along the RDA space.
The four most important soil factors (total bacteria, total PLFA, total Fungi

and MBC) were the longest vectors along the RDA axis in explaining

variation in along the axis (Figure 48).
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Figure 48 R edundancy analysis (RDA) of the correlations between soil
biological para meters. ATTOWS indicate the impact of soil parameters on soil
biological quality index. Abbreviations: PMC; Potentially mineralizable
PMN; Potentially mineralizable nitrogen, MBC; Microbial biomass
o o, MBN: Microbial biomass nitrogen, qCO»; Specific maintenance

Respiratory quotient, UEA; Urease enzyme activity, DEA;

respiration, gR; Yy ca
Dehydrigenase® enzyme activity, PLFA; Phospholipid fatty acids.
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Figure 49 Principal component analysis (PCA) of soil chemical properties

from different treatments.

The first and second PCA accounted for 61.4 and 7.5% of the variatio
. n,

respectively- The PCA separated treatments into three clusters. The first tw
: o

clusters, control and BC-15 were clustered in negative PC1, except 1 BC-15

that was in positive PC1. The third cluster composed of BC-30 and BC-30+P

was clustered in positive PC1. These results showed that soil factors co 1d
u

from BC-30 and BC-30+P.

separate CT and BC-15

7.3.1.4 Redundancy analysis on Soil Chemical Quality index (SC Qindex)

To test the relationship between the soil factors and SC Qind ANOVA
mdexs

permutation test was used by running 1000 permutations on the RDA. Ther
. e

was 2 significant difference at P < 0.05 indicating that soil factors explained

SC Qindex (Table 5 Appendix A). Figure 50 displayed RDA space and the blue

how soil factor variables fell along the RDA space.

vectors S
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Figure 50 Redundancy analysis (RDA) of the correlations between soil

biological parameters. Arrows indicate the impact of soil parameters on soil

chemical quality index. Abbreviations: POC; Particulate organic carbon, PON;
Particulate organic nitrogen, TN; Total nitrogen, TOC; Total organic carbon,
EC; Electrical conductivity, FA-C; Fulvic acid carbon, HA-C; Humic acid

carbon.

The four most important soil factors (Glucose, FA-C, EC, and TOC) were
Jongest vectors along the RDA axis in explaining variations in along the axis

(Figure 50).

7.3.1.5 Pprincipal Component Analyses on Soil Physical Quality index

(SPindex)
The results of the PCA on SP Qindex 31€ presented in Figure 51
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Figure 51 Principal component analysis (PCA) of soil physical properties
from different treatments.

The first and second PCA accounted for 65.2 and 8.1% of the

variations, respectively. The PCA separated treatments into three clusters. The

first two clusters, control and BC-15 were clustered in negative PC1. The third

and BC-30+P was clustered in positive PC1.
These results showed that soil factors could separate CT and BC-15 from BC-
30 and BC-30+P.

7.3.1.6 Redundancy analysis on Soil Physical Quality index (SP Qindex)

To test the relationship between the soil factors and SP Qindex, ANOVA

permutation test was used by running 1000 permutations on the RDA. There

was a significant difference at P < 0.05 indicating that soil factors explained

gp Qindex (Table 6 Appendix A). Figure 52 displayed RDA space and the

blue vectors showed soil factor variables fell along the RDA space.
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dancy analyosis' (RDA) of the correlations between soil
biological parameters. Arrows mdl.cate the impact of soil parameters on soil
physical quality index. Abbreviations: BD; Bulk density, MiAS; Micro

aggregate stability, MaAS; Macro aggregate stability, GMWD; Geometric
mean weight diameter, MWD; Mean weight diameter, SC; Structural

coefficient.

Figure 52: Redun

The four most important soil factors (SC, MaAS, MWD, GMWD)

were longest vectors along the RDA axis in explaining variations along the

axis (Figure 52)-

7.4 Discussion

In this study, application of biochar at 30 t ha™' significantly enhanced

the inductive soil quality due to 2 reduction in electrical conductivity (ECe)

and pronounced increases in basal respiration (BR), dehydrogenase enzyme

activity (DEA); microbial biomass carbon (MBC), respiratory efficiency (qR),

total phospholipid fatty acids (PLFA) and total fungi as shown by the

redundancy analysis. A number of studies reported that application of biochar

to soils can increase soil microbial biomass carbon, and may also affect the

soil biological community composition (PLFA), which in turn affects nutrient

eycling, plant growth, SOC mineralization and soil quality (Lehmann et al.,
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2011). The increased in the soil quality index may be attributed to the

enhanced retention of SOC in the biochar amended soils due to the high
o

microbial efficiency and enhanced ecosystem functionality as depicted by the

high respiratory quotient (gR) in the biochar amended soils (BC-30 and BC-

30+P). Results from the redundancy analysis shows that fungi are important

predictor of soil quality, and this is attributed to the carbon storage potential of

soils with high fungi diversity and abundance.
From the study, the increase in soil quality was also highly predicted

by microbial activity indicated by high soil basal respiration and

dehydrogenase enzyme activity. Dehydrogenase enzymes are among the most

important enzymes in the soil environment, and are used as an indicator of

overall soil microbial activity (Salazar et al., 2011), because they occur

intracellularly in all living microbial cells (Yuan & Yue, 2012). Soil

dehydrogenase enzymes facilitates SOM decomposition which is reflected in

high soil pasal respiration rates from the rhizosphere (Zhang et al., 2010). This

therefore substantiates the fact that dehydrogenase enzyme is positively

correlated with SOM content, and for that matter, soil quality.

7.4.1 Relationship among soil quality indices

The soil quality index was regressed on soil biological quality, soil

chemical quality nd soil physical quality to evaluate their respective

contribution 85 sensitive and early indicators of the overall soil quality.

Among the soil quality indices, the soil biological quality greatly contributed
lity of the amended soil. When plotted one to one, the soil

{0 enhancing the qua

ality accounted for 95% of the soil quality index variability

biological qu
linearly (Figure 53).
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ement in soil biological quality improved the overall soil

Thus, an improv
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(Figure 55) variability of the soil quality index.
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Figure 54 Relationship between soil chemical quality and overall soil quality.
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Figure 55: Relationship between soil physical quality and overall soil quality.

The soil biological quality also accounted for 82 and 80% of the variability in

soil physical quality and soil chemical quality respectively (Figure 56 and

Figure 57
80.00
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Figure 56: Correlation between soil biological quality and physical quality.
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Figure 57 Correlation between soil chemical quality and biological quality

A highly significant linear relationship of soil biological quality with

soil quality index suggests that among the soil biological, chemical and

physical quality indices, the soil biological quality index is a consistent and,

sensitive and early indicator of changes in soil quality long before the changes

are detected in the other soil quality indicator properties. This observation is

further corroborated by Biinemann et al., 2018; Schloter, Nannipieri,

ggrensen, & van Flsas, (2018) who opined that changes in soil biological

activities Of biochemical processes may be used as early indicators of changes
in soil quality. The soil biological quality s greatly responsible among other

properties, for decomposition of organic residues, facilitating nutrient cycling

in the soil, metabolizing labile carbon, synthesizing humic substances,

cro aggregation and structural stability, and protection of organic

enhancing ma

matter as particulate organic matter (Melero, Lépez-Garrido, Murillo, &
Moreno, 2009; Schloter et al., 2018). Therefore, an improvement in the soil

biological properties relates to improvement in the soil chemical and physical

rties and subsequently, an enhancement in the overall soil quality (Aziz

prope
further substantiated by the significant relationship of soil

et al., 2013). This is
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t . . .
he role of soil biology t0 enhancing the other soil properties

7.5 Conclusions

Soil quality is an integrated function of soil biological, chemical
s ical and

physical properties. Results from the study showed that soil biological quali
quality,

soil chemical quality and soil physical quality improved significantly in th
in the

biochar treated soils. Among the biochar treatments, the BC-30 and BC-30
s = = +P

performed best in improving the soil quality properties and soil qualit
ity over

time. A significant relationship between soil quality index and soil biological
ogica

quality gives an indication that soil biological quality can be u d
sed as a

sensitive and early indicator of a tropical sandy loam soil quality evaluati
ation in

response 10 biochar amendment application i
or sustainable soil
management

ctices. Furthermore, 2 robust and routine measurement of soil biological
ogica

an be used as an early indicator of soil quality in a tropical

pra
quality properties

agro ecosystem.

214



CHAPTER EIGHT

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary

The entire research focused on elucidating the effects of
| corn cob
biochar on the fertility of highly weathered tropical sandy loam. Th
. The research

specifically dealt with the effect of biochar on soil physical properties (
erties (e.g.

aggregate characteristics strenoth wa
ot ter retention a o
nd as t It
B ranspo

parameters), soil mlcroblological properties (e.g. soil microbial
community

structure and diversity) and soil chemical properties (€.g carbon and ni
g nitrogen

pools).

in experiment 1 (Chapter 4), the impact of biochar on aggr
egate

characteristics such as aggregate stability, clay dispersibility, aggregate t il
) ensile

strength, soil friability and workability was assessed. The study also
assessed

the effect of corm cob biochar on water retention at several matric potential
entials,

gas transport parameters (air permeability and gas diffusion) and
pore

ctive and diffusion percolation threshold). The

structure characteristics (conve

study showed that the stability of soil aggregates was significantly im d
prove

_ . . 1 (i :
in the soils treated with 20 t ha™ (with and without P). Secondly, aggregate

trength of the smaller aggregates (1-2 mm) was significantly high
igher

tensile S
with increasing biochar application rate. Furthermore, increasing th
’ e rate of
com cob biochar application improved soil friability and workability. Th
ity. The

further demonstrated that incorporation of bi .
biochar at 20 t ha™' to a

study
am may potentially reduce the rate of soil physical

tropical sandy 1o

degradation by improving the stability of soil aggregates.
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In thi i i i
s study, incorporation of biochar at 10 and 20 t ha™' mod
| moderately
improved water retention, g
, gas ftransport parame
ters and pore
structure
char isti i i
acteristics. Biochar applied at 20 t ha™' resulted in an increase in th
se in the fine

potentials larger than pF 2.0.

The study demonstrated that increasing the rates of bi h
iochar

subsequently increased the proportion of aggregates in the larger size fi
e fractions

(>0.25mm) leading to an increase in th
e water stabl .
€ macro aggregates in the

plots treated with 30 t ha” (with and without phosphate fertilizer). Increasi
. Increasing

the rates of biochar signiﬁcant]y enhanced the indices of structural stabil
stability

(structural coefficient, mean weight diamet i
, g er and geometric mean weight)

which indicated the predominance of larger, more stable aggregates in the B
S n the BC-

30 and BC-30+P treated plots.
In experiment 2 (Chapter 5), a study was conducted to elucidate th
e

impact of com cob biochar on soil chemical properties. Carbon (C) and
. an

nitrogen N) lability, C and N pool and C and N management indices w.
ere

calculated based on the labile C and N pools of total C and N. The study
showed that increasing the rate of biochar application resulted in a significant
increase in the labile C and N fractions. Among the tested labile C and N
pools, the active C and N fractions were observed to be the most sensitive
indicators to detect early changes in soil organic matter accumulation and C
N lability in response to corn cob biochar application.

and
biochar at 30 t ha”! enhanced the quality and content

Incorporation of
of soil organic carbon which concomitantly increased the humic and fulvi
c

acid fractions of total organic carbon. The BC-30 and BC-30+P treatment
S
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) . n

perspective, biochar applied 30 t ha™' may potenti
y potentially enhance the stability of
0

SOC by improving the aromatic TOC quality

In experiment 3 (Cha
pter 6), the effect of yil
corn cob biochar 0 1
n soil

I]linObiO]Ooica pro 1
5 | pr peﬂles and anyl'ne actiVitieS was assess d. Ir
ed. In thi :
1S Study, 1t

was ObS 3
erved the BC-30 and BC30+P treatments had a profound
ound effect on

enzyme activities il mi i
and soil microbial properties. The study der
monstrated an

incmase ill the 1] 1 .I i 1
1 SOl] eSpl ation and 1espnat0|y quotient \N't]
’ 1tn deClea
Sed

S[)CC“]C mai i irati i 1 1
aintenance ICSplTatIOH rates WhICh mdicated a SUbStant. |
ial incre i
ase 1n

soil microbial activities in the BC-30 and BC-30+P treated pl
>d plots. Furthermor
bioch i - o
ar applied at 30 t ha impacted significantly on aoil
| - microbial
community composition and total phospholipid fatty acids. The di
| . iversity and
abundance of fungi and bacteria was enh i
anced in the BC-30
-30 and BC-30+P
treated soils relative to the rest of the trea
tments. Princi
pal component
and
redundancy analyses carried out showed tha
t among the soil £
actors, the ones
that contributed most to the abundance of soil i
microbes in the BC
-30 and BC-
30+P treated soils were soil basal respiration i
, respiratory quotie .
nt, microbial

ass carbon and nitrogen-

biom
ed on the integration of all th
e measured soil
properties

Chapter 7 focus

ffect of corn cob biochar o i
n soil quality. Th
. e study

to assess the overall €
g the treatments, the BC-30
and BC-30+P performed

demonstrated that, amon

il quality properties and soil quality over time. F
. From

clationship was observed between soil quality ind
ndex

the study, 2 signiﬁcant T

and soil biological quality which therefore indi
icates that, soil bi i
’ ological
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m . .
anagement practices in a tropical sandy loam

increase the fertility and productive iti
capacities of weathered soi
soils of the humi
id

tropics.

8.2 Conclusions

The study demonstrated that incorporation of corn cob biochar i
ar into a

weathered tropical sandy loam enhanced the physical fertility by i
improving

characteristics of the soil. Application of biochar to highly weathered soils of
Ghana may potentially improve the water retenting capacity of the soils

enhance gas transport by convection and diffusion and improve soil structur;
vage the decline in soil physical quality by reducing the potential

to help sal

effects of soil erosion.

In addition, comm cob biochar increase i
sed soil microbi i
bial biom
ass,

microbial community structure and diversity, and total phospholipid f:
id fatty of
the soil used in this study. In perspective, adopti i
X ption and inco i
rporation of
biochar to the highly weathered soils of Ghana ma
y enhance ecos
ystem

ciency. Lastly, the various C and N pools, and the quality of
0

functions and effi

¢ carbon were enahnced in the biochar
amended soil i
s. Biochar

total organi
has the potential t0

m. This approach promotes climate smart agriculture and therefi
efore

ultural sustainability model for value addition on

application enhance carbon sequestration in a tropical a
gro

ecosyste

serves as 2 favorable agric
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crop residues. It also serves as a critical alternative strategy for improving

waste management especially in Ghana.

8.3 Recommendation

Further research should be conducted to elucidate the long-term effect

of corn cob biochar on water retention and gas transport parameters in highly

weathered soils of in Ghana. It is recommended that periodic sampling should

be done on the field where this research was conducted to investigate the

distribution of carbon and nitrogen with depth in the biochar amended soils.

The usefulness of other feed stock types for the production of biochar

should be thoroughly explored in a long-term field experiments to elucidate

their potential jmpacts on soil physical, chemical and biological properties.

Also, different pyrolytic temperatures  should be thoroughly

gated to determine which temperature works best for which feedstock

e in order to maximise the potential impacts of biochar in the humid

investi

typ

tropical soils.
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APPENDICES
APPENDIX A

STATISTICAL TABLES

of variance permutation test for redundancy

Table 1: Results of analysis

Variance F Pr>F

daf
Model 11 320.1 17.9 0.014

6.5
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Table 4: Results of ANOVA Permutation Test for RDA

df Variance F ST
Model 12 48548 51037576 0.001
Residual 3 0.000
Table 5: Results of ANOVA Ppermutation Test for RDA

df Variance F Pr>F
Model 11 366.13 1.667e+31 0.001
Residual 4 0.001
Table 6: Results of ANOVA Permutation Test for RDA

0.001

Residual 9
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potassium and magnesium contents were < 0.4, 11.9 and 9.3mg
100g™ " respectively, soil pH of 6.1 and an electrical conductivity of

200 1S em™ .

2.2. Field experimentation and sampling

2.2.1. Biochar properties
The biochar was produced from corn cob feedstock pyrolyzed in a

reactor (Lucia stove) with a temperature of 500-550 °C. The biochar
produced was sieved to a < 2mm particle size to obtain a relatively
high surface area to improve its reactivity in the soil. The biochar had
85.3% dry matter, 38.8% total carbon, 0.9% total nitrogen, pH of 10.2
331 mgkg™ 1 polycyclic aromatic hydrocarbons, 3150 mgkg ™' phos:
phorus, Wi Ca?*, Mg?*, K" and Na* of 8690, 4510, 31,800 and
2160 mgkg ™ s respectively (Amoakwah et al., 2017).

2.2 ut
The study adopted the randomized complete block design with
thirty-two (32) plots (four treatments with eight replications for each
treatment), with each plot measuring 3m % 6m (18 m?). In order to
achieve fine tlth, the field was ploughed and harrowed twice, followed
by the removal of stubble and weeds. The plots were raised to 15cm
soil surface to enhance drainage and accommodate
plots. Three levels of biochar were
1 and 20tha”?, and 20 tha~ ! with P (P-
enriched biochar), corresponding to 0, 0.34 and 0.68% respectively
iched biochar was prepared by mixing 50 kg P20s ha'{
phosphate) with 0.68% of biochar. This treatment was
treating biochar with P will minimi
ion by aluminum (A1**) and hence promote P avgll:«r:ll:itl‘iltz;a
. into P fixation was not included here since it was no;
within the scope of this paper. Prior to biochar application, a subsample
of the corn cob biochar stock was oven-dried to determine the pre-

vailing water content.
on7th November 2016, biochar (with and without P ertilizer) was
applied by broadcasting on the soil surface of the treatment plots and
incorporating it into the soil by plowing to a depth of about 20 cm. To
maintain consistency in *he treated and untreated plots, all the plots
d treated) were tilled with 2 hoe after the biochar applica-
tion. Hereom the treatments are denoted by CT, BC-10, BC-20, and BC-
20 + P for the O 10tha” ' and 20tha~ !, and 20tha™' i . re-

specﬁvely, goil sampling Was done on 21st May 2016.

included to examine whether pre-

2.3. Soil sampling

Metal core samplers (0.034m length, 0.061 m in diameter, 100 cm®
were used for intact soil sampling from a,depth of
sampling for all treatments was done in the center of the

avoiding visibly compacted areas. Eight replicate
n for each treatment. At the same locations, disturbed
les were taken for other measurements (textun:e, organic

pulk samp!
dry region water retention, etc.)

matter, PHs
2.4. Laboratory measurements

2.4.1. Soil texuure and organic carbon content

Soil texture Was determined by 2 combination of sieving and hy-

drometer methods (Gee and OF, 2002). Determination of soil totzl

carbon content was done through the oxidation of carbon to COz at a

temperature of 1800 °C with a FLASH 2000 organic elemental ana?yzer

which was coupled to 2 thermal conductivity detector (Thermo Fishel,-
USA). Since carbonates were absent in the soils, the soil

scientific, MA,
total carbon was considered as soil organic carbon (SOC).

and electrical conductivity

2.4.2. Soil pH
8 ml of air dried soil and 30 m! of

Soil pH was determined by mixing
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deionized water (which corresponds to a soil-water ratio of approxi-
mately 1:2.5). Soil pH and EC were subsequently measured by inserting
a combined pH and electrical conductivity (EC) electrode into the su-

pernatant (Thomas, 1996).

2.4.3. Soil water retention
2.4.3.1. Wet region measurements. Measurement of wet region water

retention was performed in the laboratory at constant temperature of
20 °C. The 32 intact cores were placed in a sand box and saturated with
water from underneath, drained and saturated again prior to imposition

of suction levels. Suction was applied successively after saturation to

establish matric potentials () of — 10, — 30, — 50, and — 100 cm H,0
(pF 1, 1.5, 1,7, and 2.0; (Schofield, 1935)). Thereafter, samples were
moved to a Richard pressure plate apparatus to successively establish
matric potentials of — 300, — 500, and — 1000 cm H20 (corresponding
to pF 2.5, 2.7, and 3.0 respectively) according to the methodology
described by Dane and Hopmans (2002). At selected potentials, the
same soil samples were used for gas transport measurements (described
in air permeability and gas diffusion sections below).

retention curve from pF 38to

2.4.3.2. Dry region measurements. The
compensated WP4-T dewpoint

5.0 was obtained with a temperature 1 .
Potentiameter (METER Group Inc., Pullman, WA, USA). First, air-dry

subsamples from replication plots were oven dried to determine the
prevailing water content. Based on the prevailing water content,
increasing amounts of water was added to each air-dry subsample to

roughly correspond to m F 3.8 and 5.0. A total

atric potentials between p ]
of eighty (20 from each treatment) subsamples were used for this. To
avoid evaporation losses,

the moistened soil samples were sealed in
Ziploc bags and stored in the refrigerator for 4 weeks t? allmfv
equilibration. After the equilibration period, two consecutive soil
water potential measurements were taken with thoe WP4-T. The
samples were oven dried at a temperaturé of 105°C for 24h t0
determine the gravimetric

water content.

For the water retention between pF 5.0 2
Analyzer (METER Group Inc., Pullman, WA, FJSA) was use e e
of an air-dry subsample was placed in the instrument and the .
potential and soil mass simultaneously measured. Measuremen ® o
e ontent. For further details

each sample were done in "
aft i avimetric water €
erwards to obtain (10 please consult Arthur et al. (2014) and

on the measurement procedure,
Likos et al. (2011)- ;

Specific surface area (SA) was estt
retention between pF 5.0 and 6.8 usin "
Andersen-de Boer sorption jsotherm equatio

nd 6.8, a Vapor Sorption
d. Briefly, 3 8

mated from the measured wa‘ter
g the theoretical Guggenheim-
n as suggested by

. After ob-
Timmermann (2003) and evaluated by A rthuf e;( a]-. ‘()2(‘)’:07; the GAB
taning the monolayer water oM< (Mo, K& % e 5 was obtained
Modeling of the dry region Water Tt data}’. ; N is Avogadro's
by the following relation, = MoNA/Ww WOe d by one water
Number (6.02 x 107 mol™ "), A is the area cO"elre weight of water
molecule (10.8 X 10~ 20 m2) and wm is the molecu ar

(0.018 kg mol~ .

the Forchheimer approach

17) on cores that were
2017) 300, — 500

24.4. Air permeability .
Air permeability, ks» W33 measured 2; (
described by Schjanning and Koppelgaaf
€quilibrated at matric potentials of — 30,
and - 1000 cm H.0. Briefly, four
ifference, AP at values around 5: %
® s0il sample placed in an aif permea™ ity control,
Was measured. For the purposé of quallty
With actual pressure difference:
Q= 3 ml min~ ') was perfOI'mEd ﬂ?f :
O series of steps. First, the stem ident!
oW, Q, and P, values, where Pa is reque
'8¢t pressure difference: Pt 5h

=
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corresponding values of Qo and P, for three additional levels of
AP = ~2, ~1, and ~0.5 hPa. By measuring at the highest pressure
difference of 5 hPa prior to measuring the lower values, the risk that
changes in AP during a measurement loop will affect water films was
curtailed (Schjenning and Koppelgaard, 2017). Darcy's law was then
used to calculate k, in a steady state.

2.4.5. Gas diffusion

The experimental setup that was initially suggested by Taylor
(1950) and subsequently improved further by Schjgnning (1985) was
used for the measurement of gas diffusion (Dp/Do)- Firstly, the gas
diffusivity chamber was made oxygen-free by flushing with 100% N
gas. The top of the soil core was exposed to the atmosphere to allow
atmospheric air to enter into the chamber through the soil sample.
Subsequently, Oz was measured by an electrode mounted on the
chamber wall. The O, diffusion coefficient in soil (Dp) was calculated as
proposed by Rolston and Moldrup (2002). The gas diffusion measure-
ment was done on soil cores already equilibrated at matric potentials
(y) of — 30, —50 and —100, — 300 cm, — 500 and — 1000 cm H0.
There was a disparity in the time taken for each measurement due to
differences in the applied matric potentials, and this difference in the
measuring time was considered small enough to neglect the O, deple-
tion resulting from microbial consumption (Schjgnning et al., 1999).

2.4.6. Bulk density, porosity, and plant available water

After completing the wet region water retention, air permeability
and gas diffusion measurements, the samples were oven-dried at 105 °C
for 24 h. The weight of each sample was subsequently recorded at each
matric potential and after oven drying. The total soil porosity was es-
timated from the measured bulk density (py) and a particle density of
2.65 Mg m~>. The volumetric soil water content 0, m®m™2) at each
matric potential was taken as the respective difference in weight of the
oven-dried samples multiplied by the bulk density (o). At each matric
potential, air-filled porosity (e, m* m~ %) was calculated as the differ-
ence between the total porosity and volumetric water content (6,
m®m~ 3). The plant available water content (6p, m*m ™ ?) was calcu-
lated as the difference between the water content at pF 2.5 and pF 4.2.

2.5. Models

The pore size distributions of the soils were derived from the wet
region water retention data based on the capillary rise equation by
approximating the relationship between ¥ and the equivalent pore
diameter (d, pm) (Schjgnning, 1992):

_ 3000
¥ M

Pore structure (continuity, complexity, and distribution) was esti-
mated using models based on either gas diffusivity (Dy/Do) or air per-
meability (k) and (air-filled porosity (e). The logarithmic form of the
exponential model proposed by Marshall (1959) and Millington (1959)
was used to relate Dp/Do and e

1og(2"_) = log(mq) + Nalog(e)
Do @
where mg and Ng are fitted parameters. Because of the fact that D,/Do
value of 10~ 4 is considered as an indication of zero diffusion through a
continuous air-filled pore space (Broecker and Peng, 1974), the ¢ at that
point is considered to be the diffusion percolation threshold, (Dpr,
m*m™?)

0-[!ng(m¢)+‘l/ ] 3)

timate of the volume of pores blocked to exchange of air as

reported in previous studies (Schjgnning et al., 2002).
gimilarly, ko was related to ¢ by the logarithmic form of a simple

exponentia] model proposed by Ball et al. (1988):

Dpr=1

or an esl
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log(k,) = log(m.) + N:log(e)

@

where m, and N, are fitted model parameters representing soil struc-

tural complexity. An estimate of the

permeability percolation threshold

.(Cw, m? m~ 3) was obtained by assuming that a soil with k, of 1.0 pm?
is effectively impermeable (Ball et al., 1988).

The applicability of Cpr
and untreated soils. The op
groups based on the treatments (CT, BC

in relation to Dpr was assessed for treated
timal value of k, for each of the four soil
-10, BC-20, and BC-20 + P) was

estimated using the relation

Cop =

10—[105(m5)+x]!N¢

(5)

where x is the log (ko) value at which Cpy best fit the physically based

Dpr.

gives an indicatio
matric potentials (— 100 and

To further assess the differences in pore connectivity and tortuosity
after biochar incorporation, thes

oil pore organization (PO, pm?) which
n of the pore size distribution was considered for two
— 300 cm Hz0) (Groenevelt et al., 1984)

(6)

2.6. Data analysis and statistics

Statistical analyses were done using SigmaPl
Inc., San Jose). All the data 0
homogeneity of varian
treatments were teste
which the Holm-Sidak post-hoc te

ot 11 (Systat Software
btained were checked for normality and
ce. Differences between the control and biochar
d using analyses of variance (ANOVA), after
st was used to differentiate between
dp < 0.05asa criterion for statis-

any two given treatments. We use
ise stated. Results

tical significance of treatme
are presented as mean + s
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Fig. 1. Corn cob biochar effect on (a) soil water retention and (b) pore size distribution.

NS indicates no significant difference between BC-10 and CT. Values on top of bars are
total pore volumes. “*” indicates significant difference between the water content or pore
size class of the BC-20 and BC-20 + P treatment compared to the CT. “ns" indicates no
significant difference between the water content or pore size class of the BC treatment and
the cnnhl'ol. CT, control; BC-10, 20, and 20 + P denote biochar treatments with 10,
2gtha” ', and 20 tha” T 4 50 kg P,0s tha™ ', respectively. '

3.3. Soil bulk density, water retention and specific surface area

Statistically, the bulk density and total porosity in the biochar
treated soils were similar to that of the CT (Table 1). The soil water
contents found in the various treatments at the different matric po-
tentials are shown in Fig. 1a. There was no significant difference be-
tween the biochar treatments and CT when matric potential was < pF
1.5. Between pF 2.0 and 3.0, the BC-20 and BC-20 + P treatments had
Signiﬁcant]y higher water contents than the BC-10 and CT (Fig. 1a).
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showed similar macro- and meso-

Consequently, the biochar treatments
the CT (Fig. 1b). Conversely, the

porosity (pores larger than 30 pm) as
BC-20 and BC-20 + P had significantly larger proportions of micropores
(pores < 3 um) than the CT. The BC-10 had a similar trend for both the
water retention curve and the pore size fractions compared to the CT.
Application of biochar had little impact on the plant available watler
content (Table 1). Similarly, biochar application did not have any sig-
nificant effect on the soil specific surface areas (SA) (Fig. 2)-

3.4. Air filled porosity and gas transport

Corn cob biochar application had no effect on the relationship bei
tween the total air filled porosity (the differencé betwfeen( t}]:e totas
porosi t) and the air connected porosity the pore

ty and water content) " air). The results

that are . the soil matrix t@ the atmospheri
connected in s g 20 820 + - s

showed that all the treatments (CT, o irb
elustarad argund the 141 line (Fig: 3). The soil's ability t© c?nduct air by
diffusion expressed by relative 8as diffusiviry. as a funrftmn of matric
potential is shown in Fig: 4a. Relative gas dlfﬁ]%lvlty incr :
increasing air filled porosity (decreasing matric poten’®
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. glll“ nt dlff IeT]Ces were Dbse[UEd betweﬁ]l
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Fig. 3. Rcla.tionship between total air-filled porosity (calculated from soil-water retention

data) and air-connected porosity measured by a pycnometer. CT, control; BC-10, 20, and

20+7P denote biochar treatments with 10, 20tha”', and 20t ha"’+ SIO k
' 8

P,0s tha™ ', respectively.

were not affected significantly by the application of corn cob biochar.
Further, biochar incorporation did not have any significant effect on t_ht;_
fraction of the air-filled pores that are inactive in diffusion (denoted b

Dpy), though there was a reduction of 34% and 18% in Dpr in the soily
that received the highest biochar application rates (BC-20 and B(‘f
20 + P, respectively) relative to the CT (Table 2). There was an increas

of 25% in Dpr in the biochar treatment (BC-10) as compared to the C';
even though this increase was not statistically different from the C'[,'
soil. Furthermore, com cob biochar application did not have a sig-
nificant effect on the convection percolation threshold (Cpr). Irres; e%:-
tive of the reduction in Cpr by 15%, 85% and 54% in the BC-10 Bg.zo
and BC-20 +P respectively, as compared to the CT, there was ,no si

nificant difference in Cpr between the biochar treatments and the CTg-

4. Discussion

4.1. Biochar and soil water retention

4.1.1. Soil density and porosity
Soil bulk density which is considered to be the main driving force of

soil physical properties depicts the potential function of the soil with
regards to soil aeration, water infiltration, structural support and water
and gaseous movement. Results from the study showed that, applica-
tion of biochar did not change the soil bulk density and totaliporosity
previous authors have reported substantial decrease in soil bulk densit}lr
after the incorporation of different kinds of biochar to different soil

es. For example, Arthur and Ahmed (2017) applied 3% w/w of rice
straw biochar to @ coarse-textured tropical soil and reported a sig-
nificant (32%) decrease in bulk density, three months after the in-
corporation of rice straw biochar. This was translated into a 22% and
16% increase in total porosity after 3 months and 15 months of biochar
application respective!y. Further, in an incubation experiment that
Jasted for 120 days, Randolph et al. (2017) recorded a significant de-
crease in bulk density following the application of wood chips and plant
residues biochar pyrolyzed at three different pyrolytic temperatures
(350°C, 500 °C and 700 °C) and at an application rate of 2% w/w to
loam soils. Sun et al. (2015) affirmed that the porous nature
density of biochar compared to mineral soil, was responsible
for the potential decrease in soil bulk density when they added birch
wood biochar pyrolyzed at 500 °C to a sandy loam at application rates
of 10 and 50 Mg ha- ', The lack of significant increases in bulk density
in our study could be attributed to the low rate of biochar application (a

sandy clay
and lower
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1. The added biochar may not have been

maximum of 0.68%) to our soi
the mineral fraction of the soil.

enough to substantially dilute

4.1.2. Water retention and pore size distribution ‘
Crop growth, microbial activities and gas exchange dynamtc's are
important processes that are significantly influenced by the ability of
the soil to retain water. For the sandy loam in this study, com coP
biochar application at 20 tha~! showed significant increase in soil
water contents at lower matric potentials (pF 2.0-3.0), but at an ap-
plication rate of 10 t ha™ 1 no noticeable effect of biochar on soil wa'ter
retention occurred, possibly due to the low application rate. Prec.ludmg
all instances of biochar hydrophobicity, an increase in water retalr}ed in
the soil at a given matric potential after the application of bloch.ar is one
of the easily recognizable beneficial effects of bioc'har. For instance,
Randolph et al. (2017) noted a significant increase. in watfar retentltoral
after the incorporation of woodchips and plant residues biochars 2

L al. (2014)
rate of to a sandy clay loam. similarly, Ulyett et ;
2% w/w 10 2 4 water retention at a matric potential

reported a significant increaseé in :
of —5kPa wi':zn a deciduous mixed wood bioc_:h‘ar pyrolyzed at 6::1(')) ef]:
was added to a sandy loam at a rate of 60t ha. : Th.e authrc:rs asa g
the increase in soil water retention to the intrinsic high su acleé) o
the biochar. A similar observation was made by Glab et al. rﬁzzmmre "
they applied straw biochar prod pyrolytic tte; peratuce =
300 °C from miscanthus (Misc ) a;‘;/ib ,WZ':'/o o (0 2
ticun qestivum 1.) at application 1 » an o
loamy sand. In a)dditiol:f Karhu et al. (2011) recprd;c‘lea;cl::prs::; ;n
gravimetric soil water content determined follown;g4 e ot an ol
of birch wood biochar pyrolyzed &t temperature 0 G i in-
m. The authors attributé

catj -1 ilty loa . .
on rate of 9tha” 10 ° sin?:,rease in total porosity which led to @

Log (air filled porosity, cm’ cm™)

Table 2

Biochar effects on soil pore organization (PO) at pF 2 and pF 3, on slopes of log-log plots
of relative gas diffusivity and air permeability vs. air-filled porosity (Ng and N, respec-
tively) and on the estimates of the diffusion percolation threshold (Dey, m® m™ ), per-
meability percolation threshold (Cer, m’m™). ’

Treatment POyr2 POyra Na N, Der Cer
CcT 48™ 166™ 3.24™ 3.40™ 0.044™ 0.054™
BC-10 74 169 3.49 3.17 0.051 0.046
BC-20 88 145 2.58 1.51 0.029 0.008
BC-204P 48 144 2.87 225 0.036 0.024

uns” denotes no significant difference among the treatments.

corresponding increase in water retention in small pores, and thus in-
creasing the water retention of the soil. The use of pore size distribution
to infer soil structure changes induced by different phenomena is be-
coming common in soil science (Dal Ferro et al., 2014). Different sizes
of pores present in the soil medium present distinct and well defined
functions in the soil. According to Pires et al. (2017), pores with size
(equivalent cylindrical diameter (ECD)) > 50pm are classified as
transmission pores and < 0.50 pm as residual and bonding pores. The
transmission pores are responsible for air movement and drainage of
excess water, whereas the residual pores are responsible for the reten-
tion and diffusion of fons in soil solutions. Lal and Shukla (2004),
classified pores with ECD between 0.50 pm and 50 pm as intermediate
pores, that are responsible for the release and retention of water against
gravity. Biochar at all rates did not produce any significant changes in
three of the four pore size fractions considered (3 to < 100 pm) of the
sandy loam soils. However, BC-20 and BC-20 + P significantly increased
the very fine pores (< 3 um) compared to the CT. This is important
particularly for storage of water for plant uptake. Although plant

Crease in water retention t0
0 ——/___________————— Fig. 5. Soil air permeability (log-scale) as a function of (a)
20 /// 2. w (b) matric potential (in pP units) and (b) total air-filled por-
. osity. “ns” indicates no significant difference between

treatments for a given matric potential. CT, control; BC-10,
20, and 20+P denote bioch with 10,
20tha=", and 20tha~' + 50kg P,Ostha™’, respec-

< (a) ns 1.5 1
ns .
§. 15 j/}fié
g 10 / t 10 P tively.
3 107 7 i -
g o 05 1 =
E 05 / JL
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s 00 T P ® amg
N Saen | o8] 2 Gome
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available water content (8;) was not significantly affected by biochar
application, there was a trend of increasing 8p with increasing biochar
rates. For some plants, this marginal increase is particularly important
during critical growth periods. Earlier studies that reported significant
increases in 6, were due to an increase in the fraction of smaller pores
(0.1-10 pm) and a decrease in the larger pore size fraction. For ex-
ample, Liu et al. (201 6) observed increase in smaller pores (0.1-10 pm)
relative to the larger pores (10-1000 pm) when they applied 16 tha™ 1
of commercial straw biochar pyrolyzed at 500 °Cto a loamy soil. Abel
et al. (2013) reported an increase in the smaller pore size fractions and
a decrease in the larger fractions when they applied biochar pyrolyzed
from maize (mix of whole plant) ata temperature of 750 °C and at rates
of 1, 2.5 and 5 wt%. Glab et al. (2016) also found an increased volume
of small pores (< 50 ym in diameter) and a decreased volume of larger
pores (50-500 pm) when they applied biochar pyrolyzed from mis-
canthus and winter wheat at 300 °C and at application rates of0.5,1,2
and 4% to loamy sand. In our study, although the BC-20 and BC-20 + P
treatments had an increased fraction of small pores, they also had nu-
merically higher fraction of large pores, resulting in marginal effect on

the 6p,.

4.1.3. Specific surface area
area (SA), which was derived from dry-

The soil specific surface
region water retention data (pF 5 to 6.8), is an important property that
ysico-chemical soil properties, and it is de-

the soil.

influences numerous ph :
termined by the amount of clay and organic matter present in |

One of the notable effects of biochar incorporation into soils is an in-
crease in OC, and this has been reported by several authors (-8 Zhang
et al., 2017; Zhu et al., 2017). Results from the study showed that,
addition of BC resulted in 2 significant increasé in OC in the BFI-ZO and
BC.20 + P soils. Despite this, there was no significant increase In the ;A
of the amended soils compared to the control soil poss}bly' due to :
relatively short period between the time of biochar apphcatlo.r; afldcs;:-
sampling (197 days after biochar application). The 'SA o]f soil (sp:snne“
trolled primarily by the amount of clay and clay mineralogy : wid;
2002) with minimal contribution from soil organic matter &: sc}:l sd o
clay content greater than — 20%. As the soil used in the stU Xb :te sig’t
~19%, the increases in OC may not be enough to contrl

i found
piﬁcanﬂy to changes in SA. This the contrasting risi:lc: a:to X
in Arthur and Ahmed ( d SA
sand-textured soil (clay <
in the biochar treatments compared ¢

ent and structural complexity

4.2. Biochar effect on soil ai movem
. iffusion
4.2.1. Air movement by conduction and ‘?l portant factor that influences

Transport of gas in rt character-
i e ts. Gas transport €
soil aeration and respiration bY plant 100% | quality and crop Pr%"

istics have the potential t0 affect soil w e -
ductivity. Therefore, the quanu'ﬁcation
;“‘;‘I;ortam in effective managill:lent :
ili . air throus . : 4
re~lat:i,“’°;i!ssc. l:li;?u:i(::i,tdy‘,]clt)pmo which is driven by concentration &
dients, and air permeability, ka * .
Relative gas diffusivity and air permeabll
Parameters that provide insight into 85 ©
Convection processes, T€ spective . .
;::se two parameters are indicators of soi
nonglr.ee“the gas emissions. R
°‘>s; inearly with an increase in
ll‘rop:,vef1 increase in D,,/D0
sery ‘_'t'Onal relationship betwe.en e
re ation corroborates the findings of AT
Ported a larger D/Dp at ~ 10172 et
Porasity at ~ 10 kpa. Thus, a7 increase if I
corresponding increase in p,/Do (Fig.
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diffusion of gases in the soil is higher; conversely, higher water contents
at lower pF values limit oxygen diffusion (Schjgnning et al., 2011).

The Dp/Do affects the availability of atmospheric Oz for intrinsic soil
microbes capable of degrading a variety of soil pollutants under aerobic
conditions (Davis et al., 2009). The critical Dp/Do limits for adequate
soil aeration has been reported to be within the range of 0.005-0.02
(Stepniewski, 1981). A study by Schjgnning et al. (2006) concluded that
the threshold value of D,/Do for adequate diffusion of oxygen in the soil
is 0.005. Albeit not significant, at PF 1.7, whereas the CT treatment was
in the anaerobic range (Dp/Do < 0.005), the BC-treated soils had D/
Do values = 0.005. This suggests that, at relatively low pF values, as
occurs in wet humid areas, biochar has the potential to facilitate gas-
eous exchange within the soil ecosystem to enhance soil microbial ac-
tivity and root respiration. Among the biochar treated soils, BC-10 re-
corded the highest mean value of Dp/Dy (0.035) at pF 3. This could be
ascribed to the fact that, due to the comparatively high application
rates (20 t ha~ '), and by virtue of the fact that the biochar were ground
(to a particle size of < 2 mm), some of the biochar particles might have
filled some of the air-filled pore spaces as the water content decreased.
However, the magnitude of the purported infilling of the air-filled pore
spaces by the ground biochar in BC-20 and BC-20 + P was not enough
to counteract the ability of the soils to facilitate gaseous movement, as
Dy/Do values of 0.033 and 0.028 (which are above the critical Dp/Do
value for adequate aeration) were recorded in BC-20 and BC-20 +P
respectively.

Air permeability (k) controls the movement of air through the soil
via convective flow in response to a pressure gradient, and it is a soil
physical property that is strongly related to the soil total porosity, pore
size distribution, continuity and tortuosity; thus, k, is sensitive to
structural changes as it is directly related to soil structural character-
istics. Air permeability increased with increasing pF among the BC
treated soils and the CT (Fig. 5a). This is ascribed to the development of
more connected pores as the soil dries out at higher pF values. Gen-
erally, an increasing trend in k, was observed in the BC treated soils,
particularly at pF < 2.5. This observation contradicts the findings of
Arthur and Ahmed (2017) who reported a decrease in k, 15 months
after rice straw biochar application. The authors attributed their ob-
servation to an increase in water retention with a subsequent reduction
in macropore fraction after the biochar application. A significant de-
crease in k, was also reported by Wong et al. (2016), when they applied
peanut shell biochar pyrolyzed at 500 °C to clayey soil at application
rates of 5, 10 and 15%. The authors attributed this observation to a
decreased soil inter-pores at a high biochar application, suggesting that
kq is mainly governed by inter-aggregate pores at low biochar content.
The possible reason to our observation is that, the corn cob biochar
applied did not significantly increase the water content to warrant the

resence of blocked pores. Hence, there was a considerable fraction of
the air-filled pores that were relatively active in conducting air in the

soil matrix.

4.2.2. Pore structuré and gas percolation thresholds
To elucidate the effect of corn cob biochar on soil structure, the soil
pore organization (PO) was evaluated to compare the structural com-
plexity between the biochar treated soils and the CT. The PO parameter
ives an indication of the structural differences in differently managed
soils (Chamindu Deepagoda et al., 2013), as smaller PO values are at-
tributed to more tortuous pore structure (and thus more complex
structure), implying an improved pore continuity than large PO values.
From the study, PO was computed at two matric potentials (pF 2 and pF
3) at which Dp/Do and k, were measured (Table 2). No significant
difference was observed in soil PO between the bicchar treated soils
and the CT at both matric potentials. At pF 2, no distinct pattern could
be seen in PO between the CT and the biochar treated soils. However,
pO was lower in the BC-20 and BC-20 + P treatments at pF 3. Com-
aratively, soil PO computed at pF 2 was lower than that of pF 3. This is
probably because at low pF, the length of convection pathway is high
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due to low pore continuity and an increase in apparent tortuosity.
The diffusion of gases in water has been reported by several authors
to be slower than that in air by a factor of 10* (Moldrup et al., 2004;
Thorbjorn et al,, 2008). Based on this premise, Arthur et al. (2013)
posited that a relative gas diffusivity value of 10~ 4 may be considered
as a threshold for diffusion through connected air-filled pores. Any
value below the threshold value implies that diffusion occurs in the
water phase. Therefore, it can be inferred that the air-filled porosity at
which the Dp/Do threshold occurs is the diffusion percolation threshold,
denoted by Dpr, from Eq. (3). According to Arthur et al. (2013), the Dpr
value expresses the fraction of air-filled pores that are not active in
diffusion due to the fact that these pores are blocked by water or they
are embedded in aggregates. Though not statistically significant, the
soils treated with BC-20 and BC-20 + P recorded lower Dpr values re-
lative to the CT (Table 2). This observation implies that, most of the
pores in the BC-20 and BC-20 + P soil were actively involved in diffu-
sive gas transpott, giving a further indication that these biochar treated
tructural complexity than the CT. This assertion

soils may have lower s
is further substantiated by the low PO values obtained at pF 3 for the

BC-20 and BC-20+P soils. o
Similar to Dpr is the convection percolation threshold Cpr, which is

suggested by Ball et al. (1988) to exist when air permeability (ka')
= 1.0 ym. On the average, Dpr Was observed to be higher than Cor m
the biochar amen ted considering the di-

ded soils. This was not expec
verse pore domains that dictate convective and diffusive gas. flows.
Comparatively, convecti

ve flow preferenﬁally occurs in Macropores
that are well drained, whereas flow of gas by diffusion takes place In
virtually all pores, givingita higher probability of yie]din.g a lower Dpr
values than Cpr. OUT findings contradict the observation made by
Masis-Meléndez. et al. (2015) who reported lower values in Dpr than
Cpr. This observation from our study may be attributed to 2 relanvgly
larger water content in the network of arterial‘ pores t'hat directlydI:-
fluence gas diffusion along the axes of the cores in the biochar amc:nﬁve
soils, hence, the lower Dpr values observed in the BC treatments r:h a -
to the Cpy values. The relatively lower Cer valyes ?bserv:d me eace
treated soils may also be due t0 an increase 10 air-filled p(:;e ?:ter-
(drained macropores) that led to 2 subsequent mc.re::;e ::C he nded
connected pathways fora convective gas transport in the

soils.

5. Conclusions and recommendations

This study demonstrated that addition of 10¢ ‘:;rate impacts on 50
com cob biochar to a tropical sandy loam has m tion and dif-
water retention, and no clear

fusion, and derived soil structure indices-
otha~! biochar

for matric poten-
fine pores in the

=~ La ts was observe
rger water conten ol n»eaunent only

treatments relative to the con ) in

tials larger than pF 2.0; due to an jncrease

bioch < 3pm). L ¢ the bulk
~ Corn T:;:iai:::::sa(pplication did not sngmﬁcan:;’ ::::i?ﬁc e rface

density, total porositys plant available water a

area of the soil. . ion of air-filled
= Soil air pzrsl:leability and gas diffusion 38 a :22:; application.

porosity was not significan aﬁe.ded bystatistically similar for
Consequently, soil structuré complexity was

all treatments
made for corn cob piochar
ort residence time

lection; hence the

_ The observations mentioned above Wereand sh
‘(A;lﬂ‘ relatively small application rate
a97 days) between applicatior.u and soa:s e eport 2
cht k of significant differences ' € iment

Laracteristics, Further and/o” g
anl::ha’ application rates an ossxbly,

soil types, and over 2 Jonger time
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elucidate general biochar effects on soil functions in tropical ecosystem.
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Corn Cob Biochar Improves Aggregate
Characteristics of a Tropical Sandy Loam

Most tropical soils are highly weathered and are vulnerable to soil erosi

becau:st? of !heir poor aggregate characteristics. Soil aggregate characteri tl?n
are_cntlcal indicators of soil structural stability, and they have the pro es l_cS
to influence soil physical behavior and functioning. In this study,pwepi:::s‘{
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tlgated the effect of corn cob biochar on the aggregate characteristics of a
highly weathered tropical sandy loam. Biochar was incorporated at rat

of 10 Mg ha'! (BC-10), 20 Mg ha! (BC-20), and 20 Mg ha" + triple su af
phosphate (BC-20+P) and the stability, strength, and friability of s(]:il a iy
gates evaluated. Biochar increased soil organic C (SOC) by 28 to 66°/ggreci
d.ecreased electrical conductivity (EC) relative to the untreated soil Thcnfan

tion of water-stable aggregates was significantly improved by 27 t‘O 53“/ra"€-
biochar treatments compared with the control. Biochar decreased the ter:silln
strength of the large aggregates (4-8 and 8-16 mm), but increased same i::
the smaller aggregates (1-2 mm) and consequently led to significant improv

ments in soil fri:'s\bility and workability in the BC-20 and BC-20+P treatrr:nenti-
In perspective, |pcorporation of biochar may offer the potential to arrest th.
rate of degradation in highly weathered tropical soils and salvage the decli .
in their physical quality by minimizing the effects of soil erosion. "

Abbreviations: BC-10, biochar incorporated at a rate of 10 M -l

/ g ha'!; BC-20, bi
mcorporatEd ata rate of 20 Mg ha-1: BC-20 +P, biochar incorporated at a rate of 20 :}:0‘:?1’
+ triple super phosphate; EsE, specific rupture energy; EC, electrical conductivity; N%WD
mean weight diameter; SOC, soil organic C; WDC, water dispersible clay; Y, aégregaté

tensile strength.

oils of the humid tropics are often highly weathered and are typically char-
cd by low pH, low cation-exchange capacity, and low inherent soil

Arhus Univ. il
Blichers Allé 20, p. O Box 50 o -

DK-8830 Tjele fertility. The problem is further exacerbated by intensive and long-term cul-

Denmark sivation, which resules in soil degradation because of soil acidification, SOC deple-

tion, and severe soil erosion (De Meyer et al., 201 1). The decrease in SOC caused

by long-term cultivation decreases the aggregate stability of the soil and increases

its erosivity (Annabi et al, 2011). The benefits of applying organic amendments

such as manure and compost to soils to cnhance their organic matter contents and

Core Ideas increase soil biological activities and nutrient supply to growing plants e i

t acknowledged worldwide. However, benefits derived from the application of such

* Amount of water-stable aggregates _ F s ofthe humid : . -
organicamen ments to soils of the humid tropics arc eypically short-lived as a result

char amendment. d iti
r decomposition because of high temperatures and

|e strength ot of high rates of soil organic matte
nsile stren

£ rainfall (Ghosh et al,, 2015). There is therefore, the need to apply

endments that are more stable in the soil in an environmentally
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Several authors have reported beneficial effects derived from
the application of biochar to soils including improved physico-
chemical properties of soil, enhanced SOC levels, increased fer-
tilizer-use efficiency, and increased crop production, particularly
in long-term cultivated soils in subtropical and tropical regions
(Ghosh et al., 2015; Bass ct al, 2016; Gamage et al., 2016). The
impact of biochar on soil aggregate properties such as fraction of
water-stable aggregates, clay dispersibility, and aggregate tensile
strength relative to soil management in humid tropics cannot be
over emphasized. However, few studies have reported the effects
of biochar on aggregate strength and mechanical properties of
tropical soils that are crucial for tillage (secd bed preparation)
and plant growth.

Cosentino et al. (2006) defined soil aggregate stability as the
ability of soil aggregates to resist disruption when external forces
are applied and Calero ct al. (2008) defined clay dispersibility as
be dispersed by water. High clay dis-

persibility reduces soil aggregation, thereby increasing soil erod-

ibilicy. Ouyanget al. (2013) argued that soil organic matter within
aggregates with a higher stability does not casily decompose and
hence water-stable aggregates promote long-term C sequestration

and soil structural stability. Biochar application to soils increases
the water-stable aggregates and decreases the turbidity and the
release of small-sized soil particles (Liu et al, 2012; Soinne et al.,

alrasoul et al. (2014), biochar addi-

2014). According to Khadem a
tion may influence clay dispersibility cither negativelyor posmvcl.y
in that the added biochar can accelerate clay dispersion in the soil
through its influence on soil pH, ionic strength, zeta potential, and
moisture content. On the contrary, biochar aging in soil promotes
biochar—mineral complexes, resulting in an improved structural
stability and a decrease in clay dispersibility (Linetal, 2012). .
Tensile strength of aggregares: which is the force per unit

ause the disruption of aggregates, is sensitive
ral condition and reflects the effects

land use and management (Dcxtf:r
and Watts, 2000). Knowledge of the mechanical strc:gr.lfl :lfl ls:llcs
is crucial from the point of view of root gro@ ;n ﬁsi:;’ b lgn-
Another important soil mechanical parameter is e o
dex which is related to tensile strength and aggregate siz¢

and Dexter, 1981). It is 2 keY soil physical P:;Pm:t e ing
mines the ease of producing favorable seed-and-100

jmari .(2009) es-
tillage operations (Munkholm. 2011). Guimaracs ctal. (2009)

the amount of clay that can

area required to €
indicator of the soil struct¥
of natural factors, as well as

and chemical propertics of

Table 1. Particle-size distribution '
' : t.
top soil (0-20 cm) prior t0 start of experimen .

M H
Clay silt sand OC Jotal NTotal P_K _,,g. : ps cm”!
~———9% by weight—"_ mg 1006 6.1 200
18 ¢ 73 093 0073 w04 119 93 =
. o the study.t

tablished a positive correlation berween SOC content in the top-
soil and soil friability because of the cffece of SOC on soil struc-
tural hierarchy, whereas the opposite was found for the subsoil.

There is paucity of information regarding the effects of
biochar application on soil aggregate characteristics (e.g.» tensile
strength, aggregate stability, soil friability, soil workability, and
clay dispersibility) in highly weathered soils of the humid trop-
ics. Therefore, the study aims to contribute to knowledge on how
corn cob biochar impacts on the characteristics of the aggregates
of a tropical sandy loam. We hypothesize that corn cob biochar
applied to a tropical sandy loam will improve aggregate strength
and increase aggregate friability via an increased C content

MATERIALS AND METHODS
Description of the Study Area

The field work was done at the University of Cape Coast
Teaching and Rescarch farm located in the coastal savanna agro-
ecological zone of Ghana (5°07° N lat,, 117 W long,). The area
is characterized by high rainfall (1400 mm per annum) with a bi-
modal pattern. Temperatures are high throughout the year with
mean monthly temperatures ranging from 24°C in August to
28°C in April. The soil is well-drained sandy loam developed on
sandstones, shales and conglomerates and classified as a Haplic
Acisol (FAQ, 1977). Details of the particle-size distribution and
chemical properties of the investigated soil arc presented in Table 1

Field Experimentation and Sampling
Biochar Production and Preparation
The biochar was produced from corn cob feedstock in a re-
actor, with a pyrolytic temperature of 550°C for 48 h. The bio-
char was sieved to < 2 mm to obtain biochar with a relatively
high surface arca for enhanced reactivity in the soil matrix. The

chemical and physical characteristics of the biochar used in the

study are presented in Table 2.

Field Layout

The study involved 16 plots, cach measuring 3 m x 6m
(18 m2), with pathways of 0.6 m between plots. The study com-
priscd four treatments with four replications each. The field was
plowcd and harrowed to achieve fine tilth, followed by the re-
moval of stubble and weeds. On cach plot, beds were raised up
to 15 cm above the soil surface to facilitate drainage. The 2-mm
sieved biochar was applied to the field plots at rates of 0, 10 Mg
ha'! and 20 Mg ha'), and 20 Mg ha'! with P (P-enriched bio-
char). These rates corresponded to 0, 0.34, and 0.68% (w/w) of
biochar for the respective plots. Because of the low pH levels in
most tropical soils, A’* and Fe2* (sesquioxides) predominate
in the soil solution. These acidic cations have the ten-
dency to sorb available P, making P unavailable in the

soil solution. The P-enriched biochar was added as a

Table 2 . oo ¢ of corn-co

.C cs of cor

DM haracteristt P Kk Ca Mg 1f/ﬁa-—erHs treatment primarily to protect the added P from being
\0'\:00 TIC___E,— E /':;k g- 3920 2160 3.31 sorbed by the P.-sorbin‘g constituents in the soil :mlu'
853 Gf 5 3g8 g 09 102 3150 3180|0 ‘::zg N, total nitrogen PAH,Sp0|Y- tion. The P-;nr;clx;d l;lochar w}a‘s pr;parcd bt)lr1 mixing

- : . . carpof; 1% . Sigma g i ith 0.
tDMm, dry matter, OM, organic matt:r, T(ii‘:am::\ athematical su™ of 19 PAHS). SigM2 50 kg P,0s ha (Triple super phosp. ate) with 0.68%
. jculated a5

romatic hydrocarbons (€2
(ZPAHs) denotes the sum of the ARS.
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(w/w) of biochar. The mixture was stored for 7 d before it was
applicd to the field. The trearments are denoted by CTRL, BC-
10, BC-20, and BC-20+DP for the 0,10 Mg ha'! and 20 Mg ha'l,
and 20 Mg ha-! with P (P-enriched biochar), respectively.
Biochar (with and without P fertilizer) was broadcast on the
soil surface of the treatment plots and incorporated into the soil
by plowing with a hoe to a depth of about 20 cm. Biochar ap-
plication rates were split into twos The first 50% of the biochar
rates were applied on 7 Nov. 2015, and the remaining 50% of
the rates were applied on 29 Jan. 2016. To maintain consistency,
plowing (the same hoe treatment) was done on the control plots
cach time biochar was incorporated in the biochar treatment
plots. Three weeks after the second biochar application to the
soil, okra (Abelmoschus exculentus) sceds were sown directly at
two seeds per hole witha dibber to a depth of 4 cm and at aspac-
ing of 60 cm x 60 cm. Two weeks after germination, the plants

were thinned to one plant per stand.

Soil Sampling

Soil samples were collected on 21 May
plants reached physiological maturity. A spa
tract bulk, minimally disturbed soil samples fro
plots at a depth of 0 to 20 cm for aggregate stability measure-
ments. In addition, bulk samples were raken from the middle of
cach plot, avoiding visibly compacted areas of the field duc 0
human traffic. A total of 16 soil samples were obtained (4 treat-

ments with 4 replications per each treatment).

2016, when the okra
de was used to ex-

m each of the 16

Laboralory Measurements
Snil Texture and Qrganie: Car

The particle-size distribution of the soil
A drometer method (Gee and Or, 2002).

ing following the standard hy s
The content of total C was quantiﬂcd by the oxidation of Cto Cle
at 1800°C with a FLASH 2000 organic elemental an:flyzc?r cm:g f:a1
to a thermal conductivity detector (Thermo Fisher Scientific). Tot

dered as SOC since the resent.

hon Content
was determined by siev-

i re were no carbonates p
C was consi

R o . I"fit‘-"
Soil DH ﬂl"‘(! Elcf[r!gal Cnndll(f 1 ),

addedto 108 of

For soil pH, 25 mL of d¢

imatel
. ) i i/w fappro:clmatﬂ y
air dried soil (corrcspondmg £o finicallY shaken for 10 min an

1:2.5) and the mixtur¢ wai)n;c; haken Bor and
1 . pH and EC (Thomas 1996).

oil

;onized water Was
ater ratio ©

left to settle for another
trode was then used tO measure s

Soil Aggregate gtahility
acted by the spa

The samples extr
natural planes of failu

aggregates were air dried
sa ; ip lock bag: The De
mple was kept in aZip 1€ Jetermine the aggres?

(1959) method d to

od was us¢ ] 00 g of the
the samples. Bricfly, for dry sievitiEs a‘b OUtc?a sctgof seven SicVes
sieved air-dried samples Wer© sicved again @

(8.00, 4.76, 2.83, 2.00, 1.00: 0.50, and
Other 300 g of soil was sieved over the 2

de were gcntly broken along
s of <8 mm. These
after which cach
De Boodt
te stability of
8-mm

at roo

—~—

MR €yt 5 . / <:1‘
w,smI5_nr;:fpuhlnrnimﬂ"- s554]

mersed in water (wet sieving). The fractions remaining on each
sieve for both the dry and wet sieving were used to estimate the
mean weight diameter (MWD). The MWD (mm) was estimated
with Eq. [1]. Details of the methodology are described in Leroy et
al. (2008).

Em xd

VoM 1
S (1]
where MWD denotes the mean weight diameter (mm) of the ag-
gregates, 72 is the mass of aggregate fraction / (g), and 4, the mean
diameter of the aggregate fraction ¢ (mm). The stability index (SI)

which was used to classify the aggregate stability was estimated as:

MWD=

1 2]

Sl=——
MWDdW_MWDwn

Clay Dispersibility

For determining clay dispersibility, 10 g of air-dricd aggre-
gates was used. The method we used was a modified version of
what is described in Pojasok and Kay (1990). In brief, cylindrical
plastic bottles with the aggregates and 80 mL of arrificial rainwa-
ter (0.012 mM CaCly, 0.15 mM MgCl,, and 0.121 mM NaCl;
pH of 7.82; ECof224x 103S m1) were rotated end-over-end
(33 rpm, 23-cm diam. rotation) for 2 min. After shaking, thesam-
ples were removed and left undisturbed for sedimentation for4h
and 38 min, allowing particles >2 pm to settle. Subsequently, the
ontaining particles £2 um, that is, the dispersed clay,
d off by pipette and transferred into a beaker. Ten

suspcnsion C

was siphone
millilicers of the suspension Was then transferred to a preweighed

glass vial followed by oven dryingat 105°C for 24 h. The mass of
the dispersed clay was calculated from the oven dry mass consid-
ering the original sample mass. The dispersible clay content was

scaled by the clay content and reported as “mg clay per g clay”

since increasing clay content enhances the amount of dispersible

clay in soils.

Soil Tensile Strength
Aggregates in the size classes oflto2,2t04,4t08, and 8

to 16 mm for the tensile strength test were obtained from air-
dried soil carefully fragmcntcd by hand during the drying pro-
cess (Elmholt et al, 2008). Tensile strength of air-dry aggregates
of all four size classes was measured as detailed by Munkholm
et al. (2001). In bricf, the aggregates were crushed individually
hetween tWo parallcl plates in an indirect tension test. Fifteen
individual randomly selccted aggregates for each combination of
treatment, replicate, aggregate size, were tested (4 treatments x
4 replicates cach x 4 aggregate-size fractions % 15 aggregates =
960 tests). Aggregates were individually weighed before crush-
ing. The force necessary to fracture the aggregates was derived by
crushing aggregates between two flat parallel plates in an indi-
est as described by Dexter and Kroesbergen (1985).
ement rate of 0.03 mm 5! and a load cell of 0
for all the tests. The point of failure for each
a continuous crack or a sudden

rect tension t
A constant displac

o 100 N was used

s detected when
aggrcgatc wa




drop in the force reading was observed (Dexter and Kroesbergen,
1985). All samples were placed in the oven at 105°C for 24 hto
determine the water content.

Thereafter, aggregate tensile strength (Y,
lated from Eq. (3] (Dexter and Watts, 2000):

kPa) was calcu-

0.576xF
- g
where F (N), and 4 (m) denote the polar force required to frac-
ture the aggregate and the mean aggregate diameter, respectively.
The mean diameter of all aggregates was estimated from the av-
erage of the upper and lower sieve mesh sizes of the respective
aggregate-size classes (thus, 1.5,3,6,and 12 mm for 1-to 2-,2-to
4-, 4- to 8-, and 8- to 16-mm aggregare size classes, respectively).
For cach aggregate, the effective diameter used for Eq- [3) was es-
timated from Eq. [4] following Dexter and Kroesbergen (1985).

d=d{ﬂr (4

ml'
where, 4, is the mean diameter of the aggregates calculated from
¢ classes, m, is the dry mass of indi-

the respective aggregate siz
vidual aggregates and m, is the mean dry mass for batches of 15

aggregates of each treatment.

Rupture Encrgy
The energy at rupture

by computing the area unde
Vomocil and Chancellor (1969).

E=Y, F(s, A,
where F(s;) is the mean force at the i‘h subinterval and As; is ic
g e mass-spccnﬁc

displacement length of the subinterval.. Th : —

rupture energy, Eqpr WS obrained by normalizing E with the ag
gregate mass (72):

E
E!P g 4-8
- 2_4v =0
_size classes (1-2,
For all che a8 for cach individual aggreg*t

and 8-16 mm), m Was measurcd
tested for tensile strength-

(E) for each aggregate Was obtained
+ the stress-strain curve according t0

[5]

(6]

char on soil textural

Tahi .cob bio
e 3. Effect of corn-cob ; oc oH 1
Treatment  Clay silt Sz:n ps cm’

g 1008 b 5.9 (0.03)309 (46°

ns 1.0300 08)

and chemical properties.

76 (4.2)°

Soil Friability

Soil friability index was taken as the slope of the plot of the
natural logarithm of the tensile strength (kPa) of the aggregates
against the natural logarithm of the aggregate volume (m3).
Friability of the treatments was classified according to the ranges
provided by Imhoff et al. (2002). To evaluate differences in soil
friability among trcatments, parallel lines analyses were conduct-
ed to determinc if the regression slopes were significantly differ-
ent from cach other.

Soil Workability
Soil workability (#) represents the case with which a soil
can be tilled. Quantitatively, it can be obtained by a combination
of friability (F) and tensile strength (Y) as suggested by Arthur
etal. (2014):
W=Fx(i) (7]

Y

Generally, soils with large values of W are casier to till and
vice versa for soils with small W values.

Data Analyses and Statistics

Statistical analyses were performed using SigmaPlot 11 (Systat
Software Inc., San Jose, CA). All dara obtained were checked for
normality and homogeneity of variance. Analyses of variance
(AN OVA) was used to test for differences between biochar-treat-
ed and untreated soils, and the Holm-Sidak post-hoc test was used
to differentiate between any two given treatments. Logarithmic
transformation was performed on the aggregate tensile strength
and soil volume data to yield normality prior to analyses. We used
p<005asa criterion for statistical significance of treatment ef-
fects unless otherwise stated. Statistical significance is indicated by
lowercase letters beside the mean values. Results are given as mean
+ standard error (SE) in tables and figures.

RESULTS
Corn Cob Biochar Effects on Soil Properties

Soil Texture and Chemical Propertics
Soil texture at the field site was classified as a sandy loam
with SOC of approximatcly 1.03% for the control plots. There
was no effect of applied biochar on soil texture ( Table 3). Hereon,
denoted by CTRL, BC-10, BC-20, and BC-

the treatments are
20+P forthe 0,10 Mg ha'! and 20 Mgha'!,and 20 Mg ha'! with

P (P-enriched biochar), respectively

For SOC, there was 2 statistically significant dif-
EC ference among some of the treatments as determined by
one-way ANOVA [F(3,12)=507.p= 0.017]. A Holm-
Sidak post hoc test revealed that SOC was significantly
(66%) larger for BC-20 than CTRL (p = 0.002). The

CRL  1g.amst 804" 7 0.8 2 oer 62009 "

BCip 1809 903 (1.1 1' 2 650177 6 (7~61b BC-10 and BC-20+P treatments showed nonsignifi-

BC-20 18 (0.8) 8(0.2) 1 3 (0.06) 6 (8':? cant increases of 35% (p = 0.062) and 35% = 0.125),

BC. i T letters within . :

- N20+P 19(1.6) 9 f0.3) ard error of the mean. leferer-lsmak st; p < rcspccnvcly, .compared .wu:h the CTRL. There was no
) Umbers i brackets ndicates Sta" gnificantly different (Holzn ~ments. CTRL, significant differences in the SOC among the biochar
0 (C;S)Iumn indicate that treat”’ e ally significant difference am :\(g) 5 ha'!, and  crearments, despite the relatively large SOC value of the
c;)m:'olll.s denote lack of 2 5(;‘3::: y ote biochar t atments ’

; BC-10, 20, and 2 A respectively.
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BC-20 i . . 2.0

. t'rcatmcnt f:omparcd with BC-10 and BC-20+P. Soil pH e Aggregate stablity index
was significantly diffcrent among some of the treatments [F(3, 12) z —~O~ Clay dispersibillty M . =
=5.75,p = 0.011). There was a significant increase in soil pH by & 16 S
0.6 0.4 units for the BC-20 (p = 0.002), and BC-20+P (p = £ 010 "2
0.008), respectively, compared with the CTRL (Table 3). Corn £ E
cob biochar signiﬁcandy (p< 0.001) decreased soil EC by 75, 80, @ 12 £
and 79% in the BC-10, BC-, and BC-20+P plots respectively, ‘3' 008 g
compared with the CTRL (Table 3). s &
2, 0.8 °
L 006 2
o

Soil Aggregate Characteristics after
Biochar Application
Aggregate Stability and Water Dispersible Clay
The incorporation of corn cob biochar had a significant [,
12) =1387.p < 0.001] effect on the stability of the soil aggregates
among some of the treacments (Fig. 1). The aggregate stability indi-

ces for the CTRL, BC-10, BC-20, and BC-20+P treatments were

1.17, 1.48, 1.77,and 1.79, respectively representing increases of 27,

52, and 53% for the biochar treatments compared with the CTRL.
Thus, the effect of biochar on soil aggregate stability was more pro-
nounced with an increasing rat of biochar application. Despite 2
surprising trend of increasing water dispersible clay (WDC) content
with biochar application ratc, there was no statistically significant
difference among treatments [F(3.12) = 0.169,p =091 5).

Air-Dricd Aggregate Water Content
There was a general rrend of increasing soil wate content
with biochar application rate for all the aggregate-size classes
(Table 4). However, only the 1- to 2-mm aggregates recorded 2

significant increase in water content among some of the treat-
0.009]. The BC-20 and BC-20+P

ments [F(3, 12) = 6157 =
treatments had signiﬁcantly larger aggregate water contents than
ively). There was no dif-

the CTRL (p = 0.008 and 0.003, respect .
ference in the water content of the 1- to 2-mm aggregates in oth
the CTRL and BC-10 = 0.388). Among the biochar treat-
in water content was observed.

ments, no significant difference

Rupture Energy

Tensile Strength and
neth (¥) for 1-© 2-mm aggregates

0.12

CTRL BC-10 BC-20 BC-20+P

Treatment

Fig. 1. Corn cob biochar cffects on a ility i

' ) S ggregate stability index a d
dlsper51b!e clay content. CTRL, control; BC-10, BC-20, and BC-202P
denote biochar treatments with 10, 20 Mg ha'!, and 20 Mg ha™! +
50 kg P,O5 ha!, respectively.

BC-20+P were statistically similar (p = 0.466) but different from
BC-10. For the 2- to 4-mm aggregates, a trend of decreasing ¥ with
increasing rates of biochar was observed in the biochar treated plots
as compared with the CTRL. However, no significant difference in
¥ was observed in the CTRL, BC-10, and BC-20 plots (Fig. 2b).
Comparatively, BC-20+P recorded a significantly lower tensile
strength (94 kPa) compared with the CTRL (p = 0.002). For the
4 to 8-mm aggregates, ¥ differed significantly among some of the
treatments [F(3, 12) = 16.7,p < 0.001]. Specifically, BC-20 and
BC-20+P trearments had significantly (p < 0.001) higher Y com-
pared with CTRL. The BC-10 treatment was statistically similar
to the CTRL and BC-20 treatments (Fig. 2¢). For the largest ag-
gregates (8-16 mm), all biochar treatments exhibited significantly
Jower Y than the CTRL [A3.12)=1612,p< 0.001].

Specific ruprure encrgy (Esp) exhibited trends similar to what
was observed earlier for Y. For all treatments, smaller aggregates
required larger energics at the point of aggregate rupture/failure
compared with larger aggregates (Fig. 3). Furthermore, increasing
biochar rates tended to increase the Esp, particularly for the smaller
aggregates, these increases were, however not significant.

Indices of Aggregate Friability, Workability, and

The aggregate tensile stre o
i igni e of the treatments (F3. 12) = Ag

:ﬁredjlg?)ﬁaﬁyzz;gﬁ; of 237, 206, 322, and 313 kPa Char'ac't.ernsnc Strength |
e e CTRL. BC-10: BC-20, and BC-20+P Friability (ky of kg) was quantified by relating the tensile
pectively, for the " i Y was significant for the BC- serength (¥) or specific rupture energy ) s o chei
in sizes (volume; Fig. 4). An example of how the friability indices

treatments(Fig. 22)- < 0.001) treatments when com-

were obtained for the CTRL and BC-20+P treatments is pre-

20 (p < 0.001) and BC-20+7 @ d
pared with the CTRL. Amo"8 the biochar treatments BC-20an - 3
T tent for the various aggregate size classes (%), fr:abm:y (ky [kPam™ ] and kg [) kg m-3]), character-
€ i s.
i;?clea& Aggl‘tegatk:e :Vﬂt::";;:)"an d wi rkability (w) for control and biochar treatmen
repate str .
s ’ Aggregate water content (g 1008 " ky ke Ys W (x10%)
Treatment 882 4 2-8 mm 8-16 mm N 025 © o
1-2 mm 0880 13" 1.01 ©.21" 0.75 (0.14) 0.3 b 1,Zzb 107 2.16
CTRL 0.88 (0.24° py (0'13) 1.01 (0.21) 1.00 0.21) -S; 126 773 4.08
BC-10 114 (0137 :-27 0.39) 127 0.15) 1.26 (0.15) ?).58" 1'3; ; 3 8.63
BC-20 1.78 (0157 : 0’2 A 1.14(0.25 1.67 (0.46) by d 2 . 1.5
BC20+p  1.91 (025 1.40 0 Ky iability rrved from tensitesrengh . o o ments e ’“P,“"?re"efgy-.D'“e’e"‘
tNumbersinb .kets indicates standard emoro . e re sigzificantly different (0 < 0.05) betwss? H:C“ar dazoi: hns1 egg E o h l-clam differences
letters for k rzcd k. indicate that slopes “"ab""y; : p denote biochar treatments with 10,20 Mgha™, an gha'! + 50 kg P,05 ha , respectively.
y 4 E . 0, 20, an
control, 4
A

between treatments. CTRL:
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Fig. 2. Effects of different application rates of corn cob biocha(I:' ;r(; :(;
dricd aggregate classes. CTRL, control; BC-10, BC-20, and BC-
with 10, 20 Mg ha'!, and 20 Mg ha

scales for ab and cd.
m the tensile strength
and that from the specific rupture energy

-20+P
values is denoted k. For the t7° examples presezt;ﬁi clcausc
has more friable aggregates (based on ky) than R
the strength of the BC-20+P aggregates decrease sharply

sented in Fig. 4 Friability obtained fro

values is denoted ky
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Treatment

f corn cob hiochar oD

' jcation rates TRL,
Fig. 3. Effects of different aPP"ca"?n -od aggregate classcs..C .
Pecific rupture energy of various air-drt ; treatments with 10,
cnntrnl; BC-10, 20 fzd 20+P denote ha'! rcspcctiVer.
2D Mg ha!, and 20 Mg ha'" +5° kg P2Os ™ 7

aggregate volume. In addition, Fig. 4 also
shows the estimation of the characteristic
aggregate strength (¥) as the strength of
a 4-mm aggregate (which corresponds to
an aggregate volume of 17 m>). The aggre-
gate-size class 4 mm was selected because it
is the median size of the tested aggregates
in this study.

The ky kg, and Y values for the
CTRL and biochar treatments are pro-
vided in Table 4. Expectedly the two in-
dices of friability agreed well with cach
other (Table 4, Fig. 5) and one can easily
be predicted from the other with a high
degree of accuracy. Based on the classifica-
tion index of Imhoff et al. (2002) for &y,
the CTRL and BC-10 are classified as “fri-
able”, whereas the BC-20 and BC-20+P

nsile strength of various air-
denote biochar treatments

-1 4 50 kg P05 ha-1, respectively. Note the different x axis

fall under the “very friable” category.
Based on results of the parallel lines
analyses, biochar application significantly
increased ky by 39, 130, and 152% for the
BC-10, BC-20, and BC-20+P relative to
CTRL (p < 0.001; Table 4). Among the
biochar treatments, ky was significantly
higher in the BC-20 (p = 0.0016) and
BC-20+P (p = 0.0021) treatments than
the BC-10. Similarly, kg was signiﬁcandy higher in the biochar
treated plots compared with the CTRL (p < 0.05). Corn cob bio-
char significantly increased kg by 22,50, and 76% in the BC-10
(¢ < 0033), BC-20 (p = 00155), and BC-20+P (p = 0.010), re-

spcctivcly, compared with the CTRL. Statistically, there was no

® CTRL
O BC-20+P
—— Regression

Log (tensile strength, kPa)

17

-20 -18 -16 -14

Log,(aggregate volume, m°)

. te tensile strength, ¥, (kPa) as a function of log,
Fig. 4. Loke agereey (m3) for air-dry aggregates. Soil friability index,
ined as the slope of the regression equation is shown for
timation of the median size soil aggregate class (4 mm =

cach soil. & dry aggregates is also shown.

17 m%) of air-
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difference in kg between BC-20 and BC-20+P treatments (p =
0.254). Similarly, no significant difference was observed in &g in
the BC-20 and BC-10 treatments (p = 0.100). However, there
was a significant difference in kg between BC-10 and BC-20+P
(p = 0.035).

Characteristic aggregate strength decreased by 28, 42, and
539% in the BC-10, BC-20, and BC-20+P treatments, respectively,
compared with the CTRL. Conversely, biochar increased the soil
workability () by 89, 300, and 432% in the BC-10, BC-20,and

BC-20+P treatments, respectively, relative to the CTRL (Tablc4).

DISCUSSION
Soil Chemical Properties after Biochar Application

The increase in SOC following the application of biochar
agrees with the findings of Zolfi-Bavariani ct al. (2016) who
reported 2 chree-fold increase in SOC after applying poulery-
derived biochar (2% w/w) on a calcareous loamy soil. Similarly,
Khademalrasoul et al. (20 14) observed up to 2 two-fold increase

in SOC after the application of swine manure biochar to 3 sandy

loamn soil at rates of 1, 2,and 5 kg m2. The increase in pH following
ent with the

the incorporation of biochar in this study is in agreem
results of Hairani et al. (2016) who showed an increase in soil pH
by 0.15 to 0.25 units in a Gleyic Fluvisol amended with fine wood
biochar at a rate of 35 Mg ha-l. Novak etal. (2016)also reported an

increase from 5.6 t0 6.6 in soil pH following the application of hard

wood biochar at a rate of 224 Mgha'l dry weight to a loamy sa.nd
acidic Ultisol. Additionally, Jien and Wang (2013) observed an in-
5.1 with increasing rates of biochar

crease in soil pH from 3.5t of
application following the application of waste wood bio a’; “l_"
plied at the rates of 2.5and 5% (w/w)toa highly wcathcrcc.l ypic

butable to the liming PO

Paleudult. The increase in soil pH is attrd .
| Fbiochar because of the high PF (10.2) of the added bio-

char (Jien and Wang, 2013). The decrease in soil EC ﬁ.)und 1fnY this
study in the biochar amended soils contradicts the findings of Yang

etal. (2016) and Chintala et al. (2014) who obscrvc.d al:1 incr:::
in EC following the application of corn stover and switc . grascsl bi
char at rates of 20, 40, and60g kg“, rcspectivc[y, to an acidic Z'h Z
soil. Statistically, difference in EC valzc):s amo:llgd ¢
i , al. (2016) recorde n
diffrent biochar e " on of woodchip biochar

. . EC after the applicati "
significant effect in g wiw) a0 dac20gks I (or 2% w/w)

a 0gkg! "
to ::tl::azif : ; ﬁ’ argn y gan and 2 Newdale clay lo:.am.. é“Pic;;‘gz
Similarly, ll::ncquc etal. ( 2016) also record‘cd br: :;g:;:: e
ence in EC when pine Wo© i _
to a sandy loam Calcic C:uﬂbisol atr
Soil Aggregate Characteristics after
Biochar Application e
.spersibilit
Aggregatg‘;mhility and Clay D'Speintainin)g/ the soil’s
Stability of soil aggregare is critical foihr:aimpaas B nfall
fesistance to mechanical seresses such 23 e O g

A s et alo . _
and surface runoff (CanaSVt:ra " duced arc casily trans

i rticles pr . .
Bates dlsmtcgratc. the finer Pa’ Jan d water)' setde later in soil
n

Ported by soil erosion forces (wi
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Fig. 5. Linear relationship between indices of friability based on cither
aggregate tensile strength, ky, or specific rupture energy, kg, for cach soil.
CTRL, control; BC-10, BC-20, and BC-20+P denote biochar treatments
with 10, 20 Mg ha'l, and 20 Mg ha™? + 50 kg PO ha'l, respectively.

pores, clog them, and lead to formation of soil crusts (Yan et al.,
2008). The clogging of soil pores subsequently promotes surface
run-off by reducing the infiltration capacity of soils, enhancing
water erosion with its attendant negative effect on soil fertility.
Thus, aggregate stability is an important factor in soil erosion
(Besalatpour et al., 2013). Aggregates with a higher stability do
not casily disintegrate and promote long-term C sequestration
and soil structural stabilicy (Ouyang et al,, 2013). The effect of
biochar on soil aggregate stability has yieclded mixed results be-
cause of a range of methodological, temporal, and material fac-
tors (Soinne et al, 2014; Sun and Lu, 2014). In this study, appli-
cation of corn cob biochar increased the stability index of the soil
aggregates but surprisingly had no significant effect on clay dis-
persibility. The improved aggregate stability agreces with Burrell
ct al. (2016) when they applied woodchip biochar at a rate of
3% (w/w) to three agricultural soils (Planosol, Chernozem, and
Cambisol). Our obscrvation is also in line with the findings of
Khademalrasoul et al. (2014) who indicated that black C in the
soil acts as a binding agent between aggregates and increases the
aggregate stability. The increasing trend of aggregate stability in-
dex (SI) in the biochar treated plots can be related partly to the
slighely larger amount of SOC that was recorded in the biochar
amended plots (Table 3). The incorporation of organic materi-
als to soils increases soil aggregate stability through an increase
in SOC (Hartley et al., 2016). The improved SOC content of
the soil may have improved the conditions of the soil in the bio-
char amended plots, thus creating a conducive environment for
mycorrhizal fungi (Fletcher et al., 2014), thus improving soil
aggregate stability. Moreover, biochar increased soil aggregate
stability possibly because of internal cohesion through the bind-
ing of mineral particles and C (Soinne et al., 2014; Sun and Lu,
1014). Application of organic amendments o the soil can po-
rentially increas¢ soil aggregation because of binding agents, for

harides obtained from turnover of the or-

ol exopolysace
examp opoulosetal, 2009). Tsai eral. (2012)

ganic amendments (Papad




also suggested that the aromatic nacure of biochar may function
as a bond between soil particles. The effect of the corn cob bio-
char on aggregate stability can also be linked to organic C func-
tional groups on the biochar surfaces and labile C released from
the char into the soil system (Hartley et al,, 2016). Increase in
the electrolyte concentration promotes flocculation by shrinking
the diffuse double layers of soil colloids. However, application
of biochar rather decreased the EC in this study. Therefore, the
observed increased aggregate stability in the biochar amended
treatments could partly be ateributed to the fact that other ag-

cgation mechanisms in the soil matrix as discussed above were
responsible for the stabilicy of the aggregates regardless of the de-
crease (leaching) of soluble salts in the treated plots. The lack of

a significant effect of biochar on WDC was surprising partly be-

cause of the clear increase in aggregate stability and also the larg-
The discrepancy between the

er SOC for the biochar treatments.
two indicators of structural stability is likely because of scale—

the stability index that quantifies aggregate stability incorporates

organic matter—mineral dynamics for a larger range of aggregates

(0.3 to 8 mm). While for WDC, the aggregate-size class of 1 to
2 mm was used for experimentation and as reported by Arthur
et al. (2014), for soils with low SOC, cementation effects arising
from encrusted clay could decrease WDC compared with soils
with larger SOC contents. Contrasting reports of the overall
effect of biochar on WDC has been reported in the literature.
en et al. (2016) reported that straw gasifica-
tion biochar had no effecton WDC while Khademalrasoul et al
(2014) and Soinne et al (2014) reported an increas in WDCin
soils amended with birch-wood biochar and wood chips b{ochan
respectively. Khademalrasou d tha biochar

et al. (2014) argue .
may influence WDC negatively and positively in that through its
jonic stre

For instance, Hans

ngth, zeta potential, and mons‘turc
clay dispersion in soils. Soinn¢
Cin fine-textured
ly), as well as in a coarse-

Norway spruce (Picea

influence on soil pH,
content, biochar can accelerate
et al. (2014) observed an increase in
soils (silty clay loam and clay, respective 4
textured soil amended with a mixture oF %

abies) and Scots pine (Pinus :ylwstris) chips a.t rat::is ;f lhsl a}:l:
30 Mg hal. Khademalrasoul etal (2014) attnt'mtc the dglow
WDC for the biochar—amcndcd soils to the high pH an

<o lation
. V. ! o si ificant corre
electrical conductivity. In chis study, no sig™

d WDC, but WDC strongly cor-

was observed between EC an 0.006) with soil pH (Table 5)

el o ~0997p=0
elated positively (7 = 0 997 fbiochar on

despite the absence of 2 clear effect © |
jents between some physt-
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Tensile Strength and Specific Rupture Energy

Tensile strength is an important soil property relevant for
assessing the structural stability of a soil and its resistance against
erosive forces (Watts and Dexter, 1998). Further, it is considered
important in identifying management practices for sustainable
crop production (Abid and Lal, 2009). Application of high rates
of biochar (BC-20 and BC-20+P) in this study increased the ten-
sile strength of the smaller aggregates. The significant increase in
tensile strength in the 1- to 2-mm aggregates is becausc corn cob
biochar increased the water content within the aggregates (Table
4). This implics that the relatively few preexisting micro-cracks in
the aggregates were probably not fully active to reduce air-pressure
within the aggregates or to allow in-flow of air from surrounding
air-filled pores. The relatively high water content in the B-20 and
BC-20 + P relative to the control and the BC-10 curtailed the
expansion and clongation of micro-cracks and this is believed to
have adversely affected crack growth with a resultant increase in
aggregate tensile strength in the smaller aggregates. It must how-
ever be noted that application of corn cob biochar in our study
significantly decreased the tensile strength of soil aggregates in the
large aggregates (4-8 and 8-16 mm). Other authors have also not-
ed that aggregate tensile strength of natural or well-managed soils
decreases with increasing aggregate size (Munkholm et al., 2001;
Abu-Hamdeh et al,, 2006). This may be because of an improved
structural pore network in well managed soils with an appreciable
amount of preexisting micro cracks in the large aggregates which
join to form arrays of continuous fracture surfaces on exposure to
mechanical stress (¢.g» tillage). The disparity in the effect of the
applicd biochar in the smaller aggregate size and the larger aggre-
gate sizes could be ascribed to different interactions between the
biochar particles and the different aggregate sizes. Khademalrasoul
et al. (2014) affirmed that for larger particles, soil particles bond
and interact with biochar particles, whereas no biochar-soil bond-
ing occurs between biochar particles and smaller aggregate sizes.

The decrease in tensile strength for the large aggregates after
biochar application may be attributed to the high SOC with an
increase in biochar application rates which probably improved the

This is because application of biochar has

soil structural porosity.
the tendency to increasc the aggregate and structural stability of

the soil, which in turn increascs soil porosity primarily as a result
of increased activity by soil fauna. Increasing the rate of biochar
might have promotcd crack growth and activated the preexisting
micro cracksin thelarge aggregates, and this ultimately gave the ag-
gregates the propensity t0 clongate under mechanical stresses. The
corn cob biochar applicd in this study might have also increased
the structural quality of the soil which all culminated into decreas-
ing the censile strength of the aggregates as the size class gets larger.

Soil Eg, gives an indication on the strength of dry aggregate
strength, and it is an indicator of the resistance and resilience of a
soil when itis subjected to mechanical stress or manipulation. Soil
resistance Jescribes the ability of a system to retain its functional
capacityon imposition of stress, whc‘rcas soil rcs.llxcm.:c isthe capac-
ityof the soil toreturntoan equilibnur.n .fcfllowmg .chsplaccment in
responsc to disturbances or recover its initial function on removal/

Soil Science Society of America Journal



reduction of the applicd stress (Gregory ct al., 2007). In this study,
there was a systematic increase in specific rupture energy for the
smaller aggregates as compared with the larger aggregates in all the
treatments (Fig, 3). A similar observation was made by Schjenning
et al. (2012) who ascribed this finding to a collapse of the soil
structural hierarchy as aggregate-size inCreases. The implication is
that, comparatively, smaller aggregates arc more resistant and resil-
ient to mechanical stress, and as a result, more encrgy is required
to break them compared with larger aggregates. Statistically, no
significant differences were observed between the specific rupture

energy of the different aggregate sizes and the treatments.

Aggregate Friability and Workability

Utomo and Dexter (1981) defined friability as the ten-
dency of an unconfined soil to break down and crumble under
applied stress into a particular size range of smaller fragments.
Soil friability is also characterized by an ease of fragmentation
of undesirably large aggrcgatcs/clods and a difficulty in frag-
mentation of minor aggregates into undesirable small elements
(Munkholm, 201 1). For all treatments, both ky and kg increased
signiﬁcandy with increasing biochar application rates. Since
there was a strong linear relationship between ky and kg for the
four trearments (Fig: 5), only Ay is discussed from hereon.

The larger friabilicy values observed after biochar applica-

butable to the larger SOC contents of the biochar
ents of SOC tend to be more
[l-content SOC soils (Arthur

end of decreasing character-

tion is attri
treatments. Soils with large cont
friable and casier to till than sma
et al., 2014). Further, there was a tf g charact
istic soil scrength (¥) with increasing biochar application. 10€

CTRL had ¥y roughly 1.5 to 2 times that of the biochar—trcat-cd
as clearly because of the larger SOC for the bio-

soils, and this w o figi
char treatments. Earlier studies confirm that aggres?

soils with low SOC tend to harden and cement (Défossez €t al,

2014) as they dry, yielding Jarger ¥y values (.Arthux.' et al.',lz()l[g_c
Soil workability is defincd as the ease with which soil can

physically manipulatcd for the purPOS::.s of culr:lvanon W(irht‘}:}ir.:}:

al., 2014). The soil workability index g.wcs t%i t:g'rl‘:’ronn the un-

the soils (treated or untreated) € led. : ) soih ils from
« than soils

roduced a lowe more encrgy will be

treated plots p o
the biochar-amended plots, 10 | plots (Table 5).
hysically ma-

required to fragment the aggres?
h resulted in

The relatively poor ability of the aggre
and with fewer

hi
nipulated could be aceributed € che 10‘.” Sof):r:: .
- . ro
bility with low mict© P dex increased
o the
rates.

1998)- Soil workabilit?f in i
with increasing biochar Addition of org::n;; (;ntaot:al oo
e it - %ggfcgatcl;s chat increases the
rosity with a substantial amount of mi
friability and workability of the soil
also increased with increasiné C content
Thus, corn cob biochar app[icatio

he
Fm;“ b::d for gcrmination and plant §

low soil structural sta
cracks (Watts and Dexter

cantly improve soils cowth.

Creation of a suitable 5¢¢

Wy i T /g5sa)
VW-‘“)Ih.nr;:/pllhllraf"’”" 5552}

CONCLUSIONS

This study assessed how corn cob biochar applied at 0
(CTRL), 10 Mg ha'! (BC-10), and 20 Mg ha'! (BC-20), and
20 Mg ha'! with P (P-enriched biochar; BC-20+P) to a tropical
sandy loam affected several aggregate characteristics and demon-

strated the following:

. Increasing the rate of corn cob biochar improved the water
stability of the aggregates compared with the CTRL, de-
spite the absence of a significant effect on the dispersible

clay content.

. For smaller aggregates (1-2 mm), tensile strength for BC-
20 and BC-20+P treatments was significantly higher than
the CTRL and BC-10, with an opposite trend observed
for larger aggregates (4-8 mm and 8-16 mm).

. Corn cob biochar significantly improved soil friability and
the ease of tillage quantified with a workabilicy index.
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Results and discussion

Tuble
2 Particls sirs diatribuion and chemica! propertias of top soll (0-20 cm) prior

ef corn cob biochar on temalle strength of
warious sir-driad aggregete clisses.

Tabia 3. Aggregate MabilRty (ky snd k).
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#ggregute stabiiity Index and -pln\f:rv-:'l com eod
npersibis clay contert blochar on specific rupturs
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sagregate classes.
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hown for each soll. Eatimation
of the medien sira sol
sggrogate ciasa (d-mm = 17 mh
of alrdry Bggregetas ls slio
shown.

Conclusion

« Increasing the rate of com cob

dispersible clay content.

for larger aggregates (4-8 mm

Reference

blochar improvad the

water stabllity of the aggregates compared to the CT,
despite the absence of a significant effect on lh: :

For smaller aggregates (1-2mm), tensile strength for
BC-20 and BC-20+P treatments was aignrﬁcar:\?Iy higher
than the CT and BC-10, with an opposite trend observed

and 8-16 mm).

Comn cob blochar significantly improved soll friability and
the ease of tillage quantified with a workability index.

Dexter, A.R., and B. Kroesbergen. 1986. Methodology
for determination of tensile strangth of soil aggregates.
Journal of Agric. Engineering Research 31:139-147.
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l. Introduction

Soils of the humid trop!
~ which consequently affects soll
organic carbon (SOC) via erosion.

ics are susceptible to accelerated erosion,
quality in response to loss of soil

« Loss of SOC from the
upper fertile horizon.

« Land physically degraded.

« Lands rendered less
productive.

Productivity affected with
low crop yield.

Increase food insecurity

and poverty.

Environrr\emally-soupd
and cost effective SO
management strategy?

Biochar

THE OH10 STATE UNIVERSITY

COLLEGE OF FOOD, AGRH
 AGRICULTURAL,
AND ENVIRONMENTAL SGENCES:

2. Objective

To assess the distribution of aggregate size
fractions, aggregate stability, and aggregate-
associated C and N contents following corn cob

biochar amendments.

3. Materials and methods

Lecation map

Biochar preparation

« Feed stock: Corn
cob

= Pyrolytic
temperature: 550°C

Biochar dose

. 15tha' (0.51% (wiw))
and 30 tha™ (1.03%
(wiw)) and 30 tha' with P
(P-enn'ched biochar).

Treatments

« The treatments are
denoted by CT. BC-15,
BC-30, and BC-30+P for
the 0,15t ha-' and 30t
ha-1, and 30 t ha! with P

respectively.
stability

WD = ¥ Mixd;
M Torm

Field layout
= RCBD

« 4treatments with 4
four replications
each

= 16 plots
(3m x 6 meach)

Soil sampling

= Biochar was applied on
7th November 2015. On
16 January, 2017, a
spade used to extract
bulk, minimally
disturbed soil samples
from a depth of 0-20
cm for aggregate

stability measurements. |

Aggregnte-assocla!ad c
and N determination

The air-dried soil
aggregate size fractions
were finely-milled prior
to the analysis.

4. Results and discussion

]

3
T
.
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Agoregate size alstribunion (%)

o ¥ 8 8 8

| Com cob
blochar
offects on
€ BC1t B3 BCXWWP sggregate I
Troatment o
distribution
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5. Conclusion

« Increasing the rate of com cob biochar improved the
macro aggregate stocks and enhanced the water stable
macro aggregates.

« Increasing blochar application rate significantly
enhanced the stability of the aggregates by increasing
the mean weight diameter and structural coefficis

« Com cob biochar significantly Improved aggregate-
assoclated C and N in the macro aggregates

OHIO STATE UNIVERSITY SOUTH CENTERS
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- Tropical soils experience
high temperatures,
humidity and intense
rainfall.

. Introduction

. Consequent leaching of
nutrients

+ Low pH (acidity problem)
. Low organic matter

content
> Affects microbial

B, 0, 1
Sg, Sy, Yo, community structure
on P S and biological activity.
, ﬁ‘o.:""b o
¢ ,GQ;Q,%, . Low soil fertility and crop
i £ productivity

soil biology, enzyme .
activities and microbial

community structure.

Soil microbes play critical

roles in »
- OM decomposition
Nutrient cycling

Microbial diversity has
aramount importance N
maintaining SO

enhance soil productivity.

Envircnmentally-soupd
ective soil

and cost eff
management strategy?
- s

o o

pyrolysed

(]) D= Onto State UNIVERSITY

Biochar proposed as oné of
the amendments to improve |

2. Objective

To study the response of soil enzymes and
microbial composition in soils of the humid tropics to
biochar application at different rates.

3A. Materials and methods

s Field layout
= RCBD

LOCATION AP OF STUDY AREA

= 4treatments with 4
four replications
each

= 16 plots
(3m x 6m each)

Location map

Biochar preparation

« Feed stock: Corn cob Pyrolytic temperature: 550°C

Biochar dose

« 15tha~'and 30t
ha-' and 30 tha™
with P (P-
enriched biochar),

Treatments
= The treatmen
30+P for the 0,15t ha”

respectively-

BC-15, BC-30, and BC-

ts are denoted by CT,
1and 30tha™, and 30t ha'! with P

Soil sampling
« Biochar was applied on 7% Nove

2017, soll samples from @ depth
randomly collected by soil auger (

sixteen plots.

mber 2015, On 16" January,
of 20cm soil layer were
5 cm diameter) from the

3B. Microbiological properties

Basal respiration, microbial biomass,
enzyme activities and phospholipid fatty
acids (PLFA), and metabolic quotients.

FAME
detection and
quantification

4. Results and discussion
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5. Conclusion

« Soil microbial blomass and enzyme activities
increased with high rates of corn cob biochar.

= Application of biochar at 30 t ha-! significantly
enhanced soll basal respiration and respiratory
quotient, and decreased specific maintenance
respiration.

= High rates of biochar had significant effects on

soil micrabial community structure and total

PLFA.
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APPENDIX D
PAPERS READY TO BE SUBMITTED FOR PUBLICATION

on soil microbial biomass, community profiling, and
?

1. Biochar effects
yme activities. To be submitted to Journal of Agriculture

respiration and enz
Ecosystem and Environment.

rogen partitioning in highly weathered tropical soils

2. Organic carbon and nit
dments. To be submitted to Soi! Science Society of

by corn cob biochar amen
America Journal.

influences soil carbon and nitrogen lability and sequestration

3. Does biochar
1s? To be submitted to Soil Biology and Biochemistry.

in highly tropical soi
4. Biochar amendments improve aggregate size distribution, structural
properties, and carbon and nitrogen protection in highly weathered tropical
soils. To be submitted to CA TENA.

ns in response to biochar amendments of highly

5. Greenhouse Zas emissio
preparation. To be submitted to Soils and Tillage

weathered tropical soils. In
Research.

6. Biochar improves soil quality and crop productivity. To be submitted to

Spils and Tillage Research.

’ hy L] | =
%ﬂ;?%l'“‘f ok © PR OOt
V ‘_L\‘ﬂ L cobt Y

269



